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PREFACE

The NATO Advanced Workshop “Advanced Combustion and Aerothermal
Technologies: Environmental Protection and Pollution Reductions” was held
in Kiev (Ukraine) from 15 to 19 May 2006 and was organized by the Institute
of Engineering Thermophysics (Ukraine) and Cardiff University (UK). This
Workshop based on the long-term collaboration between the Institute of
Engineering Thermophysics and Cardiff University resulted in a first NATO
Scientific Prize received by Professor N. Syred, UK, and Professor A. Khalatov
in 2002, who served as Workshop codirectors.

The justification for this Workshop was based upon the perceived need for
the bringing together of research in a number of combustion and aerothermal-
related areas, so as to allow more rapid progress to be made. The primary
Workshop objectives were to assess the existing knowledge on advanced
combustion and aerothermal technologies providing reduced environmental
impact, to identify directions for future research in the field, and to promote the
close relationships and business contacts between scientists from the NATO
and partner countries. This synergy in research and development is essential if
advances in specific areas are to be widely utilized, whilst helping to cross-
fertilize other areas and stimulate new developments. Of especial importance is
the dissemination of concepts and ideas evolved in the aerospace industries into
other related areas, whilst encouraging contacts, research exchanges, and inter-
actions between engineers and scientists in the NATO and partner countries.

The Workshop program included keynote lectures, oral and roundtable
discussions; the subjects addressed were as follows:

e A critical review of the use of swirling, cyclonic and vortex flow for
stabilization of high-intensity flames and associated problems

e A critical review of the use of computational fluid dynamics (CFD) and
advanced numerical modeling

e A review of the application of advanced diagnostics to flames and high-
temperature systems

e A critical review of advances in gas turbine technologies and what

directions future work needs to take

Clean combustion of alternative fuels for industrial gas turbines

Circulating fluidized beds for solid fuel combustion

Minimization, utilization, and energy recovery from wastes

Improvements to drying technologies through application of advanced

combustion technologies

Multifluid models of turbulent combustion

e Fuel cell power generation
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These carefully chosen subjects were felt to cover the critical areas of
combustion and aerothermal research and development where rapid progress is
needed to improve performance in terms of efficiency, compactness, and
emissions. This was a very timely and successful Workshop which brought
together experts from the NATO and other countries to discuss increasing
concerns about emissions.

The dramatic increasing price of fuels over the last 5 years means that every
effort has to be made to spread best practice and cross-fertilize as many areas as
possible for mutual benefit.

The editors take pleasure in acknowledging the cooperation and
involvement of the NATO Science Committee, who have made this workshop
possible. The outstanding work of the publishers, Springer, removed much of
the onus for author and editor alike in the preparation of this book.

Finally, we express our profound gratitude to the authors of the individual
papers, who have worked so competently and conscientiously to provide this
extremely important collection.

CODIRECTORS
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Professor Khalatov A. Ukraine

INTERNATIONAL COMMITTEE

Professor Dolinsky A. Ukraine
Professor Burdukov A. Russia
Professor Sudarev A. Russia

Dr. Spratt M. UK

Dr. Sy A. Ali USA
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Dr. Kuzmin A.
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PLASMA-SUPPORTED COAL COMBUSTION MODELING
AND FULL-SCALE TRIALS

V. E. MESSERLE, A. B. USTIMENKO"

Combustion Problems Institute, al-Farabi Kazakh National
University, 172 Bogenbai batyra str., Almaty, 050012,
Kazakhstan

Abstract. Plasma-supported solid fuel combustion is a promising technology
for use in thermal power plants (TPPs). Development of this technology
comprises two main steps. The first is the execution of a numerical simulation
and the second involves full-scale trials of plasma-supported coal combus-
tion through plasma-fuel systems (PFS) mounted on a TPP boiler. For both
the numerical simulation and the full-scale trials, the 200 MW boiler at
Gusinoozersk TPP (Russia) was selected. The optimization of the combustion
of low-rank coals using plasma technology is described, together with the
potential of this technology for the general optimization of the coal burning
process. Numerical simulation and full-scale trials have enabled technological
recommendations for improvement of existing conventional TPP to be made.
PFS have been tested for plasma start-up and flame stabilization at 27 TPP
boilers in various countries. Steam-productivity of these boilers varied between
75-670 t/h (TPH), with each boiler equipped with different types of pulverized
coal burner. During PFS testing, coals of all ranks (brown, bituminous,
anthracite and their mixtures) were used, the volatile content of which varied
from 4% to 50%; ash — from 15% to 48% and calorific values — from 6,700 to
25,100 kJ/kg. In summary, it is concluded that the developed and industrially
tested PFS improve coal combustion efficiency and decrease harmful emission
from pulverized coal-fired TPP.

“To whom correspondence should be addressed. A.B. Ustimenko. Combustion Problems Institute,
al-Farabi Kazakh National University, 172 Bogenbai batyra str., Almaty, 050012, Kazakhstan. Tel.:
+73272 615148; Fax:+(73272)675141; e-mail: ust@ntsc.kz
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N. Syred and A. Khalatov (eds.), Advanced Combustion and Aerothermal Technologies, 115-129.
© 2007 Springer.
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Keywords: coal, combustion, thermochemical preparation, plasma-fuel system, simula-
tion, industrial tests

1. Introduction

Plasma-assisted coal combustion is a relatively unexplored area in coal
combustion science and only a few references are available on this subject'”.
Coal-fired utility boilers face two problems, the first being the necessity to use
expensive oil for start-up and the second being the increased commercial
pressure, which requires operators to burn a broader range of coals, possibly
outside the combustion equipment manufacturer’s specifications. Each of these
problems results in a negative environmental impact. Oil firing for start-up
increases the gaseous and particulate burden of the plant. The firing of poorer
quality coals has two disadvantages: reduced flame stability necessitating oil
support, which comes with inherent implications for emissions and cost; and
reduced combustion efficiency due to increased amounts of carbon in the
residual ash, leading to an increase in emissions per MW of power generated.
Plasma aided coal combustion represents a new, effective and ecofriendly
technology, which is equally applicable to alternative “green” solid fuels.

One of the prospective technologies is Thermo Chemical Plasma Pre-
paration of Coals for Burning (TCPPCB). This technology addresses the above
problems in TPP. Development of TCPPCB technology comprises two main
steps. The first includes numerical simulations and the second involves full-
scale trials of plasma-supported coal combustion in a TPP boiler. For both the
numerical study and full-scale trials, the 200 MW boiler at Gusinoozersk TPP
(Russia) was selected. Within this concept a portion of pulverized solid fuel
(pf) is separated from the main pf flow and undergoes activation by arc
plasma in a special chamber — PFS (Figure 1).

The air-plasma flame is a source of heat and additional oxidation. It provides a
high-temperature medium enriched with radicals, where the fuel mixture is heated,
volatile components of coal arc extracted, and carbon is partially gasified. This
active blended fuel can ignite the main pf flow supplied into the furnace. This
technology provides boiler start-up and stabilization of pf flame and eliminates the
necessity for additional highly reactive fuel.

The numerical simulations were performed using the Cinar ICE ‘CFD’
code’. Cinar ICE has been designed to provide computational solutions to
industrial problems related to combustion and fluid mechanics. The Cinar code
solves equations for mass, momentum and energy conservation. Physical
models are employed for devolatilization, volatiles combustion (fast unpre-
mixed combustion), the combustion of char and turbulence (k—¢). Comparison



PLASMA COAL COMBUSTION 117

Plasmatron Furnace

\
pf flame

Figure 1. Sketch of PFS

of the calculations with data generally reveals excellent agreement. The
maximum discrepancies between measured and calculated furnace temperatures
do not exceed 15%.

Numerical simulation and industrial trials have enabled technological
recommendations for the improvement of existing conventional TPP to be
made. PFS have been tested for plasma start-up and flame stabilization at 27
TPP boilers in various countries. Steam productivity of these boilers varied
from 75-670 t/h, with each boiler equipped with different types of pulverized
coal burner’. At PFS testing power coals of all ranks (brown, bituminous,
anthracite and their mixtures) were used, the volatile content of which varied
from 4% to 50%; ash — from 15% to 48% and calorific values — from 6,700 to
25,100 kJ/kg. In summary, it is concluded that the developed and industrially
tested PFS improve coal combustion efficiency and decrease harmful emission
from pulverized coal-fired TPP.

2. Numerical Simulation

The PFS is a cylinder with a plasma generator placed on the burner (Figure 2).
In PFS, since the primary mixture is deficient in oxygen, the carbon is mainly
oxidized to carbon monoxide. As a result, at the exit from the PFS a highly

air mixture <60 mm

350 K| 3500 K @250 mm

temrature of the lined non-cooled wall 800 K

Figure 2. Schematic view of PFS
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reactive mixture of combustible gases and partially burned char particles is
formed, together with products of combustion, while the temperature of the
gaseous mixture is around 1,300 K. Further mixing with the secondary air, upon
the introduction of the mixture into the furnace, promotes intensive ignition and
complete combustion of the prepared fuel.

The numerical experiments were performed for a cylindrical direct flow
burner — PFS shown in Figure 2. The efficiency of plasmatron was around 85%.
All parameters of the PFS are presented in Table 1.

“Tugnuiski” bituminous coal (TBC) was used for the experiments. Both its
proximate and ultimate analyses, as well as its particle size distribution are
presented in Table 2. From the available experimental data of the PFS
operation, the measured composition of the gas phase at the exit of the PFS was
(volume %): CO = 28.5; H, = 8.0; CH4 = 1.5; CO, = 2.0; N, = 59.5; O, = 0.0;
others = 0.5, including NO,=50 mg/m’.

The flame from the plasmatron feeds the PFS 0.35 m axially downstream of
the PFS inlet plane (Figure 3). For modeling purposes the plasma flame is
assumed to be a heat/mass source with an exit temperature of 2,800 K and a
mass flow of 54 kg/h.

The thermal and chemical equilibrium approach was selected for cal-
culations of the PFS, for which the TERRA code was used’. This method
included the formation of the libraries containing the values of species
concentrations as a function of the mixture fraction and temperature level.
Although the combustion is not a thermal equilibrium process, the application
of this approach could be justified by the existence of charged species and
radicals, which are highly active and probably act as catalysts, increasing the
rate of chemical reactions. In addition to this, the high-energy input and
maximum temperature level make the chemical reactions fast so that they are
probably close to the equilibrium condition.

TABLE 1. Specification of PFS operating parameters

Operating data Plasmatron

PFS Length (m) 2.35 Electric power (kW) 100
PFS Inner diameter (m) 0.25 Plasma gas Air
Primary air Mass flow (kg/h) 54
Air flow (kg/h) 3,500 Inlet air temperature (K) 298
Velocity (m/s) 20.0 Outlet air temperature (K) 2,800
Temperature (K) 80 Inner diameter (m) 0.04

Coal-dust concentration (kg’kg)  0.50 Outlet velocity (m/s) 118.2
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TABLE 2. Specification of TBC

Proximate analysis mass (%) Particle size distribution™®
Moisture 14.00 160 pm—10%

Volat. Matter 36.27 130 um-10%

Fixed carbon 4433 74 um—20%

Ash 19.40 50 pum-40%

Ultimate analysis mass (%) 24 um-20%

Carbon 61.7

Hydrogen 4.10 Lower calorific value: 23,000 kJ/kg
Nitrogen 1.20

Sulfur 0.39 Coal feed rate: 1,750 kg/h
Oxygen 13.20

* Assumed particles size distribution

0.35 (K
m2800
I
]

B 235m | T 3%

el Lt

Figure 3. Predicted temperature contours along the PFS axial direction
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Figure 4. Predicted temperature radial profiles at the exit of PFS. Line is calculation, e is
experiment

The numerical results for the radial temperature profiles at the burner exit
are presented in Figure 4, while Figure 3 shows the predicted temperature
contours along the axial direction of the PFS®. The numerical results are only
validated with the measured data at the exit of the PFS. The radial temperature
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profile is shown for an axial location of 2.0 m from plasmatron axis (x = 2.35
m). The predicted profile is revealed to be axis-symmetric in accordance with
the experimental profile. The measured profile shows a distinctive local
minimum temperature at the chamber central line. However, in the case of the
predicted temperature profile this minimum is insignificant. This could be the
reason for the underpredicted penetration of the plasma jet into the coflowing
stream of air—coal mixture. In the practical situation, it may be expected that the
plasma jet will separate the air—coal mixture flow into two streams, leaving the
central part of the flow with lower fuel concentration. The high-energy
concentrated plasma jet, with high initial momentum, may act as a solid body’
penetrating through the cross-flow, while the coal particles’ trajectories are
divided into two streams, showing two temperature maxima on both sides of the
center line.

The mean calculated species concentrations of the gas phase composition
at the exit of the PFS was (volume %): CO = 26.1; H, = 12.1; CH, = 0.1;
C0O,=10.8; N,=60.9; O,=0.0.

The values of temperature and species concentration were used as input
values to numerically simulate the boiler working in the plasma regime.

The PFS was incorporated in the furnace of a full-scale boiler with a steam
productivity of 640 TPH (Gusinoozersk TPP, Russia). The schematic view of
the boiler equipped with PFS and its main dimensions are shown in Figures 5
and 6. The furnace is characterized by two symmetrical combustion chambers,
each having four tangentially directed main double burners in two layers. Each
of the main burners is divided into two sections; the air—fuel mixture supply
section and the secondary air supply section. The combustion chambers are
joined by a central section. The cooling chamber is above the combustion
chambers and the turning chamber is above that again. Fuel consumption of the
boiler was 121.3 TPH and the total amount of air in the boiler was 553,128
m’/h, with a secondary air temperature of 350°C. The coefficient of air surplus
at the fire-chamber’s outlet was 1.2. Initial data for the main burners are the
same as for PFS shown in Table 1.

Four PFS are mounted instead of four lower sections of the main double
burners, as shown in Figure 5. During the period of boiler warmup and flame
stabilization, the plasmatrons are operating. When the boiler performance is
stabilized, the plasmatrons are switched off and PFS work as conventional pf
burners. In the case of flame instabilities, the plasmatrons are easily switched
on.

The grid for the mathematical simulation is defined by 118 % 52 x 68 grid
lines in three directions (x, y, and z).
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pfburners

. ot o
Air-coal mixture

Figure 5. BKZ 640-140 boiler furnace equipped with four PFS (top view)
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Figure 6. Scheme of the industrial furnace of BKZ 640-140 boiler

The main results from numerical simulations of the furnace velocity vectors,
temperature profiles and oxygen concentrations, are presented in Figures 7-9.
The velocity vectors field within the single semifurnace can be found on the left
of Figure 7. The specific alignment of the burner ports in each corner of the
combustion chamber generates the tangential flow of the fluid and particles,
increasing the intensity of combustion. It can be seen that the initial momentum
of the supply streams deviates from its original angle due to the intensity of
tangential momentum created in the central part of the chamber. The velocity
vectors for the plasma operational regime can be seen on the right of Figure 7.
As was the case for the standard operation regime, the initial momentum of the
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L
- b
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Figure 7. Velocity vectors within the combustion chamber at the level of the burners. Figure on
the left is standard operational regime; figure on the right is plasma operational regime

supply streams deviates from its original angle due to the intensity of the
tangential momentum generated in the central part of the chamber, which is
further increased by the contribution of high velocity jets coming from the PFS.
It can be seen that under these conditions coal particles tend to move from the
center of the chamber towards the conventional burners. It should be noted that
the velocity vector fields are presented in such a way that the standard (on the
left) and plasma operational regimes (on the right) can only be compared
quantitatively as different scaling factors were applied to the vector quantities.
This was necessary, as the velocity profile values at the PFS outlet were
significantly higher then the field values.

In Figures 8 and 9, panel 1 presents the predicted values for the center line
along the furnace height, while panel 2 gives the values at the exit, along the
furnace width. The numerical results represent the boiler performance for the
standard operational regime and for operation in the plasma regime. Values of
boiler performance in the standard regime at the exit from the furnace were
validated. The measured average temperature at the exit is around 1,400 K, and
this value agrees with the numerical results, while the averaged concentration of
measured oxygen is around 4%. In the plasma regime (Figure 9) the tempe-
rature levels along the furnace height are lower, while rapid combustion of pf
within the combustion chamber results from the introduction of the mixture of
hot combustible gases and unburned char from the PFS.

The zero concentration of oxygen calculated along the center line of the
furnace in the conventional regime (Figure 8), almost until K = 40, suggests the
rapid combustion of coal, followed by an increase in oxygen concentration in
lower parts of the cooling chamber due to mixing with surrounding gases. The
concentration of oxygen at the outlet from the furnace was around 3.75%,
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which agrees well with the measured value of 4% [3]. The oxygen concen-
trations for the plasma-assisted regime (Figure 9) differ significantly (panel 1)
due to the modified flow and mixing pattern caused by the increased tangential
momentum. Panel 1 suggests that the combustion of pulverized coal has been
displaced from the center line of the combustion chamber in the radial
direction, probably due to increased centrifugal forces which tend to move the
particles closer to the surrounding walls. However, in the upper level of the
furnace, after around K = 50, the oxygen concentration profiles in both cases
look similar. In the plasma operation regime, the concentration of oxygen at the

outlet from the furnace (panel 2) is slightly lower, which suggests an increase in
overall burnout of coal particles.

1
9. li1330 e
[ i 18001 = 1
| 34 4600 \
= 1400
&
5 1200— .
5770 20,40 60
S 20007
& 18001 2
1600
; 1400{
1200 =

Lx ! 0 40,8 120 le—18.176 m—|

Figure 8. Predicted temperature and oxygen level contours and profiles for the conventional
operational regime (center line, exit of the furnace)
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Figure 9. Predicted temperature and oxygen level contours and profiles for the plasma
operational regime (center line, exit of the furnace)

The averaged mass flow of volatile matter released from coal particles is
presented in Figure 10. The peak mass flows of volatiles of around 0.53 kg/s
and 0.9 kg/s are reached within the region of the burners, while zero mass flow
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1.0

Volatiles Mass Flow (kg/s)

Figure 10. Averaged mass flow of volatiles along the furnace height. 1 is standard operational
mode; 2 is plasma operational mode

of volatiles at K = 23 indicates the earlier consumption of volatile matter in the
plasma-assisted regime than the standard operational regime. The graph also indi-
cates a more intense and rapid devolatilization in the plasma operational mode.
Predictions in the plasma operational regime (Figure 9) show satisfactory
agreement with the experimental data. The following data were measured
when the boiler power was 120 MW and the excess air factor was 1.24: the
concentration of oxygen (O,) in the exhaust gas was 6.1%; NO, was 700
mg/nm’ (1,431.5 ppm) and unburned carbon was 0.8%. The temperature in the
body of the flame was 1,270°C and the temperature in the furnace outlet was
1,050°C. The concentration of carbon dioxide (CO,) in the exhaust gas, cal-
culated through the O, concentration, was 14%. It can be seen that the difference
between the measured and predicted temperature of the combustion products
inside the furnace is no more than 17% and about 6% at the furnace outlet.
However, the difference between the measured and predicted concentrations
of oxygen in the exhaust gas is about 30%. A possible explanation of this
discrepancy is the 60% boiler load factor while measurements were made. There
is no need to operate in the plasma-aided regime at a boiler load factor of 100%.
But when the load factor decreases plasma is needed for pf flame stabilization.

3. Industrial Tests

The experiments and computer simulations of plasma-aided pf combustion
showed the applicability and efficiency of PFS for their use in coal-fired
boilers. On the basis of the completed research PFS were incorporated into the
furnaces of industrial coal-fired TPP. The PFS have been tested successfully for
27 pulverized coal boilers at 16 TPP (Russia, Kazakhstan, Korea, Ukraine,
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Slovakia, Mongolia and China) with steam productivities between 75—670 TPH
since 1994, The boilers were fitted with different pf preparation systems (such
as direct pf injection and systems with pf hopper). In total, 70 PFS were
mounted and tested on the boilers.

Figure 5 presents a scheme of the arrangement of four PFS on the 200 MW
power block at Gusinoozersk TPP with the use of high concentration pulverized
coal (top view).

Figure 11 presents a scheme of the arrangement of PFS on the BKZ-420
boiler at Ulan-Bator TPP-4 (top view). Twelve burners are placed in three
layers on the corners of the boiler. Two PFS were mounted opposite each other
on the lowest layer. After 2-3 s from the PFS start, the temperature of both
pulverized coal flames achieved 1,100—1,150°C. After 1 h the temperature of
the flames, which were 7-8 m in length, achieved 1,260-1,290 C. In
accordance with operating instructions, the boiler start-up duration was 4 h. All
eight boilers of the TPP were equipped with PFS for fuel oil-free boiler start-up.

Air-coal
mixture

Air-coal %
mixture Air-coal
mixture

Figure 11. BKZ-420 boiler furnace equipped with two PFS (fop view)
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Figure 12. Specific power consumption influence onto reduction of nitrogen oxides concentration
at plasma aided pulverized coal combustion
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Figure 13. Specific power consumption influence onto reduction of unburned carbon at plasma-
aided pulverized coal combustion

Figures 12 and 13 present the results of investigations into both NO, and
unburned carbon reduction for plasma ignition of coal at the outlet of a furnace®

When a plasmatron operates in the plasma flame stabilization regime, NO,
concentration is halved and unburned carbon is reduced by a factor of 4. NO; is
reduced due to two-stage pulverized coal combustion. The first stage occurs in
the PFS, where ignition and partial gasification of coal in primary air takes
place. The second stage occurs in the boiler furnace, where combustion of the
products in secondary air takes place. Fuel-nitrogen is released with coal
volatiles inside the PFS. It forms molecular nitrogen due to the deficit of
oxygen in the air—fuel plasma mixture treated in the PFS. In the second stage,
thermal nitrogen oxides are mainly formed. It is well known’ that fuel-nitrogen
is a main source of nitrogen oxide emission. Thermal NO, can reach 10—15% of
all NO, emissions in a furnace at temperatures above 1,700 C. In the case of
unburned carbon (Figure 13), its decrease can be explained by the increase in
fuel reactivity caused by the formation of pulverized coal and the explosion of
heat generated by its interaction with arc plasma.

25 i T
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Figure 14. Generalized experimental dependence of specific electric power consumption on a
plasmatron (g) vs coal volatiles content (V*f) from PFS tests at 16 different TPP.
¢ = P/(Q-G); here P is plasmatron electric power; Q is coal calorific value; G is the coal
consumption through a PFS. Line is polynomial fit
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Figure 15. Generalized experimental dependence of PFS specific heat power (R) vs coal volatiles
content (V¥ from PFS tests at 14 different TPP (1994-2004). R = (Gyar/ Gnomina)'100%, here

Gare a0d Gominal 18 consumption of coal at plasma boiler’s start-up and nominal consumption of
the coal for the boiler respectively. Line is polynomial fit

Figures 14 and 15 represent a generalization of the data collected from full-
scale plasma-aided boiler start-up and pf flame stabilization.

It can be seen (Figure 14) that the specific power consumption (SPC) for
PFS decreases with coal volatile content increase, i.e., when coal reactivity
rises. Note power consumption of the plasmatron is within 2.5% of heat power
from the pf burner, even for the anthracite coal with minimal reactivity. For
example, auxiliary power requirements for a boiler are 8—10%. Thus, if we take
the coal volatile yield from the curve in the figure, we can determine the
electric power of the plasmatron needed for PFS consumption of a specified
coal of known calorific value.

Figure 15 shows that the relative heat power of PFS decreases from 25% to
10% as the content of coal volatiles (fuel reactivity) increases. Note for
comparison, that the relative heat power of oil systems for boiler start-up and pf
flame stabilization is some 30% in existing TPP. In other words, even for
incineration of a low-rank coal of 4-5% volatile content, the relative heat power
of the PFS is 5% less than for conventional incineration of the coal. In the case
of midband reactivity coal (V*= 15-30%) and high reactivity (V* = 30-45%)
the relative heat power of the PFS is only 7-10%. This means that the energy
efficiency of PFS is 3—4 times higher than conventional oil systems used in TPP
for boiler start-up and pulverized coal flame stabilization. Note that oil system
(oil nozzles and metal consuming, environmentally unfavorable oil equipment)
operating costs are three times higher than PFS®. Thus, if we take the coal
volatile yield using the curve from the figure, we can determine the total heat
power of PFS needed for boiler start-up of specified nominal coal consumption
for the boiler. Then, knowing the coal consumption of the boiler burners we can
find a number of PFS for this boiler plasma start-up.
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. Conclusions

Developed, investigated and industrially tested plasma-fuel systems
improve coal combustion efficiency, while decreasing harmful emission
from pulverized-coal-fired Thermal Power Plants.

PFS eliminate the need for expensive gas or oil fuels on start-up.

PFS improve coal ignition and burnout without the need for such remedies
as increasing the mill temperature, augmenting the excess air factor, or finer
grinding.

The application of numerical modeling approaches of pulverized coal
preparation for combustion within the plasma burner has shed new light on
the possible chemical and physical mechanisms of the coal-plasma
interaction.

Although the combustion process of pulverized coal may not be in thermal
equilibrium, the present thermal equilibrium -calculations resulted in
predictions close to the experimental data.

Simulation of an industrial boiler in conventional and plasma operational
modes reveal that the operation of PFS results in stable ignition and
intensive burning of the pf at reduced temperature; conditions which reduce
the amount of nitrogen oxide formation.

Prior to the wider implementation of PFS, additional data relating to further
coal types and their blends are ideally required.
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Abstract. This report presents investigation results on micronized coal
combustion. Experimental data for the ignition and combustion of coals under
different stages of metamorphism was obtained using a large-scale facility with
a capacity of up to 1 MW. Proposals for the application of micronized coals in
power and industrial boilers are considered.

Keywords: autothermal mode coal, combustion, combustion chamber, ignition, micro-
nized fine grinding, metamorphic stage, primary furnace

1. Introduction

Among the available technologies of coal combustion, the coal-dust one is the
most ultimate, and the application of micronized coals is of a particular interest.

The duration of coal-dust fuel combustion depends mainly on the diameter
of coal particles and its physical-chemical characteristics. As it was already
noted in [1], together with a significant decrease in particle mass and an
increase in the reacting surface, fine grinding considerably increases the
chemical activity of coal due to a breakdown of chemical bonds and formation
of free radicals. Simultaneously, its physical-chemical properties become close
to those of fuel oil, i.e., the rate of combustion, flame sizes, volumetric calorific
intensity, required volume of furnace for pulverized coal and fuel oil
combustion are commensurable. This provides widespread opportunities for
micronized coal use by different power technologies: i.e., for the ignition and
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stable combustion of coal-dust flame at power boilers, substitution of fuel oil
and gas at gas-and-oil industrial boilers, etc.

2. Physical-Chemical Alterations of Coals at Fine and Ultrafine Grinding

There are typically two processes for fine dispersion of coals: grinding with an
increase in specific surface S and the aggregation of fine particles during
relatively long grinding, which decreases value S This provides a drastic
intensification of coal reactivity in different processes and chemical reactions.
The fine dispersion is accompanied by an enlargement of outer and inner
surfaces due to the opening of blocked pores and the development of new
porosity, caused by microcracks in coals. The volume of micropores and
transitional pores multiply, i.e., a fundamental transformation of initial porous
structure occurs.

Structural changes aimed at the reduction in structural order are determined
by radiography; they cause transformation of many properties. It is obvious
in difractograms that lines become wider, scattering background appears, and
intensity of reflex maximums becomes lower. All these prove deep violations of
the fine structure of coal substance, caused by plastic deformations.

It is important to note that the density decreases significantly from 1.59 to
1.39 g/em’, and this proves that structure loosening due to a break of chemical
bonds and rearrangement of macromolecule structure.

The intensity and character of alterations in coal composition and properties
depend on coalification degree (metamorphism), medium, type and techno-
logical parameters of grinding.

Local concentrations of mechanical and heat energy are created in a mill
due to mechanical effects, and this leads to a break of chemical bonds.

In coal molecules, the detachment of side chains with formation of free
radicals is the most probable. The radical way of decay is well studied by the
method of electron paramagnetic resonance (EPR). In coals, free radicals are
formed due to a break of C—C bonds, and an unpaired electron belongs both to
the first and to the second carbon atoms. High chemical activity of coals,
together with oxidation and ignition tendency, is explained by formation of free
radicals, including macroradicals.

The generation of products with a low organic mass, which increases
reactivity, is a general tendency of organic substance alteration.

The above sequences of activation grinding provide widespread opportu-
nities for application of this process in different fields of coal use.
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3. Application of Micronized Coals for Power Technologies

Now it is common throughout the world for power engineering to use
micronized coals for different applications. One of these is the substitution of
fuel oil by coal for flame kindling and lighting in coal-dust boilers [2-5].
Usually, gas or fuel oil is used for boiler ignition as well as for stabilization of
combustion at decreased loads or for the application of low-reaction coals.
Thus, more than 50 million tons of fuel oil is annually used for ignition and
lighting of boilers and the stabilization of liquid slag output [6]. Simulta-
neously, the combined combustion of a high-reaction fuel (gas, fuel oil) with
coal significantly increases mechanical underburning, decreases boiler effici-
ency and leads to other negative after-effects.

One of the methods for fuel oil substitution in these processes is the
application of fine-dispersed coal powder.

The most favorable combustion conditions are achieved when micronized
coal is supplied directly from the mill to the furnace, since increased coal
reactivity (developed during grinding) is kept, and the problems connected with
the storage of fine-dispersed coal are excluded.

The schemes of micronized coal separation and the system of micronized
coal preparation were tested in the beginning of the 1980s at Lumen electric
power station in Germany for units of 150 and 350 MW power.

Similar investigations are carried out in the USA, where the share of fuel
oil, burnt at coal power plants, makes up about 6% of the main fuel
consumption (according to Union Carbide Corporation data). Therefore, the
substitution of expensive fuel oil by coal is undoubtedly reasonable. The
projects on pulverized coal use by the Reburning systems are developed there
for suppression of nitrogen oxides [7]. The boilers, using micronized coal,
which can substitute fuel oil in fuel boilers, are also developed there.

The reacting surface of micronized coal particles is higher (approximately
by the factor of 3) than in conventional systems, its chemical activity is also
increased, which provides characteristics of the coal flame similar to those of
dispersed fuel oil. This allows the complete combustion of coal in a smaller
furnace volume than required for combustion of a coal-dust with lower
underburning, higher boiler efficiency and lower NO, content.

The main burning characteristics of micronized coal are as follows: a
reduction of the flame length by 60%, the doubling of combustion rate, an
increase in the amount of heat transferred by radiation in the furnace, the
reduction of ash and slag depositions (which miniaturizes the systems of ash
removal), and the allowance to make the vapor superheater and waste gas
heater more compact.
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Another application of micronized coal is its use in oil-gas boilers [8]. The
method of micronized coal production is of a particular importance. First mills
used for this purpose were the air and vapor ones (the 1950s), however, their
power consumptions were five times higher than in mechanical mills.

The American project [8] uses mechanical mills with an obligatory system
of particle separation, which prevents penetration of large fractions into the
combustion chamber.

In general, micronized coal may be important for the systems of ignition
and lighting of coal-fired boilers. A specific requirement is the conversion of
oil-gas boilers for the combustion of micronized coals, which will solve the
problems of industrial power engineering, dealt with a lack and high price of
fuel oil. Naturally, there will be problems relating to flue gas cleaning because
there are almost no such systems in boilers, combusting gas and fuel oil.

A special setup is being developed at the Institute of Thermophysics,
Siberian Branch of the Russian Academy of Sciences. Investigations into the
combustion of different micronized coals have started, and systems for flue gas
cleaning are being developed and tested. Simultaneously, the problems related
to the application of devices for micronized coal combustion with direct powder
supply into a furnace are being considered. These problems are as follows:

1. The study of the mechanism and rate of combustion and gasification of
micronized coal under different metamorphic stages to determine the working
parameters of technological devices in systems for the reduction of NO,
emissions, boiler ignition and lighting, and fuel substitution in oil-gas boilers.

2. Pilot and industrial testing of micronized coal combustion at the objects of
heat and power engineering; testing of the systems for flue gas cleaning.

3. Tests on ignition and lighting of coal-dust flame in power boilers, using
micronized coals.

Since the properties of coals, used by power installations, vary widely: by a
metamorphic degree, ash content, and moisture content. This should be consi-
dered by the technologies of micronized coal combustion.

At the first stage of investigations, the main task was aimed at the deter-
mination of conditions for the stable burning of micronized coal suspension
(dave = 2040 pm) in a furnace chamber with a cylindrical muffle vortex
primary furnace and different burners (direct-flow and vortex ones).

The types of coals used for the investigations are described in Table 1.
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TABLE 1. Description of coal fuels used in studies

Coal w? A® s Ve Q

%) %) (W) (%) (kealkg)
Brown coal — B-2 from Nazarovskoe deposit 12.3 11.6  0.28 36.2 4,705
Black coal from Tikhonskoe deposit (Yakutsk
region) 5.8 2095 029  22.1 4,710
Black coal from Stary Tyrgan deposit, Krasny
Brod siding, TR grade 7.3 5.8 - 11.1 7,000

The experimental setup for the investigation of the mechanic-thermo-
chemical processing of the fuel, the micronized coal combustion and
gasification is shown in Figure 1. Coal powder with particle size of up to 5 mm
is fed into bunker 23, it is supplied into pulverizer 23 through batcher 24 and
after grinding it is fed into funnel 26. The micronized coal is then carried by
transporting air 28 to the burner. The coal-dust mixture is formed before being
supplied into a plasma jet of plasma torch 3. The plasma jet ignites the coal-
dust mixture, and it burns under lean conditions, i.e., the ignition and partial
gasification of the coal with volatile products occurs. After partial gasification
or thermochemical processing of the fuel, the high reacting combustible
mixture is fed into muffle primary furnace 5, where it is mixed with secondary
air 29, tangentially supplied into vortex chamber 4, and then into primary
furnace 5. The main part of secondary air is fed into the primary furnace before
the input into the furnace volume.

Scrubber

Figure 1. Heat-and-power setup
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The combustion process is controlled by eight thermocouples, located along
the primary furnace and furnace. The setup is equipped with pipes for the
sampling of gaseous combustion and gasification products (21, 22). The furnace
pressure is controlled by the additional air supply at furnace outlet /4.

The coal-dust flow is fed into pipe / with flow rate G;. Simultaneously,
some part of primary air is fed coaxially to the coal-dust flow through pipe 2
with flow rate G, and through pipe 3 with flow rate G;. The mixed coal-dust
flow is supplied to the zone of plasma torch 4, and the ignited coal-dust mixture
from the pipe junction of plasma torch 5 is fed into the lined primary furnace.

The direct-flow burner with partial swirl of initial air allows a qualitative
estimate of the swirl effect on the process of coal-dust ignition and partial
combustion.

The direct-flow burner was used for experiments with brown coal from
Nazarovskoe deposit; Tikhonskoe deposit (Yakutsk region), and lean coal of
TR grade.

According to experiments, the swirl of initial air intensifies the process,
i.e., the stable heat mode in the primary furnace is reached faster, but the
autothermal mode is determined by the content of volatiles in the used coal.

Typical diagrams of the temperature variation with time at the primary
furnace inlet under the autothermal mode are shown in Figure 3 (curve 1).
When the plasma torch is switched on, the temperature increases up to 950°C,
and in 5 min of operation at the haul moment it drops to 900°C and stays
constant during the whole period of coal supply. The diagram of temperature
alteration in time without autothermal thermochemical fuel processing is shown
in Figure 3 (curve 2), in this case the coal has a lower output of volatiles; the
primary furnace is heated slower, and at plasma torch switch-off the tempe-
rature decreases rapidly below the temperature of coal-dust ignition.

The combustion products are fed to scrubber /2, where they are cooled and
cleaned by water /9 from solid admixtures.

After the scrubber the cleaned flue gases are thrown out by blower & into the
atmosphere.

Water is supplied to the scrubber by pump 9, the water flow rate is
controlled by a rotameter, and regulated by a valve.

The flow rates of the carrier, initial, secondary and plasma-forming air are
controlled by rotameters and manometers. The plasma torch is fed by power
source / and controlled by control panel 2.

Experiments were carried out with three types of burners: a direct-flow
burner with partial swirl of the initial air flow (Figure 2); a cylindrical vortex
burner with tangential fuel input, and a cyclone burner with snail input of the
coal-dust mixture.
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The cylindrical vortex burner with tangential fuel input was tested both with

ignition from a plasma torch and with ignition from a propane burner.

Experiments with brown coal and coal of the TR grade were carried out
with the cylindrical vortex burner. According to these experiments, the ignition
of the coal-dust mixture both from the plasma torch and gas burner in the
cylindrical vortex burner is stable for all coal grades.

The process mode is determined by the ratio of fuel and air flow rates in the
burner, primary furnace and furnace chamber inlet; the mode can be regulated

by these ratios.

Ignition by the cyclone burner with the snail input of coal-dust mixture is
accomplished from an additional gas (propane) burner, located coaxially to the

snail inlet.
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The air and coal-dust flows were fed at a small angle to the axis of the snail
inlet. Secondary air was supplied before the burning coal-dust flow into the
furnace.

The feature of the snail input is that in comparison with the cylindrical
vortex burner, a smaller part of the burning coal-dust flow affects a new coal
flow, that allows a reduction of the temperature load at the primary furnace inlet
and a finer regulation of the modes of dry slag removal by the initial air flow.

Experiments with brown coal from Nazarovskoe and Tikhonskoe deposits
(Yakutia) were carried out at the cyclone burner with the snail fuel input.
According to these experiments, both of these coal grades in the snail burner
can be converted into the mode of autothermal thermochemical fuel processing
before combustion in the furnace.

In all experiments (mill productivity 2.75, 5.5, and 8.0 g/s), the size of coal
particles and ash particles in the furnace chamber (Figure 4) is controlled
together with concentrations of CO, CO,, O,, SO,, NO along the gas flow in the
furnace chamber.

T Tnitial coal-
1—+—B-2.75 aic : :

{4 —s—B-55 g/ic

Residue on a mesh

—+—B-3.0gf _

-
T
e

~ Particle = ize, p4am

Figure 4. The main experimental parameters were sent to PC in real time

4. Development of the Mathematical Model and Calculations
of the Processes of Micronized Coal Combustion

To check technological proposals on optimal schemes of combustion and
design solutions, mathematical models of coal combustion were developed for
the conditions of fine grinding and vortex thermal processing, including gase-
ous and plasma activation.

Two mathematical models are used for the investigation of coal-dust
combustion with plasma activation. The first one-dimensional (1D) model is
called “Plasma-coal” and describes a two-phase chemically active flow in the
primary furnace — muffle with a plasma heat source. This model determines the
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thermal contribution of arc as the difference between electric power produced
by arc and heat losses into the chamber wall. The heat losses in the channel are
expressed via experimental distribution of the heat flux power into the wall.
Thermochemical transformations of coal are described there by a single mecha-
nism with a single set of kinetic reaction parameters. The total kinetic scheme
(116 chemical reactions) together with the extraction of initial volatiles
considers the reactions of their following transformations, including formation
of nitrogen and sulfur oxides as well as reactions of carbon oxidation and
gasification. The model is written as a system of ordinary differential equations,
including equations of component concentrations, conservation equations for
mass, number of particles, momentum, and energy, equations of motion and gas
and particle temperature, as well as the state equation of ideal gas.

The results of calculations by the “Plasma-coal” model have allowed the
determination of the product concentrations of plasma activation of the air—coal
mixture; temperatures and velocities of gas and particles; the initial conditions
for modeling the combustion of micronized coal, activated by plasma, in the
experimental furnace. The three-dimensional (3D) “Cinar” model was used
for the mathematical modeling of the furnace. This model is written as the
generalized system of conservation equations in Cartesian coordinates, it inclu-
des the conservation equations of mass, momentum and energy for the gas
phase and particles. For this purpose the k—& model of turbulence was used
together with a simplified model of coal particle combustion with consideration
of volatile extraction, coke residue burning and gas phase combustion, and the
discrete radiation model. The properties of the gas phase are calculated using
the Euler system, and the motion of the particles is modeled via the Lagrange
approach. The mass transfer from particles to gas is determined by a term in
Euler equations of conservation and the effect of turbulence is considered by
the model for the turbulent dispersion of particles. A change in mass and
temperature of particles is controlled by the equations of energy and mass
conservation. “Fuel”, “thermal”, and “fast” nitrogen oxides are taken into
account, when determining NO, concentrations.

The fields of temperatures, gas velocity, CO,, O,, and NO, concentrations in
different furnace cross sections, and the trajectories of coke residual particles in
the combustion chamber were determined through calculations of the primary
furnace and furnace of the heat-and-power setup.

5. Conclusions

The promising designs of burners for micronized coal combustion were found
through a series of experiments. Thes designs allow the combustion of coals at
different stages of metamorphism under the autothermal mode, which is of a
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particular interest for development of the systems for ignition and combustion
stabilization of the flame without fuel-oil, and for the conversion of the gas-oil
boilers to combustion of the coal-dust fuel.

The ignition and combustion of micronized coals with different stages of
metamorphism were modeled for different systems of coal mixture ignition.

Proposals on micronized coal application for the systems of coal-dust flame
ignition, for stabilization of coal-dust flame combustion in power boilers and
for substitution of fuel-oil by coal in industrial boilers were developed and sent
to the power plants.
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Abstract. This paper presents a numerical analysis and experimental invest-
tigation of the gasification under steam and air plasma conditions of two very
different solid fuels, a low-rank bituminous coal of 40% ash content and a
petrocoke of 3% ash content; with an aim of producing synthesis gas. The
numerical analysis was fulfilled using the software package TERRA for
equilibrium computation. Using the results of the numerical simulation,
experiments on plasma steam gasification of the petrocoke and air and steam
gasification of the coal were conducted in an original installation. Nominal
power of the plasma installation is 100 kWe, and total consumption of the
reagents is up to 20 kg/h. A high quality synthesis gas was produced in the
experiments on solid fuels plasma gasification. It has been found that a
synthesis gas content of about 97.4% vol. can be produced. It was demonstrated
that the monitoring of the synthesis gas composition can be ensured by
modifying the initial parameters of the experiment. A comparison between the
numerical and experimental results showed a satisfactory agreement.

Keywords: coal, gasification, arc plasma, plasma chemical gasifier, synthesis gas

1. Introduction

The world’s petroleum reserves are limited. Based upon current global consump-
tion, it has been estimated that these reserves will be depleted in approximately
40-60 years. Coal is worldwide the most abundant energy resource and the
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least expensive fossil fuel. An additional energy resource is petrocoke,
derivable as a result of hydrocarbon production by the thermal processing of oil
sands; for instance in Canada there are mountains of petrocoke. Petrocoke is a
solid fuel consisting of fixed carbon, tar and ash. Direct utilization of petrocoke
is difficult because of its hardness and high tar content. In connection with
this, the development of solid fuels technologies which would be environment
friendly and efficient is of a primary importance. Coal gasification is a well-
proven technology that started with the production of synthesis gas (CO + Hy)
for use in urban areas. Gasification-based technologies can be used to convert
carbon-containing resources into a clean synthesis gas, with high value as a fuel
for combined cycle power generation', or as a raw material for the production
of liquid fuels and chemicals. Moreover, they have the advantage of being
capable of cogenerating electricity and fuel/chemicals efficiently, economically,
and in an environmentally acceptable manner. Environmental performance of
these technologies can be tailored to any specific requirement. In addition, due
to the high efficiency nature of these technologies, the emissions of CO, are
relatively low.

Plasma gasification of solid fuels is one of many possible technologies for
effective and environment-friendly solid fuel utilization. For instance, in China
coal gasification under steam plasma conditions® has showed quite high indexes
(syngas yield of 75%).

This paper presents the numerical and experimental investigation of solid
fuels gasification in an air and water steam medium in an arc-plasma reactor.
First, the gasification of air—solid fuel and steam-solid fuel mixtures was
investigated numerically with the aid of the software code TERRA®, validated
for thermal equilibrium calculations. These mixtures were then investigated
experimentally and the numerical results were verified against operational data
obtained in the experiments. Kazakhstan Kuuchekinski bituminous coal (KBC)
of 40% of ash content and Canadian petrocoke (CP) of 3% of ash content
(Table 1) were used for the investigation. Their dry basis higher calorific values
are 16,632 and 47,008 kJ/kg correspondingly. The special combined plasma
chemical reactor (CPCR) for coal gasification allows the processes for the
thermoimpact on solid fuel to be performed to obtain synthesis gas free from
nitrogen and sulfur oxides. The experimental installation is intended to work
in range of 30-100 kW electric power generation, with a mass-averaged
temperature of 1,800—4,000 K, a coal-dust consumption of 3—12 kg/h and gas-
oxidant (air or steam) flow of 0.5-15 kg/h. High quality syngas was produced
from the both solid fuels.
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2. Numerical Simulation

The software Code TERRA* was used for the thermodynamic analysis of
the solid fuels plasma gasification process. This software was created for
equilibrium computations of high-temperature processes, and in contrast to
traditional thermochemical methods of equilibrium computation that use the
Gibbs energy, equilibrium constants and Guldberg and Vaage law of acting
mass, TERRA is based on the principle of maximizing entropy for isolated
thermodynamic systems in equilibrium. TERRA has its own database of ther-
modynamic properties for more than 3,500 chemical agents over a temperature
range of 300-6,000 K. It must be noted before discussing the results, that
despite the fact that in principle the plasma reactor is an open, not isolated
system and there is an exchange of energy and substance with the external
medium; the thermodynamic modeling of solid fuel gasification inside the
plasma-chemical reactors is possible. Firstly, for the preparation of the heat and
material balance of the plasma gasifier, the actual heat losses are taken into
account; and in this case the mass mean temperature in the plasma reactor is
determined as for a thermodynamically isolated system. Secondly, the time the
reagents stay in the zone of reactions is about 1 s, which is many times longer
than the thermodynamic equilibration time in the system at the high process
temperature®. Thirdly, the CPCR is a flow reactor and the quasistationary
process of gasification is provided.

The calculations were performed for the process of KBC and CP
gasification in the air and steam medium. The chemical composition of KBC
and CP is presented in Table 1. All the calculations were performed for
atmosphere pressure P=0.1 MPa and within the temperature interval 400—
4,000 K. The temperature is suggested to be kept at the expense of the external
heat source, which is an arc in a CPCR.

TABLE 1. Solid fuels chemical analysis, % dry mass basis

Solid fuel C (6] H N S  SiO, ALO; Fe,0; CaO MgO K,0 NaO

KBC 48.86 6.56 3.05 08 0.73 23.09 13.8 215 034 031 0.16 0.15
CP 75.0 0.88 1553 0.01 563 131 0.78 06 0.1 0.05 0.07 0.04

For the first set of calculations, the feed was assumed to consist of 100 kg of
KBC plus 127.5 kg of air; for the second set the feed was assumed to be 100 kg
of KBC plus 62.75 kg of water steam; for the third set the feed was supposed to
be 100 kg of CP plus 460 kg of air and for the fourth set the feed was assumed
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to be 100 kg of CP plus 120 kg of water steam. The gas phase species (Figures
1-3), degree of solid fuel gasification (Figure 4) and specific power consump-
tions (SPCs) for the processes (Figure 5) were calculated for all the variants.

Figure 1 presents the results of the calculations for the air gasification of
KBC. The gas phase (Figure 1 on the left) for a temperature interval of 400—
4,000 K mainly consists of nitrogen and syngas (CO + H;) thermodynamically
steady to the coproducts of the coal gasification process. Its concentration
reaches the maximum of 54.79% at 7'= 1,800 K. The oxidant concentration
(H,O and CO,) decreases to zero as the temperature increases to 1,400 K.
Nitrogen content substances are presented mainly in the form of molecular
nitrogen (N,). Its concentration decreases with temperature because of the
syngas appearance in the gas phase, the increase in other Nitorgen substances is
due to the species of the coal mineral mass converting into the gas phase at
temperatures over 1,600 K. The Carbon monoxide (CO) concentration reaches
the maximal value of 35.74% at a temperature of 1,800 K. The concentration of
molecular hydrogen (H,), for a temperature interval from 400 to 1,600 K
increases promptly and reaches the maximum of 20.3% at 7'= 1,600 K. At the
temperature over 1,600 K the H, concentration decreases because of its disso-
ciation and in the gas phase atomic hydrogen (H) appears. The H concentration
increases with the temperature and reaches 23.34% at 4,000 K. At a tempe-
rature over 1,600 K in the gas phase there is hydrogen cyanide (HCN) and
cyanide (CN), the total concentration of which reaches 2% at a temperature
2,800 K. There is no NO, in the gas phase. It is connected with the oxygen
deficit and as a consequence of reducing atmosphere. It is known to gasify
carbon to CO, the stoichiometric ratio of C:O must be equal to 0.75, in our case
the ratio of C:O is 1.36. Thus, the nitrogen is combined into the oxygen free
compounds HCN and CN. Sulfur containing species are presented as H,S and
SiS, their concentrations amount to 0.27% and 0.26% correspondingly.

The mineral components of the coal sublimate into the gas phase (Figure 1,
center) along with the temperature of the coal gasification process. They are
mainly aluminum (Al) and silicon (Si). In the gas phase they appear at
temperatures over 2,200 K. Their sum concentration reaches 5.5% at 4,000 K.
The total concentration of all the other species of mineral mass in the gas phase
reaches 1%. The Carbon concentration in condensed phase (Figure 1, right)
decreases due to its gasification in the temperature interval 800—1,200 K. In the
interval of 1,200-1,600 K its concentration is practically steady, because of
the absence of free oxygen in the gas phase. In the interval 1,600-1,800 K the
carbon concentration decreases sharply due to its participation in the reactions
of ferric and silicon oxides reducing to the carbides (Fe;C and SiC). Within the
temperature interval 1,800-2,600 K, all mineral components evolve into gas
phase as Al, Si, SiS, Fe, AL,O, SiC,, etc. (Figure 1, center).
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The gas phase of the products of KBC gasification in the steam medium
(Figure 2, left) is presented generally by syngas, of which the maximum
concentration is 99% at 1,500 K. At that sum, the concentration of atomic and
molecular hydrogen is higher than concentration of carbon monoxide for all the
temperature range, and varies from 48% to 59% in volume. With the tempe-
rature concentration of carbon monoxide decreasing from 47% at 1,500 K down
to 34% at 4,000 K. A light decrease in syngas concentration with a temperature
increase is connected with the appearance in the gas phase of the components of
mineral mass of the coal. They begin to convert from the condensed phase to
the gaseous one at temperatures over 1,600 K (Figure 2, center). At tempe-
ratures of over 3,000 K the mineral components of the coal are presented in the
gas phase, mainly as the elements Si, Al, Ca, Fe, Na, and compounds AlH,
AIOH, SiS, etc. With the temperature the last are decomposed intensively. In
this case the ratio of C:O is 0.78. It is practically corresponded to stoichiometric
ratio. It enabled 100% of the carbon to be transformed to carbon oxides.
Furthermore, at temperatures above 2,000 K the oxygen from mineral mass of
coal starts actively to participate in the reactions of hydrogen, sulfur and
nitrogen oxidation. It leads to their oxides formation and NO particularly. The
NO concentration reaches 350 ppm by 7= 4,000 K. As to the condensed phase
(Figure 2, right), with a temperature increase to 3,000 K, all the components of
it are transferred into the gas phase. Note, there are no carbides in the
condensed phase except one minor peak of Fe;C concentration.

Concentration, vol.%
‘Concentration, mass %
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Figure 1. Composition of organic (leff) and mineral (cenfer) components in gas phase and
condensed components (7ight) vs temperature at KBC air gasification

Figure 3 presents the gas species concentration vs temperature of the process
of CP gasification in air and steam medium. As the mineral mass of CP is very
small, we consider the behavior of the inorganic species neither in the gas nor
in the condensed phase. Using air gasification (Figure 3, left) in a temperature
interval of 1,000-2,600 K, the gas phase mainly consists of molecular nitrogen
(Nz) and syngas (CO + H,). When the concentration of hydrogen is 26.9%
(I'=1,400 K), the concentration of carbon monoxide is 22.9%, and the
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concentration of nitrogen is 47.4%. Under these conditions the sulfur is
presented as hydrogen sulfide (H,S), with a concentration of less than 0.7%.
The oxidant concentration (H,O and CO,) in this temperature interval does not
exceed 2.1%. At temperatures over 2,000 K in the gas phase, the atomic
hydrogen (H) is present. Its concentration reaches 35.9% by 4,000 K. At
temperatures exceeding 2,200 K, the hydrogen sulfide dissociates into atomic
sulfur (S) and sulfur hydride (SH). The total maximum concentration of them is
about 0.5%. In the gas phase at temperatures above 3,000 K, hydroxyl (OH)
and atomic oxygen (O) appears; their total concentration is about 1.5%. At
temperatures exceeding 3,200 K, in the gas phase nitrogen oxide (NO) is
noticed, its concentration reaching 1,500 ppm.
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Figure 2. Composition of organic (leff) and mineral (center) components in gas phase and
condensed components (right) vs temperature at KBC steam gasification

100

T T T T 100
M
N?
co
104 . .
< u " 10
E 2
_g 14 g 14
5 g
g 0.1 g
8 ° 8 o
0.01 T 1 f T - 0.01 T U T T
800 1600 2400 3200 4000 800 1600 2400 3200 4000
Temperature, K

Temperature, K

Figure 3. Concentrations of gas phase species (organic mass) variation with temperature of the
process of CP air (/eft) and steam (right) gasification

Using CP steam gasification in a temperature interval of 1,200-2,800 K, the
gas phase (Figure 3, right) mainly consists of syngas. When the concentration
of hydrogen was 67% (T = 1,400 K), the concentration of carbon monoxide was
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29.8% and sulfur was presented as sulfur hydrogen (0.8%). The oxidants
concentration (H,O and CO,) does not exceed 2.5% in that temperature range.
At temperatures greater than 2,000 K, atomic hydrogen appears in gas phase.
Its concentration reaches 62.2% at a temperature of 4,000 K. At temperatures
greater than 2,200 K, hydrogen sulfide dissociates into atomic sulfur and sulfur
hydride, with a total maximum concentration reaching 0.5%. At temperatures
greater than 3,000 K, in the gas phase hydroxyl and atomic oxygen appears.
Their total concentration was less than 1.5%. In contrast to the gasification in
air medium, in the steam gasification process nitrogen oxides are not formed.

Note that the concentration of syngas obtained in the process of steam
gasification is significantly higher that that in the process of air gasification for
the both solid fuels.

The degree of solid fuel carbon gasification X¢ is determined from the
carbon content in the condensed phase. Specifically, Xc is calculated according
to the following expression:

c -C
Xzibasc fin100%

C
bas
where Cy,s and Chyy, 1s the initial carbon concentration in the solid fuel and final
carbon concentration in the solid residue (condensed phase) at the current
corresponding process temperature.

The degree of carbon gasification (Figure 4) increases with the tempera-
ture in all variants and reaches 100%. Thus, the carbon from the solid fuels
completely transforms into the gas phase mainly in the form of CO (Figure 1-
3). At KBC gasification in air medium, in the temperature interval of 1,200—
1,600 K, the carbon gasification degree is practically permanent because of free
oxygen absence and carbides formation. At temperatures exceeded 1,600 K, the
gasification degree increases sharply due to decomposition of ferric and silicon
carbides and carbon oxidation in reduction reactions of oxygen containing the
compounds Al,O;, CaSiO;, MgSiO;, etc. and completely transforms to gas
phase by the temperature 2,100 K. At KBC gasification in steam medium, the
carbon gasification degree reaches 100% by 1,200 K. In contrast to the KBC
gasification in air medium there is no “plateau” in temperature dependence of
gasification degree. This is explained by the different levels of temperature
necessary for the complete carbon gasification in water steam (7 ~ 1,200 K) and
the formation of silicon, ferric and aluminum carbides in the condensed phase
(T = 1,400-2,400 K) (Figures 1 and 2). This means that when the temperature
of carbide formation in the condensed phase is reached, the carbon has
completely transferred into the gas phase as CO. The carbon gasification degree
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Figure 4. Carbon gasification degree (/eft) and specific power consumptions for the process of
plasma gasification (right) related to 1 kg of syngas versus temperature. 1, 2 is KBC gasification
in air and steam medium and 3, 4 is CP gasification in air and steam medium correspondingly

increases with the temperature in both variants of CP gasification, and reaches
100% at close and at relatively low values of temperature, which is 1,100 K.
The SPCs for the gasification processes were calculated by the difference of
working medium (solid fuel and oxidant) enthalpy at initial (7 = 298 K) and
final (current temperature of the process) conditions. The calculation results for
both processes are presented in Figure 4. At temperatures above 1,000 K, the
SPC for producing syngas increases smoothly with the gasification processes
temperature. Note that for both processes of CP gasification, in the temperature
interval of 1,400-2,600 K, where syngas concentration is maximal and practi-
cally permanent, the SPC related to 1 kg of syngas are noticeably different. For
example, at a temperature of 1,400 K the SPC for the process of CP gasification
in steam medium is less than that in air medium, and amounts to 2.43 and 2.64
kWh/kg of syngas correspondingly. The SPC for syngas production for KBC
gasification in both air and steam medium, has minor fluctuations in the
temperature range from 1,600 to 2,200 K (curve 1), in which the reducing endo-
thermic reactions with carbon run, monotonously increase with temperature. In
the temperature range of 1,700-3,200 K, the SPC for KBC gasification in steam
medium are less than in air medium. At the temperatures that the coal gasifi-
cation degree reaches 100%, which are 1,200 and 2,000 K for KBC gasification
in steam and air medium correspondingly, the SPC for KBC gasification in air
medium (3.32 kW h/kg), are 1.7 times higher than for KBC gasification in
steam medium (1.95 kW h/kg). The syngas concentration for both the KBC and
CP gasification in steam medium is higher essentially (see Figures 1-3) and
reaches 97% against 50% at gasification in air medium for CP gasification
and 97% against 61% for KBC gasification. At the same time, the syngas at the
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solid fuels gasification in steam medium is of a higher quality. For example, the
hydrogen concentration at CP and KBC gasification in steam medium reaches
67% and 54.8% against 27.1% and 22.6% at the solid fuels gasification in air
medium correspondingly.

Thus numerical investigation showed that from both energy and ecology
point of view, for solid fuel gasification the superior process is its gasification
in steam medium with use of an internal heat source. This source can be a
plasma one, which allows the attainment of the temperature required for the
process of gasification without the additional fuel incineration, and the target
product syngas dilution with inert products of combustion. Solid fuel plasma
gasification under steam conditions allows the converting of the organic mass
of the fuel into high-calorific syngas, which is free from nitrogen and sulfur
oxides. This conversion can be written as the following overall reaction:
C+ H,0=CO + H,. The plasma source energy compensates for the endo-
thermic effect of this reaction, which is equal to 130,500 J/mol.

3. Experimental

3.1 EXPERIMENTAL SETUP

The gasification experiments were conducted in a tube-type setup, which is
schematically shown in Figure 5. The principal components are: a plasma
generator-reactor, /; slag trap, 2; syngas and slag separator chamber, 3; syngas
cooling chambers, 4, 5, 6; pulverized fuel feeding system, &; and a steam
feeding system, 9. The zones of heat release due to the arc plasma, and of heat
absorption by the solid fuel and gas streams, are combined in the same plasma
generator-reactor chamber, /. This consists of a cylindrical water-cooled jacket,
with a top cover carrying a graphite rod electrode, of diameter 0.04 m, and the
inlet pipes for pulverized solid fuel (pf) and plasma-forming gas. It is lined with
graphite, of thickness 0.02 m, and bounded at its bottom side by a graphite
orifice. The inner diameter of the reactor (i.e., of the graphite lining) is 0.15 m
and its height is 0.3 m. The direct current arc is established (as sketched)
between the rod and the graphite lining electrodes. It is localized at the ring
electrode band of 0.07 m by an enveloping electromagnetic coil, /2, made of
water-cooled copper pipe. The plasmotron power is variable between 30 and
100 kW.

The slag trap, 2, is a water-cooled cylinder of height 0.56 m, containing a
slag catcher basket. It is lined with graphite to give an inner diameter of 0.15 m.
The syngas cooling occurs in chambers 4, 5, 6, which are water-cooled stainless
steel cylinders, some of which are also lined with graphite to the same diameter.
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Figure 5. Experimental setup for pf plasma gasification. 1 — DC arc plasma reactor, 2 — slag trap,
3 — syngas and slag separator chamber, 4,5,6 — syngas cooling chambers, 7, 20 — flowmeters, 8 —
pf feeding system, 9 — steam feeding system, 10 — power supply unit, 11 —motorised electrode
position system, 12 — electromagnetic coil, 13 — handcart-elevator, 14 — waste gas output section
with safety valve, 15 — sections for sulfur clearing, 16 —gas extraction system, 17 — pipes for
thermocouples, 18 — pipes for gas sampling, 19 — the installation units cooling system, 7r —
transformer

The pf supply system consists of a screw feeder, §. The steam feeding
system consists of a hot-water boiler mounted on a weighbridge, 9, and a steam
reheater. The two streams are merged and partially mix just prior to admission
to the reactor through pipes in its top cover. The pulverized fuel admission rate
is determined by weighing, to within an error of 1.5%. The steam rate is varied
in the range of 0-10 kg/h to within an error of 3%. On completion of an
experimental run, all components of the apparatus are thoroughly cleaned of the
condensed phase, which is weighed to determine the mass of the solid residue
from the fuel conversion process. The yield of gaseous products is measured
with a Prowirl 77F flowmeter, 7, at the outlet of the syngas cooling chamber, 6.

The gas to be analyzed is withdrawn from the syngas cooling chambers
through the pipes, /8, by a quartz probe and directly admitted to the gas
analysis system. The gas is subject to chromatographic analysis with the help of
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a SRI 8610C gas analyzer. The carrier gas is helium or argon, and the detectors
are thermal conductivity sensors. The analysis of light gases Hp, CO, O,, N,,
and CHy are provided in columns filled with a molecular sieve CaX, and the
analysis of CO, in a silica gel column. A method of absolute calibration is used
for experimental data handling. The composition of the solid residue was
investigated by chemical and x-ray phase analysis. To determine the carbon
gasification degree the absorption-weight method is used. According to this
method carbon is determined through measuring the carbon dioxide that is
formed as a result of the solid residue sample combustion in oxygen and the
following absorption of it by ascarit (KOH or NaOH covering asbestos).

An overall calorimetric balance is performed on the setup using the cool-
ant water flows and temperatures. The water temperatures are measured by
thermocouples (Chromel-Copel) to within an absolute error of 0.2°C. The
overall error in the calorimetric balance is typically 6—10%.

The temperatures of the reactor wall and of the gases exiting from the
graphite diaphragm are measured by standard tungsten—rhodium thermo-
couples. The thermocouple junction exposed to the exiting gases is 10° m in
diameter; the radiation error does not exceed 50°C. The gas temperature in the
reactor is not measured. Instead, the mass-averaged temperature of reagents is
calculated from the reactor heat.

The mass and heat balance is an important indicator for gasification
experiments. The equations of material and heat balance of the experimental
setup take the following form:

G2+G3+G4+G5:G6+G1+G7,kg/h, and
W0+W1=W2+W3+W4+W5+W6,kW,

where G, Gs;, G4, and G5 are the mass flow rates of pf, steam or air, carrier gas
for fuel pulverization, and electrode graphite respectively. Gs, G;, and G; are
the mass flow rates of slag (solid residue), effluent gases, and pulverized coke
(fume and fine particles) being removed respectively. W, is the heat output of
the arc, W, is the heat supplied with steam at 7= 405 K; the heat losses to the
cooling water in the unit assemblies are: W, from the reactor; W; from the gas
and slag separation chamber; W, from the syngas cooling chamber; W from the
slag catcher; and Wy from the heat carry-over in the effluent gas stream.

The arc electric power is determined from a wattmeter. The heat input to the
steam is calculated as:

W] = G3H1 ,kW,

where H; =H s x + AHgteam =005 +0.63 =068 kWh/kg of steam and AHan is the
heat of vaporization.
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The heat loss with the effluent gases is determined from the effluent gas
temperature (7,), flow rate (G;), and composition obtained through the gas
analysis. The measured temperature, pressure, and composition of gases are fed
into the TERRA code’, and the specific enthalpy of the effluent gases is
computed for the specified values of the parameters mentioned above. The gas
mixture heat output is calculated as follows:

W5:H6G1, kW,
Tg
where H 6= 1 C,dT is the specific enthalpy of the gas mixture.
300

Thus, except for Wy, all the components of the heat balance equation are
measured during the experiment.

3.2 EXPERIMENTAL RESULTS

The arc is initiated by vaporizing a wire brought into contact with the rod and
ring electrodes. The flow of steam or air and finally grained fuel is then
initiated. The steam(air)/pulverized fuel mixture entering the arc zone is heated
to high temperatures by the arc rotating in an electromagnetic field to produce a
two-phase plasma flow where the solid fuel gasification process occurs. The
solid residue so produced descends through the orifice plate into the slag
catcher, 2 (Figure 5). The gaseous products exit the gas and slag separation
chamber, 3, and flow into the cooling chambers, 4, 5, 6. Then gaseous products
are exhausted to ventilation.

The duration of the experiments varied from 0.5 to 1 h. The dust of KBC
and CP (see Table 1) was used in the experiments. The sieve analysis of the pf
using the shaker “Tyler” RX-812 and a set of calibrated sieves with mesh sizes
of 43—1,000 um revealed that the mean sizes of the KBC and CP dust particles
were 75 and 105 um, correspondingly.

Prior to conducting an experiment, an estimate of the steam requirement
was made from the water gas reaction. This estimate ignored the oxygen
content of the inorganic material of the coal. The conditions of the experiments
and their results are shown in Table 2. To calculate the SPC for the process,
reduced to one kilogram of syngas output, the following formula is used:

SN = O, + W=W)[(G, - G,) . kKW-h/kg.

The thermal efficiency of the reactor was determined as 76% for all
experiments. As a result of KBC plasma gasification in steam and air medium
and CP gasification under steam plasma conditions, the concentrations of gas
species, the carbon gasification degree X and the mass-averaged temperatures
Tav 1n the reactor were revealed.
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TABLE 2. Main indexes of the solid fuels plasma gasification

N Solid Consumption (kg/h) Wo QSYNG Tav (K) CO H, N, Xc

fuel (kW) (kW (%)
h/kg)
Fuel Steam Air G, Volume %
1. KBC 8.0 - 8.0 123 33 2.1 2,100 274 159 553 89.6
2. KBC 4.0 - 5.1 7.4 30 3.1 2,850 38.1 18.2 437 95.8
3. KBC 40 19 - 42 25 4.8 3,500 415 55.8 2.7 94.2
4 KBC 65 30 19 85 52.8 4.7 3,550 38.6 514 9.8 92.0
5. CP 25 35 - 5.1 60 9.4 3,800 339 653 0.8 76.3
6. CP 25 3.0 - 49 60 9.6 3,850 362 63.1 0.7 78.6

From the table it follows that the KBC gasification degree in air increases
from 89.6% to 95.8% as the SPC rises from 2.1 to 3.1 kWh/kg of syngas.
At these points, the syngas yield increased from 33.3% to 56.3%. As a
consequence of gasification, the products mass consumption G, decreases from
12.3 to 7.4 kg/h, the mass-averaged temperatures in the reactor increases from
2,100 to 2,850 K and the corresponding intensification of the process. For KBC
gasification under plasma-steam conditions, the SPC are noticeably higher (4.7
and 4.8 kW h/kg), keeping the gasification degree at the high level of 92.0—
94.2%. At these conditions, the typical syngas yield is appreciably higher
(90.0-97.3%). Note that contrary to the gasification under air-plasma condi-
tions, for the process of plasma gasification in steam medium the concentration
of hydrogen in the syngas is higher than the concentration of carbon dioxide.
The hydrogen concentration produced for the gasification in steam is 3—4 times
higher than that produced in the air medium. This effect is connected with the
enriching of syngas with hydrogen due to the reaction of water steam decom-
position by the solid fuel’s carbon.

For the CP, in view of its high content of tar its direct use for redox is
impossible. Whereas the CP reactivity is extremely low, its utilization in the
conventional processes of combustion or gasification is very problematic. In
connection with this, the experiments for CP gasification under plasma-steam
conditions were initiated. To produce syngas possessing good qualities the
process was carried out under a relatively high SPC (9.4-9.6 kW h/kg of
syngas). Under these conditions, the mass-averaged temperature varied from
3,800 to 3,850 K, and the CP gasification degree varied from 76.3% to 78.6%.
Note, the high content of hydrogen in the syngas (63.1-65.3%) at syngas yields
of between 99.2% and 99.3%. The obtained ratio of H,:CO = 2:1 corresponds to
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the optimal content of a gas for synthetic liquid fuel (methanol) synthesis:
CO + 2H, = CH;0H’.

The difference between the CP and KBC ash content is more than ten times
(3—40%). But the yields of syngas vary insignificantly, reaching practically
limiting values (90-99.3%). Note that the H, concentration in syngas is
substantially higher than that of CO.

It must also be note that the SPC relating to syngas varies in a broad interval
from 2.1 to 9.6 kWh/kg. Evidently, for syngas production using the water steam
method, the utilization of the heat of the gasification products and the use of the
exit gases as a carrier instead of air is required for pf feeding, The SPC would
be minimized and consequently the efficiency of syngas production would be
higher. An alternative way of reducing the SPC is based on the application of
the plasma-autothermal principle of solid fuel gasification in a two-stage
gasifier. During the first gasification stage, 30% of the fuel is utilized under air
plasma conditions and the following combustion of the gasification products to
CO, is realized, with the evolution of 33,173 kl/kg of carbon. This heat,
together with heat of the electrical arc is enough to compensate for the
endothermic effect (10,875 kl/kg of carbon) of the water gas reaction (H,O +
C = C + Hy). The rest (70%) of the fuel is used in the process of gasification
in steam medium. An examination of experiment 3 (Table 2) with a SPC of
8 kWh/kg of carbon, but for the same initial data with plasma-autothermal
gasification of the same fuel the SPC would be 0.8 kWh/kg of carbon. This is
equal to the arc generation of heat W, decreasing from 25 to 2.5 kW.

3.3 COMPARISON OF EXPERIMENTAL AND CALCULATED DATA

In order to estimate the reliability of the TERRA code, comparisons between
the calculated results and the experimental data were made. The comparisons
are presented in Table 3, which demonstrates that a reasonably satisfactory
agreement was achieved.

TABLE 3. Comparison between the calculated results and the experimental data

Method Content (volume %) Xc
CO H, N, (%)
Experiment # 2 of Table 2 27.4 15.9 553 958
Calculation # 2 36.6 16.4 36.6 100
Experiment # 3 of Table 2 41.5 55.8 27 942
Calculation # 3 38.8 54.1 0.3 100
Experiment # 6 of Table 2 36.2 63.1 0.7 78.6

Calculation # 6 21.3 76.1 - 100
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The differences between the calculated and experimental degree of pf
gasification is not more than 21.4%, and for the yield of the syngas it is not
more than 22.4%. Note that the breakdown of the syngas in the calculations and
experiments is similar.

The discrepancies can be explained by deviations from the thermodynamic
equilibrium due to the limited residence times in the plasma reactor. It is also
impossible to determine all the species of the gas phase at chromatography
fulfillment.

4. Conclusions

The completion of a study of two essentially different composition and quality
solid fuels undergoing gasification showed that it is possible to produce a high-
quality syngas using both a steam and air plasma. It has been found that a
syngas with the H, + CO content between 43.3% for KBC gasification in air
medium and 97.4% for CP gasification in steam plasma conditions can be
produced.

The syngas obtained from the solid fuels is a high-quality power gas, which
can be used for synthetic liquid fuel (methanol) synthesis: CO + 2H, = CH;OH".
Syngas of this quality has high-potential as a reducing agent for iron ore direct
reduction and can serve as a substitute of metallurgical coke. Also plasma
steam gasification is an alternative method for hydrogen production, through
water steam decomposition by carbon of a solid fuel.

Further experiments are planned for the gasification of solid fuels under
steam plasma conditions, with the aim of increasing the gasification degree and
reducing the SPCs of the process.
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SOME ADVANCES IN TWO-PHASE THERMOFLUID RESEARCH
FOR ENVIRONMENTAL PROTECTION AND POLLUTION
REDUCTION

P.J. BOWEN
Cardiff School of Engineering, Newport Road,
Cardiff;, CF243TA, UK

Abstract. Two-phase thermofluid processes can be utilized and optimized to
contribute to Environmental Protection and Pollution reduction. This paper
describes recent advances in understanding and optimizing some of these
processes, which are employed within a broad range of engineering applications
including combustion engines, power generators and large-scale uncontrolled
hazards such as fires or explosions. It describes advances in understanding of
novel fuel injection and atomization processes, the development of direct
numerical simulation (DNS) techniques for free-boundary two-phase problems
and the potential of future modeling approaches. Progress in understanding
two-phase combustion systems includes burning rate, ignition characteristics,
explosions involving high-flashpoint fuels, flame interaction with water vapor
and water mists, and the generation of ultrafine particulate matter. Advances in
both experimental and modeling approaches are discussed.

Keywords: thermofluid, two-phase, hazards, power generation

1. Introduction

This paper discusses a range of research advances and developments over the
last 10 years at Cardiff School of Engineering in collaboration with several
industrial sponsors and government sponsorship in relation to two-phase ther-
mofluid problems and processes pertinent to environmental protection and
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pollutant reduction. The industrial sectors encompassed include the automotive
sector, petrochemical, environmental protection, and power generation as well
as supporting research of a more fundamental nature.

Two-phase problems naturally arise in many industrial processes, from
utilization of liquid fuels for power generation, to spray cooling, or accidental
releases of toxic or combustible material. With the ever increasing attention on
pollutant reduction and process efficiency gains as we move towards a more
sustainable industrial environment, these problems are very likely to receive
more attention, with the requirement for further understanding, research and
development.

2. Developments in Atomization Technology

This section describes a range of development in atomization and spray
technology that have been brought about due to improved diagnostic and/or
modeling capability. These technological advances have applications in a broad
range of energy-related industrial sectors.

2.1 SUBCOOLED AND SUPERHEATED ATOMIZATION

2.1.1 Subcooled Releases

Release and atomization of subcooled fuel through simple orifices is an area
that has received significant attention for diesel injection in compression-
ignition, internal combustion engines. However, two-phase problems involving
the same elementary physics are of concern when considering accidental large-
scale releases of high-flashpoint liquid fuels such as diesel, gas oil or avia-
tion kerosine in industrial hazard consequence modeling. In these cases, the
characteristic releases typically are of significantly lower release pressures
(typically sub-20 bar) and larger, less-defined orifices (in the order of several
millimeters or significantly larger).

These problems were considered in the early 1990s (Bowen and Shirvill,
1994) in relation to area classification codes for offshore oil/gas exploration and
production. More recently, this problem has received greater attention due to
the involvement of high-flashpoint fuels in high-profile incidents involving
transport, namely the Ladbroke Grove (near Paddington, UK) train crash and
fireball (1999), the 9/11 Twin Towers attack in New York (2001), and may
have played a role in the recent oil refinery explosions and fires in Buncefield
(near Hemel Hemstread), UK (2005) currently under investigation.
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Figure 1. (a and b) Fatal incidents involving fireballs of liquid fuels. (a) HSE simulation of
Ladbroke Grove (London) Train Crash (1999), (b) 9/11 terrorist attack

The nature of the hazard is based upon the quality of spray produced from
these nonstandard atomization conditions, and whilst these releases are charac-
teristically of extremely poor quality, nevertheless methods of quantification are
required to improve/guide risk assessments and future legislation. For this
category of accidental fuel release, the characteristic jet breakup conditions are
typically around the first-second wind transition criteria associated with
aerodynamic of liquid jets (Bowen and Shirvill, 1994). Hence, associated with
these releases is an unbroken jet core of variable length, beyond which the
breakup commences. However, sufficiently far downstream where the spray has
had sufficient time to develop, meaningful measurements may be taken from
which empirical correlations may be derived. In the most recent studies
undertaken at Cardiff, the correlation proposed for spray quality from these
poorly atomized jets takes the form:

SMD/d = F(We, Re, L/d) = 64.73We "2 Re **'%(L/d)* ' (1)

Of interest is the influence of the dimensional variables embedded within
this correlation. The exponent of the pressure differential term is circa —0.54,
and that corresponding to the release diameter is circa +0.34. These exponents
are consistent with a range of correlations derived by other researchers for
diesel-type injectors at far higher pressures (several hundred bar) and orifice
sizes (O(10%) pm); it appears that the similarity scaling approach is applicable
over a couple of orders of magnitude of the primary variables. The correlation
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also provides physically “sensible” exponents for the primary liquid fluid
parameters. Whilst SMD is a useful parameter for heat/mass transfer problems,
it is the range of small droplets below a critical droplet size range — the
volume/mass undersize function — which is most useful in hazard analysis. To
this end, the following empricial correlation has been derived from phase
Doppler anemometry (PDA) data, which allows the mass of fuel contained in
droplets below a certain size range (v(D)) to be quantified, given by:

1 —v(D) = o 03(D/SMD)*1.4 )

2.1.2 Superheated (flashing) Releases

Release of superheated liquids — often referred to as “flashing jets” has been of
interest to the petrochemical “risk and hazard” communities for some time. This
attention has become more focused recently with the proposed large-scale
expansion, transportation and utilization of liquified fuels such as liquified
natural gas (LNG) and liquified petroleum gas (LPQG), particularly in the USA
and UK, where imported LNG is an integral part of the national strategy to
meet energy demand.

Due the potential efficiency of flashing atomization, the automotive sector
has also considered utilizing this technology for improvements in fuel
preparation and mixing in IC engines. Furthermore, the technology is most
widely used commercially in the form of domestic propellents, for deodorant,
etc.. However, again irrespective of the industrial application, the physics of the
underlying processes are very similar.

Depending upon the thermodynamic storage conditions, accidental releases
of liquified fuels can atomize extremely efficiently producing high-volumes of
very fine mists (Figure 2). One of the primary issues for large-scale hazard pre-
dictions, is to predict the quantity of fuel which rains out in the near vicinity of
the release, and conversely that which remains airborne as very fine aerosol or
completely evaporates before touchdown. Hazardous vapor or aerosol that remains
within the hazardous plume can travel very large downstream distances, and will
be subject to atmospheric dispersion conditions, governing plume entrainment,
dispersion and hazardous concentrations.

However, the source term of the release is critical in successfully predicting
downstream hazardous conditions. Recently, a simple empirical model (Figure 3)
has been proposed as a framework upon which future development for flashing
releases of toxic material may be based (Witlox et al., 2005). The model takes
account of the various modes of atomization that occur as the critical control
parameters vary (here represented by the dimensionless Jakob and Weber
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Figure 2. Highly efficient flashing jet release
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Figure 3. (a and b) Source Term Submodel Concept for Superheated releases of liquified fuels for
atmospheric dispersion modeling (Witlox et al., 2005) (a) Source Term Submodel Concept, (b)
trilinear Model for Sauter mean diameter as a function of superheat
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numbers). Notice the model shows distinct points of transition, which correspond to
several changes in atomization modes with release conditions, and is represented by
several correlations within the model (Witlox et al., 2005).

2.2 TRANSIENT ATOMIZATION

In the mid-1990s, the automotive industry took considerable steps forward
in “clean” gasoline engine technology by introducing the Gasoline Direct
Injection (G-DI) engine concept. Transient two-phase fluid diagnostics then
became critical in fully understanding and optimizing the state of the pre-
ignition fuel charge, and hence some of the basic principles upon which G-DI
improvements are based. This provided the challenge for researchers to
develop and apply novel techniques to interrogate the two-phase G-DI sprays,
which are injected over the timescale of milliseconds, in the form of droplets of
size typically less than 20 um, and at speeds of the order of 100 m/s.

Figure 4 shows a G-DI spray characterization facility designed and
commissioned at Cardiff School of Engineering (Comer, 1999), which offers
considerable optical access and facilitates controlled optical studies of G-DI
sprays at elevated temperatures and pressures (up to 15 bar and 430 K with
maximum optical access) representative of in-cylinder conditions. A carefully
designed annular air curtain minimizes fouling on the quartz windows, whilst
having minimal effect on the quiescent air within the region of injection. The
facility has been recently modified allowing the impingement process to be
studied. A “dummy” piston which is afforded six degrees of freedom is placed
into the rig, and thus can be orientated in any way relative to the injector.

Laser Sheet
Receiving Optics
Optics

Transmitting

CCD Camera

Flat piston

Figure 4. Model of the HT-HP rig setup for (a) PDA and (b) planar imaging diagnostics
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Figure 5. Comparison of droplet diameter, velocity vectors and high-speed images at 1.25-1.50
ms after start of injection. (a) p, = 1.2, T, = atm, T, = atm (b) p, = 4.76, T, = atm, T;,j = atm
(c) po=1.2, T, = atm, Ty = 358 (d) p, = 1.15, T, = 423, T;,,; =303 (e) p, = 4.77, T, =423, Tj,j = 303.
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Developments in phase-resolved PDA measuring techniques have facilitated
temporally resolved measurements of spray characteristics, as shown in Figure
5. Here, the spatially and temporally resolved measurements of fuel droplet size
and velocity field are compared with high-speed images of a G-DI spray. Such
measurements within the facility shown in Figure 4 facilitate the range of
thermodynamic conditions presented in Figure 5, which offer the opportunity
for model verification and development.

2.3 SPRAY IMPINGEMENT AND FUEL FILMS

The same methodology can be applied to investigate fuel sprays impinging
upon in-cylinder surfaces, utilized for fuel efficiency in so-called stratified
charge G-DI operation under low-load conditions. In this operational mode, a
small amount of fuel is injected late in the compression stroke. The fuel is
guided towards the spark plug where a fuel rich region forms, whereas the rest
of the cylinder has an overall lean mixture; air-to-fuel ratios of 30—40:1 can be
achieved. Some G-DI strategies utilize the impingement of the fuel spray on the
piston crown to control the fuel transportation and mixing, inevitably resulting
in a fuel film. However, it has been shown that fuel that is deposited on the
piston crown can result in a 60% increase in unburnt hydrocarbon emissions
compared to the fuel being completely vaporized (Stanglmaier, 1999) which
clearly presents an environmental issue.

Figure 6 shows a time-resolved, two-dimensional data set of a gasoline
spray impinging on a heated piston surface. The G-DI spray after impingement
upon a piston head in Cardiffs G-DI simulation facility (Figure 4) has also been
studied. This data proves invaluable in verification studies of two-phase fluid
dynamic models, or indeed as source data in empirical submodel development
of the impingement process.

Optimization of the G-DI stratified charge operating mode depends in part
upon the quantity of fuel that remains on the piston surface after impingement.
Although surface evaporation assists in minimizing this effect, clearly the
potential exists for residual fuel to contribute to unburnt hydrocarbon emis-
sions, and potentially degrade the piston surface due to mini pool fires. The
challenge for modelers is not only to predict the characteristics of the secondary
spray indicated in Figure 6, but also to quantify through the engine cycle the
quantity of fuel remaining on the piston crown.

Here, another advanced laser diagnostic technique, namely laser-induced
fluorescence (LIF), may play a role in the difficult problem of quantifying the
transient development of the thickness of the fuel film on the piston during fuel
injection. The LIF technique relies on the principle that upon excitation by laser
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radiation, the intensity of the fluorescent signal (filtered at 400 nm) from a
dopant (3-pentanone) mixed with a nonfluorescent base (iso-octane), is
proportional to the film thickness (Kay et al., 2006). A Nd:YAG laser is used as
the excitation source (utilizing the fourth harmonic at wavelength 266 nm) and
an intensified “HiSense” CCD camera records the results in the form of the
fluorescent images.

Velocity Vector Plot SMD

Figure 6. Spatially resolved data for impinging G-DI spray 2.25-2.50 ms after start of injection
(@) po= 1.2, T, = atm, Tpigon =423 K (b) p, = 4.76, T, = atm, Tpigon =423 K

Injector and Beam Dump

injector Holde

Filters and
Filter Holde

TO
CAMERA

Figure 7. Shows a schematic of a dedicated rig developed to undertake such studies utilizing an
optical quartz piston
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Figure 7 shows the optical setup. The bottom mirror is chosen to reflect the
excitation light with a wavelength of 266 nm only, hence any residual laser
light with wavelengths 532 and 1,064 nm are not reflected. For the second optic
a dichroic filter was ordered such that it transmitted the laser light at 266 nm
and reflected the fluorescent light in the range of 400 + 20 nm. To ensure that
no laser light reflections are collected by the digital camera an additional band
pass filter (Schott BG4 glass) is positioned in a “Cokin” filter holder. The filter
glass effectively blocks light at 266 and 532 nm.

First
Injection

Second
Injection

Third
Injection

Figure 8. LIF signal 1 ms after start of injection for three consecutive G-DI sprays
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Figure 8 shows the accumulation of fuel (via the fluorescent radiation at
400 nm) after multiple injections at 1 ms after start of injection. This initial
feasibility study has been undertaken at atmospheric conditions, hence signifi-
cant challenges remain in terms of quantifying the LIF signal through careful
calibration and error elimination, and applying under engine-like conditions.

Again hazard analysis provides the large-scale version of this two-phase
flow problem when we consider the accidental release of hazardous liquid
which impinges upon an object in the near-vicinity of the release. In the case of
high-flashpoint fuel releases for example, secondary atomization may present a
case whereby a release which is considered nonhazardous based upon the pri-
mary spray characteristics, could translate into a hazardous scenario postimpinge-
ment (Marakgos and Bowen, 2002).

Experimental studies of the large-scale impingement problem are very
challenging for a range of optical and practical reasons. However, with recent
developments in optical diagnostic techniques (e.g., PDA signal processing
technology for dense sprays), measurements providing quantitative insights into
secondary spray characteristics are becoming possible (Marakgos and Bowen,
2002), providing opportunities for hazard model development and appraisal.
Figure 9 shows the spray quality and mass of secondary airborne spray
measured before and after impingement of release of a low pressure, large
orifice liquid jet. Note the salient features from a hazard perspective of signi-
ficant quantity of secondary spray (up to 60% of the primary mass flow rate
from the release) and the substantial reduction in spray quality post impinge-
ment. Both these characteristics exacerbate the hazard problem.
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Figure 9. Postimpingement characteristics of large-scale liquid releases. (a) Secondary mass
fraction, (b) quality of secondary spray
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2.4 ADVANCES IN MODELING ATOMIZATION/SPRAY PROCESSES

Most computational fluid dynamics codes modeling spray or atomization-
related problems utilize Euler-Lagrangian models, with considerable use of
submodeling for the droplet processes. Figure 10 shows a typical prediction of a
spray from one such commercially available model.

However, progress is now also being made in utilizing direct numerical
simulation albeit for simple, benchmark two-phase problems. For example,
highly computationally efficient spectral element methods have been developed
to solve the benchmark atomization problem of droplet deformation in a

v
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Figure 11. Translation and deformation of a Newtonian liquid droplet prior to breakup in an
airstream



TWO-PHASE THERMOFLUID ADVANCES 171

gaseous airstream (the “critical Weber number” droplet breakup problem),
without submodel utilization (Bowen et al., 2006). Here, the arbitrary
Lagrangian—Eulerian (ALE) formulation is utilized to account for the movement
of the mesh. Spectral element approximations are used to ensure a high degree of
spatial accuracy, and the computational domain is decomposed into two regions,
one of which remains fixed in time while the other, located in the vicinity of the
droplet, is allowed to deform within the ALE framework. Transfinite mapping
techniques are used to map the physical elements onto the computational element,
with edges of elements on the free surface described using an iso-parametric
mapping. Surface tension is treated implicitly and naturally within the weak
formulation of the problem. Figure 11 gives an example of a Newtonian droplet
deforming prior to breakup for We = 15, Re = 1,000, density and viscosity ratios
of 550 and 16, respectively.

3. Two-Phase Combustion Developments

3.1 DEVELOPMENTS IN IGNITION AND FLAMMABILITY
CHARACTERISTICS OF HIGH-FLASHPOINT FUEL RELEASES

On the basis of the empirical findings for two-phase flow characteristics
referenced in the preceding section, it was predicted that the large-scale, high-
flashpoint fuel release problem introduced earlier could result in flammable
mixtures, ignitable with a low-energy electrical discharge even for release
pressures below 10-bar in the case of an impinging spray. Whilst 10-bar fuel
releases generally produce very poorly atomized sprays, under suitable condi-
tions, sufficient fine mist can be produced in the secondary spray to generate
readily flammable mixtures.

This hypothesis was substantiated through a simple demonstration study,
shown pictorially in Figure 12. In this demonstration, high flashpoint Shell
“Gas Oil” (flash point 68°C) was discharged through a 1 mm circular orifice
under a pressure differential of less than 8 bar. An impingement plate was
positioned 100 m downstream of and perpendicular to the jet, and a relatively
low energy (<200 mlJ) igniter repeatedly discharged within the region of high
air entrainment near the edge of the impingement plate. The secondary mist was
readily ignited, generating a “flash fire” which rapidly consumed the airborne
fuel cloud. Minimal overpressure was generated due to the open environment of
the test, as to be expected.

Hence, this demonstration consolidates the proposition that high-flashpoint
liquid fuels can, even under low release pressures, generate readily ignitable,
flammable mixtures which give rise to flash fires or potentially explosions in
areas of sufficient confinement and/or congestion.
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Figure 12. (a and b) Flash fire generated by low energy ignition of high flashpoint (impinging)
releases. (a) Preignition secondary mist; (b) postignition flash fire

3.2 DEVELOPMENTS IN DISPERSED-PHASE FUEL BURNING RATES

3.2.1 Cloud Chamber Technology

Laminar burning rates of two-phase fuel mixtures are influential in a range of
industrial processes, from engine combustion (internal combustion or gas
turbine) to explosion quantification. Generating reliable data for burning rates
of dispersed-phase systems has proven a very difficult proposition despite
many attempts over the last 50 years, primarily due to the inherent problems in
generating uniform, homogeneous two-phase mixtures where the primary
two-phase parameters can be readily varied. However, more recently
thermodynamic generation of experimental fuel clouds within the laboratory
environment has shown promise in generating suitable experimental conditions
to facilitate two-phase laminar burning rate studies. The principle of mist
generation within the laboratory was reported by Wilson (1897) over 100 years
ago, and with the considerable advances in control systems and precision
manufacturing techniques since, these underlying thermodynamic principles
have been utilized to generate a cloud generation system within an optical
combustor (Figure 13).

Considerable effort has been devoted to measuring the thermodynamic
control parameters (Crayford, 2004), as indicated in Figure 14. Preexpansion
thermodynamic control parameters (pressure, temperature, and humidity) also
have to be controlled, as well as ensuring thermodynamic homogeneity through-
out the rig. Of particular note in Figure 14 is the relatively long stable period
(from 400 ms onwards) of constant, quasi monodisperse droplet size, as
measured by a laser diffraction technique, with vignetting errors minimized
(Crayford, 2004), as well as stable thermodynamic variables. The stable time
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Figure 14. Transient thermodynamic and droplet size measurements during cloud chamber
operation

window is more than sufficient to ignite and undertake burning rate measure-
ments through Schlieren photography as indicated in Figure 15.

Notice the undulating, rugged appearance of the flamefront in Figure 15
under homogeneous, quiescent initial conditions. Droplet presence also appears
to lead prematurely to highly wrinkled flames (final image) compared with the
corresponding, single-phase vapor case.

Although a systematic parametric study varying at least primary variables of
equivalence ratio and mean droplet size has yet to be undertaken, no evidence
of the controversial enhanced theoretical burning rates has yet been observed in
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Figure 15. Flame propagation of droplet vapor air flame with natural two-phase “wrinkling”
compared with the equivalent vapor case
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Figure 16. Preliminary measurements of fuel vapor and aerosol flamespeeds in the cloud
combustor

the limited experimental programs undertaken on this facility to date, as
indicated in the representative Figure 16.

3.2.2 Facility Development for Burning Rates of Alternative Fuels

New optical facilities are being commissioned at Cardiff to facilitate
complementary burning rate data to the closed bomb approach offered by the
cloud chamber, with the emphasis on higher initial temperatures and pressures,
and alternative fuels and fuel mixtures. This will have relevance to the various
power generation sectors (stationary and propulsion), and contribute to the
challenges of environmental protection and pollutant reduction.
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3.3 PARTICULATE MATTER POLLUTANT

A lifecycle analysis of particulate matter (PM), with emphasis on ultra-fine PM
has been undertaken in collaboration with industrial automotive collaboration to
investigate characteristics of combustion-generated PM from both idealized
(cloud chamber) and practical systems (Pooley et al., 2003). Diagnostic
methodologies from environmental science have been applied to characterize
particulate matter, utilizing thermophoretic sampling techniques, followed by
electron microscopy. Figure 18(a) shows a vapor-shadowing technique utilized
to generate three-dimensional information (and hence surface area estimates)
for particulate matter from homogenous fully confined combustor studies.
Figure 17(b) demonstrates the importance of defining the appropriate hazard
index for particulate matter; with current legislation based on mass undersize
indices, and current medical evidence indicating number count of ultra-fine PM
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is most hazardous to health, Figure 18b shows that conflicting conclusions
results from using either of these indices on the same dataset.

3.4 FUEL/WATER MIST EXPLOSION PROTECTION SYSTEMS

As part of an environmental protection program supported by a petrochemical
multinational, some of the aforementioned facilities and techniques have been
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Figure 18. Particulate matter analysis from
homogeneous combustor experiments. (a) 3D
PM shadow imaging, (b) PM number/mass
concentration
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Figure 19. Influence of water vapor and water mist on laminar burning rate and predicted quench
conditions
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utilized to appraise the effectiveness of superheated water releases as explosion
protection devices in place of Halon-based systems. Suitably superheated water
releases (e.g., Figure 2) have been shown to generate large quantities of ultra-
fine water mist, which is required for suppressing or quenching explosions.

The cloud chamber has also been utilized (Crayford, 2004) to investigate the
laminar effect of water vapor and water mist on burning rate characteristics.

Figure 19 indicates the reduction in laminar burning rate as a function of
water fraction and constituent mist droplet size, for methane—air mixtures due to
the effect of water vapor and water mists (of size 20 um or less). Extrapolation
of the trendlines gives an indication of the water fraction required to quench
laminar methane—air explosions, hence offering design guidance for environ-
mentally benign explosion suppression systems.

4. Summary

A range of recent advances in two-phase thermofluid research extending both
experimental and modeling capability in the areas of environmental protection
and pollutant reduction have been presented. The advantages of cross-
fertilization of ideas and methodologies across industries have been empha-
sized. With the current focus on energy and environmental issues, attention is
very likely to increase in these areas, and with the recent improvements in
research capability, a period of significant progress is anticipated.
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Abstract. Advanced computational fluid dynamics (CFD) models of gas
release and dispersion (GRAD) have been developed, tested, validated and
applied to the modeling of various industrial real-life indoor and outdoor
flammable gas (hydrogen, methane, etc.) release scenarios with complex
geometries. The user-friendly GRAD CFD modeling tool has been designed as
a customized module based on the commercial general-purpose CFD software,
PHOENICS. Advanced CFD models available include the following: the dynamic
boundary conditions, describing the transient gas release from a pressurized ves-
sel, the calibrated outlet boundary conditions, the advanced turbulence models,
the real gas law properties applied at high-pressure releases, the special output
features and the adaptive grid refinement tools. One of the advanced turbulent
models is the multifluid model (MFM) of turbulence, which enables to predict the
stochastic properties of flammable gas clouds. The predictions of transient three-
dimensional (3D) distributions of flammable gas concentrations have been
validated using the comparisons with available experimental data. The validation
matrix contains the enclosed and nonenclosed geometries, the subsonic and sonic
release flow rates and the releases of various gases, e.g., hydrogen, helium, etc.
GRAD CFD software is recommended for safety and environmental protection
analyses. For example, it was applied to the hydrogen safety assessments
including the analyses of hydrogen releases from pressure relief devices and
the determination of clearance distances for venting of hydrogen storages. In
particular, the dynamic behaviors of flammable gas clouds (with the gas
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concentrations between the lower flammability level (LFL) and the upper
flammability level (UFL)) can be accurately predicted with the GRAD CFD
modeling tool. Some examples of hydrogen cloud predictions are presented in the
paper. CFD modeling of flammable gas clouds could be considered as a cost-
effective and reliable tool for environmental assessments and design optimi-
zations of combustion devices. The paper details the model features and provides
currently available testing, validation and application cases relevant to the
predictions of flammable gas dispersion scenarios. The significance of the results
is discussed together with further steps required to extend and improve the models.

Keywords: computational fluid dynamics, numerical modeling tool, flammable gas
cloud, gas release and dispersion, environmental protection and safety analyses,
clearance distance

1. Introduction

In many industries, there are serious safety concerns related to the use of
flammable gases in indoor and outdoor environments. It is very important to
develop reliable methods of analyses of flammable gas release and dispersion
(GRAD) in real-life complex geometry cases. Computational fluid dynamics
(CFD) is considered as one of the promising cost-effective approaches in such
analyses. The objective of this paper is to describe the advanced GRAD CFD
models, which have been recently developed, tested, validated and applied to
the modeling of various industrial indoor and outdoor scenarios of releases
of flammable gases (hydrogen, methane, natural gas, etc.) in domains with
complex geometries.

There are many general-purpose commercial CFD software packages
capable of modeling and analyses of fluid flows and heat/mass transfer
processes, e.g., the PHOENICS software'. However, none of these packages is
properly customized for GRAD modeling and analyses of spatial and temporal
behaviors of flammable gas clouds. In particular, any direct practical appli-
cation of these codes to GRAD modeling requires a high level of user’s
expertise in CFD field due to the complexities of physical processes involved
and mathematical models analyzed. Moreover, in the GRAD modeling, proper
nonstandard settings are needed for transient boundary conditions, real gas
properties, special numerical grid refinements and proper turbulence models.
As aresult, there is a practical need for developing a user-friendly and validated
GRAD CFD modeling tool, which is capable of predicting the behaviors of
flammable gas clouds.
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Over the last 3 years, significant efforts have been undertaken by Stuart
Energy Systems Corporation (SESC) and A.V. Tchouvelev & Associates Inc. in
order to develop, test and validate a GRAD CFD modeling tool. Some results of
this work have been recently published”®. This paper reviews the previously
published results, describes the modeling approach in more detail and provides
currently available validation and application cases relevant to the predictions
of flammable gas dispersion scenarios.

2. GRAD CFD Modeling Tool Capabilities

The GRAD CFD modeling tool has been designed as a customized module
based on the commercial general-purpose CFD software, PHOENICS'. The
modeling approach, the general governing equations and the additional sub-
models are described in this section. Also, the similarity theory is described.

2.1 MODELING APPROACH

PHOENICS CFD software was selected as the flexible framework for
performing GRAD CFD analyses, in which pragmatic flammable GRAD
models were incorporated for practically affordable predictions using the
PHOENICS solvers. PHOENICS is a well-recognized general-purpose CFD pac-
kage that has been validated and successfully used around the world for more
than 20 years. Its main features and capabilities have been described by its deve-
lopers, CHAM Limited, in references item' and on the CHAM’s web site, www.
cham.co.uk. One of the key features of PHOENICS is its easy programmability, i.e.,
it enables a user to add user-defined submodels without a direct use of program-
ming languages such as FORTRAN or C. This feature was used to incorporate
the nonstandard advanced GRAD submodels described in Section 2.3.

There are three major stages in GRAD modeling: (1) steady state before-
the-release run aimed at preparing the initial 3D distributions of pressure and
velocity in the computational domain; (2) transient during-the-release run made
to describe the spatial and temporal behaviors of flammable gas cloud during
the gas release; and (3) transient after-the-release run aimed at predicting the
dispersion of the released gas to acceptable levels within the computational
domain. First, the modeling is performed under steady-state conditions without
any flammable gas leak. The velocity and pressure profiles obtained from the
steady-state calculations are then used as the initial conditions for the during-
the-release transient simulations, which are performed with a flammable gas
leak at the specified rate and time increments. After-the-release transient simu-
lations predict the flammable gas dispersion in the computational domain below
the required values of volume concentrations of flammable gas (usually below
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the Lower Flammability Level (LFL)). It should be noted that both the during-
the-release and the after-the-release transient simulations allow for: (1)
inclusion of the transient behavior of all calculated variables (pressure, gas
density, velocity, and flammable gas concentration); (2) simulation of the
movement of flammable gas clouds with time; and (3) evaluation of the safety
by analyzing the iso-surfaces of the flammable gas concentration. The flam-
mable gas convection, diffusion, buoyancy, and transience are modeled based
on the general 3D conservation equations and the details of various release and
dispersion scenarios are introduced via the proper initial and boundary
conditions. One of the advantages of PHOENICS is that it contains various
turbulence models and enables to select a proper model suitable for a particular
practical case. In particular, the unique to PHOENICS turbulence models such as
the LVEL model and the multifluid model (MFM) of turbulence were tested in
the GRAD modeling.

2.2 GOVERNING EQUATIONS

The transient processes of flammable gas convection, diffusion and buoyancy
are governed by the general conservation equations, i.e., the momentum
equations, the continuity equation and the flammable gas mass conservation
equation. These governing equations are well described in the PHOENICS
documentation' and could be expressed as:

olow,) +div(pUu,; — pv, ,gradu,) = —a—P+pfi, i=123 (1)
ot Ox,
P, div(pU) =0, (2)
ot
a(pC) +div(pUC - pD,;gradC) =C"» (3)

where x|, x,, and x, denote the Cartesian coordinates; u,, u,, and u, are the
velocity components; U is the velocity vector; f; (i = 1,2,3) is the body force
component (per unit mass) in the x, -direction; P is the gas mixture pressure; C
is the mass concentration of flammable gas; C” is the flammable gas source;
Dy is the effective flammable gas diffusion coefficient in air; v is the
effective kinematic viscosity of gas mixture and p is the gas mixture density,
which is dependent on the flammable gas mass concentration, C, or the
flammable gas volumetric concentration, « :
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P CR,,
C TR, +(1-O)R @)
[CRgas + (1 - C)Rair]T gas + ( - )

air

p:

Here, T is the absolute temperature; and Ry, and R, are the gas constants
of flammable gas and air, respectively.

The volumetric buoyancy force, acting on the fluid particles in the x,-
direction (vertical direction), is represented by the term, pf;, in Eq. (1). Its
significance is proportional to the difference between the local transient gas
mixture density and the reference density of air under the ambient pressure and
temperature. According to the first Eq. (4), the gas mixture density is calculated
as an inverse-linear function of the local mass concentration of flammable gas,
C, with the coefficients dependent on the gas constants of air and flammable
gas and the local pressure and temperature. As a result, the significance of the
buoyancy force depends on the transient 3D flammable gas mass concentration
distribution.

The local values of effective viscosity and diffusion coefficient, v and
D , include both laminar and turbulent components and are calculated
according to the following equations:

Ve =V, +Vv,,Dc=Vv,/Pr+v, /Pr 5)

Here, subscripts / and ¢ are applied to the laminar and turbulent properties,
respectively; and Pr is the Prandtl/Schmidt number.
The laminar kinematic viscosity of gas mixture can be approximated by:

VI = [apgasvgas + (1 - a)pairvair]/p (6)

Here, v,  and v, are the laminar kinematic viscosities of flammable gas
and air, respectively; and p,,. and p,; are the densities of flammable gas and
air, respectively.

A proper turbulence model was used in each particular practical case in
order to calculate the local values of turbulent kinematic viscosity, v,. Among
models used were the LVEL model, the A~ model, the modifications of k—¢

model and the MFM.

2.3 ADVANCED MODEL FEATURES

A few advanced CFD submodels were developed as a part of GRAD CFD
module. These submodels simulate the following features: the dynamic boun-
dary conditions, describing the transient gas release from a pressurized vessel;
the calibrated outlet boundary conditions; the real gas law properties applied at



184 V.M. AGRANAT ET AL.

high-pressure releases; the advanced turbulence models; the adaptive grid
refinement tools; and the special output features.

2.3.1 Dynamic Boundary Conditions

In general, the transient (dynamic) boundary conditions should be applied at the
flammable gas release location in order to properly describe the released gas
mass flow rate, which depends on time. Depending on the pressure in the gas
storage tank, the regime of release could be subsonic or sonic (choked).
Assuming the ideal gas law equation of state and a critical temperature at the
leak orifice and solving the first-order ordinary differential equation for density,
p(t), the transient mass flow rate at the sonic regime of release could be
approximated as’

C, A 2 =
— () RT

mi(t) = —VCZ,—’; =pOu@®A=me "7

2 7+l
i, = C, A pol%y(m)y‘1

where u(f) is the flammable gas velocity at the leak orifice; V is the tank

(7

volume; m,, p,, and P, are the flammable gas mass flow rate, the gas density
in the tank and the gas pressure in the tank, respectively, at = 0; 4 is the leak
orifice cross-sectional area; Cy is the discharge coefficient; and y is the ratio of
specific heats for flammable gas: y=C,/C,, with C, and C, being the specific
heat at constant pressure and constant volume, respectively. For example, for
hydrogen, y= 1.41 and the initial hydrogen mass release rate corresponding to
the tank with a pressure of 400 bars and a %" leak orifice is about 71, =0.753
kg/s, based on the second Eq. (7) with Cy = 0.95. It should be noted that the
choked release lasts until the ratio of the pressure in the tank over the ambient

pressure, namely, P,/P,

atm

r
is greater than or equal to (7’7“'1)771 (it is about 1.90
for hydrogen).

2.3.2 Real Gas Law Properties

Under high pressure, flammable gases display gas properties different from the
ideal gas law predictions. For example, at ambient temperature of 293.15 K and
a pressure of 400 bars, the hydrogen density is about 25% lower than that
predicted by the ideal gas law. In order to account for real gas law behavior, the
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GRAD CFD module was provided with additional submodels®. In particular, for
hydrogen release and dispersion modeling the Abel-Nobel equation of state
(AN-EOS) was used to calculate the hydrogen compressibility, z, , in terms of
empirical hydrogen codensity, dy,:

P P,
Zy, = =(1-
Pu, Ry, T dy,

)" (8)

where py , P, T, and Ry, are the compressed hydrogen density, pressure,
temperature and gas constant, respectively. It should be noted that the hydrogen
compressibility, zy; , is equal to 1 for the ideal gas law. The hydrogen gas
constant, Ry, is 4,124 J/(kgK). The hydrogen codensity, dy,, is about 0.0645
mol/cm’, or 129 kg/m’. Equation (8) can be simplified as:

P

e
dy R,.T

)

ZHz

The AN-EOS accounts for the finite volume occupied by the gas molecules,
but it neglects the effects of intermolecular attraction or cohesion forces. It
accurately predicts the high-pressure hydrogen density behavior®.

2.3.3 Turbulence Model Settings

The turbulence models tested for GRAD modeling cases were as follows:
LVEL model, k& model, k&~ RNG model, &~ MMK model and MFM. It was
found that the LVEL model performs better in releases of flammable gas in
congested spaces (indoor environment containing the solid blockages) and the
k—e RNG model performs better for jet releases in open space. The details on
sensitivity runs related to the turbulence model selection are described in
previous papers’®. MFM enables to predict the stochastic properties of
flammable gas clouds by way of computing the probability density functions,
which record for what proportion of time the fluid at a point in space is in a
given state of motion, temperature and composition. However, the MFM
approach needs to be further developed for GRAD CFD modeling, with the aim
of finding a proper set of model constants and/or functions, which are suitable
for the prediction of turbulent flammable gas dispersion in both indoor and
outdoor environment.

2.3.4 Local Adaptive Grid Refinement

The local adaptive grid refinement (LAGR) techniques are needed in GRAD
CFD modeling in order to accurately capture the flammable cloud behaviors
near the release location and in the locations with significant gradients of
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flammable gas concentration while considering large domains of practical
interest. This refinement should be based on the local features of flammable gas
mass concentration as a key unknown variable. The iterative technique of
LAGR was developed, implemented into the PHOENIS CFD software, tested and
validated for the two GRAD CFD module validation cases, namely, the
hydrogen release within a hallway, and the helium release within a garage with
a car. The results of LAGR modeling were more accurate than the fixed grid
solutions obtained with the standard grid refinement tools (see details in
Sections 3.2 and 3.3). However, additional development work and testing are
needed in order to use LAGR on regular basis for GRAD modeling.

2.3.5 Special Output Features

The dynamics and extents of flammable gas cloud, containing the gas volume
concentrations between LFL and UFL, are of major interest in any GRAD
modeling. The total volume of space occupied by this cloud and the total mass
of flammable gas in the cloud are listed as the special output features. GRAD
CFD module calculates these special output quantities as functions of time
based on the transient 3D distributions of gas concentrations and gas mixture
density.

2.4 SIMILARITY THEORY

The solutions of GRAD governing equations under the prescribed boundary
conditions and properties depend on the following dimensionless parameters:
the Reynolds number (Re), the Schmidt number (Sc), the Mach number (Ma),
the Richardson number (Ri), and the density ratio (kp ), which are defined as
follows to represent the turbulence, diffusion, compressibility, buoyancy, and
density difference effects, respectively:

U L v U air ~ Mgas L i
Re= gas , Sc=ﬁ,Ma= gas’ Rl:(p pg )g k :& ‘

2 > e
Vgas gas w p gasUgas p gas

(10)

Here Uy, is the flammable gas release velocity at the orifice; L is the orifice
size; V,,, 1s the laminar kinematic viscosity of the released gas (1.05 x 10*
m?/s for hydrogen and 1.15 x 10 m?s for helium); Dgas is the laminar
diffusion coefficient of the released gas in the air (6.1 x 10~ m?/s for hydrogen,
and 5.7 x 10~ m?/s for helium); p,; is the reference density, i.e., the air density,
which is 1.209 kg/m3 at 1 atm and 20°C; W is the gas sonic speed,

which is equal to W, = /szRH2T=1305'61 m/s for hydrogen and
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Wye =7 uRy T =100535 m/s for helium; and k  is the parameter
characterizing the variable gas mixture density: p=p, (1+(k, -HCO)™! or

p=p, 1+(k pfl —1)a). It should be noted that L is the leak orifice diameter

for the circular orifice. If the leak orifice is not circular, a hydraulic diameter,

4x cross-sectional area

which is defined as 7 = , is used for the scaling length.

wetted perimeter
For a rectangular leak hole with sizes of @ and b, the hydraulic diameter is
defined as /, = 2ab
a+b

In order to validate the CFD modeling results for hydrogen release and
dispersion, proper experimental data on hydrogen release and dispersion are
required. For reasons of safety, helium was often used in validation experiments
as an alternative for hydrogen. However, helium and hydrogen differ in their
buoyancy, turbulence, diffusion and density. This can be clearly seen from the
following comparison of the dimensionless parameters (10) for these gases and
the estimation of the distortions in flows of the two gases:

_Rey _ Sey, May,,

aHZ

=1.30>

%y =091> o,

=1.17> a,, =
Re,, Sey e

(]

2

_ Ry,
Ri — .

=047 a, o g 50
by, ! kp,Hz

The large distortions result in significant differences in hydrogen and
helium release processes: helium is less “turbulent” and “buoyant” but more
“compressible” than hydrogen. The hydrogen buoyancy and turbulence effects
would be underestimated if helium were used for validation of hydrogen
modeling. The choked (sonic) release velocity would be smaller and, as a result,
the compressibility would be overestimated as well. Therefore, hydrogen,
though combustible, has to be used for the validation of CFD modeling of
hydrogen releases and dispersion. Some validation results are reported in the
following section.

3. GRAD CFD Software Validation

The GRAD CFD modeling software needs to be validated before it can be
widely applied to industrial projects. The predictions of transient 3D distri-
butions of flammable gas concentrations with the GRAD CFD module were
validated using the comparisons with available experimental data on GRAD.
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3.1 VALIDATION MATRIX

The validation matrix contains the enclosed and nonenclosed geometries, the
subsonic and sonic release flow rates and the releases of various gases, i.e.,
hydrogen, helium, etc. The validation matrix and some validation cases are
described in this paper. Seven validation scenarios were selected to cover
different industrial release environments and leak types. Table 1 shows the
validation matrix, classified by the experiment conditions, such as leak types,
release directions and domain types, etc. Seven scenarios covered the leaks
from small subsonic releases to large choked releases. The validation work on
the wide range of the Reynolds numbers (50 < Re <10), the Mach numbers (0
< Ma <1) and the Richardson numbers (10~ < Ri < 10") helped validate and
calibrate the CFD models and find the suitable settings for the coefficients used
in the boundary conditions and the turbulence models for the GRAD modeling.

TABLE 1. GRAD CFD module validation scenarios

Case | Case Description of experiment CFD Model Data
No. | name Domain | Leak Leak type | Experimental source
direction data reference
Steady-state, Incompressible,
Subsonic, | velocities, steady state
1 Helium Vertical helium concentrations Reference'!
jet release and
turbulence
intensities
Open Incompressible,
H, jet Subsonic, | Transient, transient Reference'®
2 H, release | concentrations
INERIS Horizontal Compressible,
3 Jet Choked, Steady-state, steady state Reference'
H, release | concentrations
Hallway Subsonic, | Transient,
4 end H, release | concentrations
Hallway Subsonic, | Transient, Reference’
5 middle Semi- helium concentrations | Incompressible,
enclosed release transient and
Garage Subsonic, | Transient, steady state
with H, and concentrations Reference'’
6 acar Vertical helium
releases
Subsonic, | Transient, Incompressible,
H, release | concentrations | transient Reference'®
7 H, Enclosed and during
vessel dispersion | dispersion




PREDICTION OF FLAMMABLE GAS CLOUDS 189

3.2 HYDROGEN SUBSONIC RELASE IN A HALLWAY

An example of GRAD CFD validation work was described in detail in the
earlier paper”. This work was conducted by SESC using the experimental and
numerical data’ published by Dr. M.R. Swain et al. Below is a brief description
of this validation work.

A hydrogen release benchmark problem with a simple geometry was used
for CFD model validation in this case. In particular, in this scenario (see Figure
1), the hydrogen was released at the rate of 2 SCFM (standard cubic feet per
min) from the floor at the left end of a hallway with the dimension of 114 x 29
x 48 in. (2.9 x 0.74 x1.22 m®). At the right end of the hallway, there were a roof
vent and a lower door vent for the gas ventilation. Four sensors were placed in
the domain to record the local hydrogen concentration variations with time.
Figure 1 shows the geometry and the numerical results obtained, i.e., the 3%
hydrogen volume concentration iso-surface at 1 min after the start of hydrogen
release. The initial grid used was a coarse grid of 36 x 10 x 18 cells. It was
found that the concentration differences between the predictions and the
measurements were about 20% for sensors 1 and 2 and 10% for sensors 3 and 4.

LAGR was applied to the modeling of hydrogen release in a hallway as
illustrated by Figure 1. Table 2, comparing the predicted and the measured
hydrogen volume concentrations, confirms that LAGR improves the accuracy
of the simulations, both quantitatively and qualitatively. In fact, the simulation
on the initial coarse grid of 36 x 10 x 18 fails to predict the increase of
concentration at the position of Sensor 4 relative to that of the Sensor 1. This
flow feature, however, is realistically captured on the grid with LAGR.

[l B g

Figure 1. 2-SCFM hydrogen release: hydrogen sensors and predicted 3% hydrogen volume
concentration iso-surface at 1 min (/eff), embedded locally refined adapted grid (middle) and
velocity distribution on adapted grid (right)

TABLE 2. Steady-state results for hydrogen release in a hallway (k¢ MMK turbulence model)

Simulations/experiment Sensor 1 (%) Sensor 2(%) Sensor 3(%)  Sensor 4(%)
Experimental observations 1.35 4.90 4.95 1.80
Initial coarse grid, 36 x 10 x 18 1.54 5.58 5.67 1.42

Adaptive refined, 36 x 20 x 23 1.34 5.68 5.77 1.70
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3.3 HELIUM SUBSONIC RELEASE IN A GARAGE WITH A CAR

Another GRAD CFD module validation work was conducted using the
experimental and numerical data published by Dr. M.R. Swain et al."’ on the
helium subsonic release in a garage with a car. Figure 2 shows the geometry of
the case considered. The four small cubes mark the locations of four helium
sensors in the domain.

Figure 2. Geometry and helium sensors for helium subsonic release in a garage

LAGR was also applied to this modeling case. Table 3 shows that LAGR
helps reduce the predicted concentrations at the locations of sensors 1 and 4
significantly. The predicted results are in accord with the CFD simulations
reported elsewhere.

TABLE 3. Steady-state results for helium release in a garage with a car (LVEL turbulence model)

Simulations Sensor 1 (%)  Sensor 2 (%) Sensor 3 Sensor 4 (%)
(%)

Swain’s CFD results 0.5 2.55 2.55 1.0

Initial coarse grid, 32 x 16 x 16 1.92 2.53 2.52 1.94

Adaptive refined, 39 x 26 x 24 0.98 2.66 2.62 1.08

Adaptive refined, 58 x 26 x 27 0.79 2.70 2.67 1.01

3.4 HELIUM TURBULENT SUBSONIC JET

Another example of GRAD CFD module validation work was described in the
reference paper’. Below is the brief description of the major findings. In this
validation work, a vertical helium jet reported by Panchapakesan and Lumley''
was simulated using the GRAD CFD module. The real geometry was simplified
by a 2D axisymmetric computational domain to save the computational resour-
ces. The mixed gas was assumed to have incompressible gas properties so the
inverse linear function was used to calculate the mixture density dependent on
the local helium mass concentration and the helium and air densities. The k—¢
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RNG turbulence model was used while solving the governing equations to
predict the velocity and mass/volumetric concentration profiles. The numerical
results showed a good agreement with experimental data in both radial and
axial directions with the errors less than 10%. The simulation results were also
compared with other published helium experimental data obtained by Keagy
and Weller, Way and Libby, Aihara et al. and the correlations made by Chen
and Rodi'? for velocity and concentration. The satisfactory agreement (within
10%) between the experimental and numerical data in the three jet regions
proved that the GRAD CFD model is robust, accurate and reliable, and that the
CFD technique can be used as an alternative to the experiments with similar
helium jets. It also indicated that the CFD model can accurately predict similar
hydrogen releases and dispersion if the model is properly calibrated with hydro-
gen coefficients when applying to hydrogen jets.

4. GRAD CFD Software Applications

CFD modeling of flammable gas clouds could be considered as a cost-effective
and reliable tool for environmental assessments and design optimizations of
combustion devices. In particular, the GRAD CFD software is recommended
for safety and environmental protection analyses. The transient behaviors of
flammable gas clouds can be accurately predicted with this modeling tool. For
example, it was applied to the hydrogen safety assessments including the
analyses of hydrogen releases from pressure relief devices (PRD) and the
determination of clearance distances for venting of hydrogen storages”®. An
example of hydrogen cloud predictions is presented below.

4.1 RELEASE IN A HYDROGEN GENERATOR ROOM

This section discusses one of the potential hydrogen release scenarios — a
hydrogen release into the electrolytic hydrogen generator room during self-
purging start-up procedure’. At start-up, to ensure only high-purity gas is
directed for compression, hydrogen is being vented for 10 min. After 10 min, a
regulator redirects hydrogen flow from vent to process. The point of potential
release is the vent pipe at the roof of the hydrogen generator. The outlet pipe
size is 2 and the constant release flow rate is 0.0035 Nm?*/s. First, the CFD
modeling was performed under steady-state conditions without any hydrogen
leak. The velocity profiles obtained from the steady state were then used as the
initial conditions for the during-the-release simulations, which were performed
with a hydrogen leak at the specified rate and time increments. After-the-release
simulations predicted the hydrogen dispersion in the room below 10% of the
LFL.
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4.1.1 Before-the-Release Simulation

The existence of a louver and an exhaust fan (flow rate of 1 m’/s) creates a
steady-state 3D airflow in the generator room. This flow was simulated first,
before trying to simulate the transient 3D behavior of hydrogen cloud intro-
duced by the hydrogen release. Figure 3 shows the steady-state air velocities
created by the louver and the exhaust fan.

velocity Frobe value
1.243E+00 9.042E-02
1.160E400

2.487E-01
1.658E-01
B8.2Z90E-02
1.852E-05

Gansrator Room (Bata H2BPS)

Figure 3. Air velocities at x- and y-planes before the hydrogen release in the hydrogen generator
room

4.1.2 During-the-Release Simulation: Release from Hydrogen Vent Line

The hydrogen release scenario considers the worst case scenario when, for
whatever reason, during the hydrogen generator start-up self-purging procedure
the hydrogen vent line on the roof of the generator comes off, thus causing all
hydrogen being produced during the self-purging procedure (10 min) to leak
into the hydrogen generator room. It is also assumed that all hydrogen sensors
intended to shut down the generator during the self-purging procedure are
disabled. Room ventilation is provided by the louver and the exhaust fan during
the release. CFD predictions of 3D hydrogen concentration distribution are
shown in Figure 4, which shows the hydrogen LFL (4% vol.) iso-surface at the
end of the release (10 min). It is seen that the size of the cloud is very small in
comparison to the size of the room.

4.1.3 Size of Flammable Gas Cloud

The size of the flammable cloud was calculated, using the advanced GRAD
CFD settings. Three global quantities, DOMV, V4H and V2H were defined as
the volume (in m’) of the whole domain (DOMYV), the volume of the hydrogen
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Figure 4. End of 10 min release from the hydrogen vent line: LFL hydrogen cloud

cloud with more than 4% volume concentration (V4H) and the volume of the
hydrogen cloud with more than 2% volume concentration (V2H), respectively.
The printout from the global calculations file written after the CFD run was as
follows: DOMV = 229.95, V4H = 8.072 x 102, V2H = 6.225. It could be seen
that the 4% hydrogen cloud volume (V4H), which is about 0.081 m’, is much
smaller than the volume of cloud with 2% volume concentration (V2H), which
is about 6.225 m’. Both clouds are much smaller in volume than the whole
domain volume (DOMV), which is about 230 m’. These findings are significant
for understanding of safety of the system considered.

5. Conclusions

Advanced GRAD CFD models have been developed, tested, validated and
applied to the modeling of various industrial real-life indoor and outdoor
flammable gas (hydrogen, methane, etc.) release scenarios with complex
geometries. The models developed include the following options: the dynamic
boundary conditions, describing the transient gas release from a pressurized
vessel, the calibrated outlet boundary conditions, the advanced turbulence
models, the real gas law properties applied at high-pressure releases, the special
output features and the adaptive grid refinement tools. The user-friendly GRAD
CFD modeling tool has been designed as a customized module based on the
commercial general-purpose CFD software, PHOENICS. The predictions of
transient 3D distributions of flammable gas concentrations have been validated
using the comparisons with available experimental data. GRAD CFD software
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is recommended for safety and environmental protection analyses. In particular,
the dynamic behaviors of flammable gas clouds can be accurately predicted
with this modeling tool for environmental assessments and design optimizations
of combustion devices.
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Abstract. This study was motivated by an actual large-scale fire of combus-
tibles in open storage, where the fire growth and flame dynamics were greatly
affected by the cross-wind. The objectives include development of the model
and computer code for studying buoyant turbulent diffusion flames of large
fires exposed to cross-winds in the open atmosphere, computer simulations of
coherent flow structures in the wind-blown fire plume and of radiative heat
fluxes both inside the flame and incident to remote targets. In the developed
model, the large eddy simulation (LES) technique is applied for modeling the
turbulent flame and thermal plume. In combustion modeling, the presumed
probability density function approach is used, within the framework of fixture
fraction formulation. Thermal radiation transfer is modeled using the Monte
Carlo method, adopting either the weighted sum of gray gases (WSGG) appro-
ach or the gray media assumption. Coherent flow vortical structures in the fire
plume and the radiative impact of the flame are analyzed through computer
simulations and compared with the available experimental data. In special
cases, the predicted radiative heat fluxes incident to both targets engulfed in fire
and remote surfaces have been found to be in reasonable agreement with the
empirical correlations and simple engineering approaches.
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1. Introduction

The vast amounts of combustibles on industrial sites and in large-scale storage
increase the risk of large-scale fire development. As well as the potential for
material damage and the direct hazard to occupants posed by industrial fires,
they can also result in the dispersion of toxic pollutants in the atmosphere. Over
the years, the practical significance of controlled combustion in industrial
applications has fed and inspired intensive long-standing research that has
produced the background for studies of uncontrolled combustion occurring in
fires and explosions. The use of mathematical modeling is of particular
importance to the investigation of the dynamics and consequences of large-
scale fires. The fundamental challenge in fire modeling is the need for adequate
simultaneous consideration of three physical phenomena — turbulence, combus-
tion, and thermal radiation. All three are all closely related, directly influencing
each other as well as governing the dynamics of turbulent radiating flames' ™.

This study was motivated by an actual large-scale fire of combustibles in
open storage, where the fire growth and flame dynamics were greatly affected
by the cross-wind. Intense heat radiation caused the ignition of stacks adjacent
to the fire origin, damage of surrounding buildings and vehicles, and prevented
fire-fighters from getting close to the fire. The accident investigation high-
lighted the deficiency of existing regulations and codes for determining safe
separating distances (in particular, the effects of cross-wind are currently not
taken into account). Hence, the role of computer modeling has increased accor-
dingly. It is worth noting that worldwide, computer modeling is increasingly
becoming the key component of performance based design in fire and explosion
safety along with (and sometimes instead of) the prescriptive codes.

The objectives of this study include the development of the model and
computer code for studying buoyant turbulent diffusion flames of large fires
exposed to cross-winds in the open atmosphere, computer simulations of
coherent flow structures in the wind-blown fire plume and of radiative heat
fluxes both inside the flame and incident to remote targets.

A vast amount of experience has been gained from modeling turbulent
radiating flames, mainly based on jet flames used in industrial combustors and
jet engines. Buoyant flames developing in fires are known to be less ordered
and more susceptible to large-scale hydrodynamic instability. This results in the
formation of large-scale coherent vortical structures (flame “puffing”) and
makes it difficult to use traditional RANS turbulence models effectively. In this
study, the approach currently making its way into engineering practice — large
eddy simulation (LES) — is applied. In combustion modeling, we use the
presumed probability density function approach, within the framework of
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fixture fraction formulation. Thermal radiation transfer is modeled using the
Monte Carlo method adopting either the weighted sum of gray gases (WSGGQG)
approach or the gray media assumption. Coherent flow vortical structures in the
fire plume and the radiative impact of the flame are analyzed through computer
simulations and compared with the available experimental data. In special
cases, the predicted radiative heat fluxes incident to both targets engulfed in fire
and remote surfaces have been found to be in reasonable agreement with the
empirical correlations and simple engineering approaches.

Model description, numerical procedures, and validation studies can be
found elsewhere” °. Here, the results of computer modeling of turbulent flow,
combustion and thermal radiation in a massive open fire are presented.

2. Modeling results

Snegriev and Yu® previously presented RANS simulations of pool fires exposed
to cross-winds. Although the use of the RANS model appeared to be useful,
finer details of the flow structure required use of the LES approach. In LES,
local isotropy of subgrid scale (SGS) fluctuations is assumed in modeling SGS
stresses and fluxes, which implies that the smallest resolved flow structures
should correspond to the inertial subrange of the energy spectrum. The latter
requirement is met, for example, in large-scale free flows with very high
Reynolds numbers, and this is why for a long time the LES methodology has
been applied with particular success in large-scale environmental flows. High
Reynolds number flows also evolve in industrial applications such as jet
turbulent diffusion flames in combustors, in which the use of LES is gradually
becoming a part of engineering practice, as demonstrated, for example, by Mare
and Jones'® among many others. In those forced flows, far field region (tens of
nozzle diameters downstream) is of interest, where turbulence is fully
developed. This is not the case in buoyant flows occurring in fires, where near-
field flow adjacent to the fuel bed and containing the flame must be predicted.
In this region, transition to fully developed and isotropic turbulence may not be
complete. In addition, the inertial subrange of subgrid-scale fluctuations is not
established. Hence, the proper resolution of large-scale hydrodynamic
instability (producing large vortical structures) is very important. Furthermore,
unlike laboratory jet flows, detailed quantitative data of large fires are scarce
and often not available for model validation. In this study, the means of
validation of the numerical solutions include qualitative analysis of the flow:
major vortical structures observed in the experiments should be resolved in
computations. Accordingly, the LES predictions of transient coherent flow
vortical structures are demonstrated in this work.
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A range of approaches are available to model buoyant turbulent diffusion
flames in cross-winds. Integral models with simple entrainment relationships
are used in engineering evaluations''. Most published CFD studies™'? have been
undertaken using RANS turbulence models (e.g.,”'?). Recent developments in
computer technologies have allowed direct numerical simulations of wind-
blown nonreactive isothermal jets in incompressible media'’ to be undertaken.
However, LES studies'*" are still rare especially when the flow is modeled
jointly with turbulent combustion and thermal radiation.

Snegriev et al.® conducted an LES study of large open wind-blown flames
representing steady burning of a rectangular area with horizontal dimensions of
40 x 15 m* (fuel surface area A,y =600 m?). Figure 1 presents a prototype of a
single pallet stack of combustible materials as investigated in this study®. The
stack is fully engulfed by flame, with a total burning rate of 40 kg fuel per
second, which corresponds to a burning rate per unit area of horizontal cross
section, 7i1g,,, of 0.067 kg/m’s and a total heat release, Q , of 664 MW. The fire
is affected by a cross-wind directed parallel to the longer side of the stack and
modeled by its vertical velocity profile u(z) = V,, ,(1—exp(~z/z,,)), where

wind
the wind velocities are V, ; =0, 2, 4, and 8 m/s, and the height of near-surface

boundary layer is z,, =2 m.
Wind 0 m/s > Wind 2 m/s
80 (=

Figure 1. The wind-blown fire plume and computational domain ( Vwind =0,2, 4, and 8 m/s)
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The computational grid used in the simulations of wind-blown flames
contains 96 x 72 x 72 control volumes (497,664 in total) covering the domain
of 130 (length) x 65 (width) x 80 (height) m®. The grid is uniform in horizontal
directions above the fuel bed and the control volumes are weakly stretched
towards the open boundaries of computational domain (the size ratio of the
adjacent control volumes does not exceed 1.09, minimum grid size is 0.833 x
0.625 x 0.722 m®).

The numerical solution obtained in LES is a fluctuating realization of
random filtered fields. The grid resolution and the accuracy of the numerical
procedure must ensure that at least some (low frequency) part of the inertial

20
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Figure 2. Velocity variation and power spectra in four different points of the flow
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subrange of the fluctuation spectrum is resolved. This can be tested by
comparing the power spectrum of the resolved velocity fluctuations with the
inertial subrange of the Kolmogorov spectrum, which is known to decay accor-
ding to “~5/3 law™”. Such a comparison is shown in Figure 2, where velocity
time histories (Figure 2a) and its spectra (Figure 2b) are demonstrated for four
points inside the plume. It can be seen that within the certain frequency range,
the power spectrum does indeed obey the “—5/3 law”, which indicates that the
largest scales of the inertial subrange are resolved in this turbulent flow.

At this point, additional comments should be made. First, the number of
required grid points in each direction was analytically estimated by Hartel®
(using the model spectrum) to be of order of 80. The grid used in this work can
therefore be regarded as the minimum acceptable limit for a quality LES.
Second, the above considerations do not take into account the resolution
requirements for the near-surface boundary layer. The near-field flow (several
characteristic sizes of the burning surface) and its stability are likely to be
sensitive to the vorticity produced near the ground surface. This could be more
pronounced when the surface is of an irregular shape as is generally the case in
realistic flows above obstacles.

The fire studied can be characterized by a dimensionless heat release rate

Q/(paerPalr T, gDcfchff) = 0.15, where D, = 27.6 m is the
characterlstlc size of the fuel bed. The expected flame 1ength L, in stagnant

atmosphere, calculated using the Heskestadt empirical relatlonshlp is 22 m,
see Eq. (1).

L, =02350"-1.02D,, (0 isinkW) (1)

*
Nondimensional wind velocities®, V., =V, / (gmﬁlel D / pfuel)'/3 = 0.625,
1.25 and 2.5, respectively for the above values of V. Application of the

empirical formula® for the flame tilt angle 6 (angle between the flame and the
vertical) yields 6 =27° and 51° for wind velocities of 4 and 8 m/s, see Eq. (2).

cos = min(l,l/\/aj ()

For statistically steady flames and plumes affected by the cross-winds of
different velocity, numerically predicted tilt angles were compared to those
calculated from the empirical correlation by the American Gas Association’. As
shown in Figure 3, reasonably good agreement has been obtained. This
substantiates applicability of the model for the case studied, in which flow
vortical structure is analyzed below.
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Figure 3. Temperature iso-surface 310 K and flow streamlines. Dashed lines correspond to the tilt
angle calculated from the empirical correlation by the American Gas Association (see?). (a)
Vwmd =4 m/s, (b) Vwind =8 m/s

Jet flows and flames in a cross-wind present a highly important configu-
ration carefully studied in a number of works. At least four different types of
coherent vortical structures have been identified in previous experimental and
numerical studies of jets in cross-flow'>'®. Similarly, four distinct types of
coherent vortical structures have been observed in our simulations:

215

1. Rolling up shear-layer (“hanging
the Kelvin-Helmholtz instability

) vortices, developing as a result of

2. Edge vortices, incipient at the windward corners of the fuel surface and
located near the ground surface

3. Counterrotating vortex pair

4. Wake vortices

These vortical structures are designated accordingly by numbers 1-4 in Figures
4 and , where the case of cross-wind velocity of 4 m/s is demonstrated.
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The first and third types of vortexes are very similar to those observed in
experimental studies of jets in a cross-flow, e.g., Fric and Roshko'®. Rolling up
shear-layer vortices appear to be of the type that also develop in “puffing”
buoyant flames in a stagnant environment. Furthermore, the time intervals
between shedding of subsequent rolls predicted numerically in this work are in
reasonable agreement with estimates for the characteristic period of puffing
phenomenon given by the well-known empirical correlation for the pulsation
frequency, 1, presented by Eq. (3)".

Wind 4 m/s

a) b)

Figure 4. Instant resolved temperature (a) and vorticity (b, iso-surface 2 s') fields

t
fi= ans , const =2.3 m/s’. (3)
eff

Edge vortices have the same origin as so-called horseshoe vortices
developing in the near-field of jets in cross-flow. Wake vortices are known to be
either: (1) streamwise vortices which lie close to the ground surface' or (2)
vertical vortices extending from the surface to the jet body''®. In our
simulations the streamwise wake vortices are clearly visible (designated by
number 4 in Figures 4 and ), whilst vertical wake vortices are not observed'.
This is possibly because of the variations in flow geometry and jet-to-wind
velocity ratios between this study and those of Yuan et al."> and Fric et al.'’, or
insufficient grid resolution in the wake region. However, the wake vortices do
not dominate the flow; this intrinsically transient flow is most strongly affected
(in near-field region) by the shear-layer vortices, emerging and propagating
downstream in a quasiperiodic manner and contributing to the formation of the
counterrotating vortex pair (CVP). The vertical structure of CVP can be better
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Figure 5. Vorticity iso-surface 2 s and flow streamlines: windward, side, leeward, and top view
Wind 4 m/s

seen in Figure 5 (indicated by 3), where 2 s ' vorticity iso-surface is shown
from leeward direction.

In Figure 4b, the first predicted shear layer vortices appear at a considerable
distance from the ground surface, although visual observations of this type of
fire indicate that they occur just above it. Such a delay can be attributed to the
underperturbed near surface flow, caused by both the underresolved boundary
layer and the excessive dissipative properties of the numerical scheme.

Another observation made from the numerical simulations is the sensitivity
of plume structure to the availability and geometry of obstacles located up-
stream at ground level. For example, the edge vortices did not develop in the
simulations (not show here) with an obstacle of just 2 m height (about 10% of
the flame length) extending through the entire computational domain at x =
100 m (windward edge of the burning area). This implies that the shape of the
ground surface, which can be very complicated in a realistic environment, is
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highly significant. Furthermore, the formation of pulsating recirculating flow
behind the obstacle increased the entrainment rate of the ambient air into the
fuel rich zone, thereby increasing the temperature and emission of thermal
radiation.

A quantitative prediction of flame radiative impact is another objective of
this work. This data is crucial in the determination of safe separating distances,
where the effect of cross-wind on the radiative heat fluxes is difficult to be
accounted for in simplified engineering calculations. An empirical correlation
(based on experimental data from large-scale pool fire experiments) is
available” for the radiative heat flux ¢ at ground level as a function of the radial
distance from the center of the fuel bed:

qzq*(Deff/r)n’ 4)

where ¢* = 15.4 kW/m® and n = 1.59. Among the engineering approaches
available', the point source model has been applied to the case studied.
According to this approach, all the energy is radiated from a single point of the
flame axis, and the point is assumed to be at a distance half the flame length
from the fuel surface. For the heat flux at the ground level (z =0 m), along the
line x =const, y=r crossing the center of the fuel surface, the following
relationship can be obtained:

150
CI(V)—TEW, (%)

where f, = 0.21 — 0.0034D. is the fraction of radiated heat as recommended by
the SFPE guide’. In Eq. (5), heat flux is assumed to hit a surface element
positioned normally to the heat flux vector q, .

According to Egs. (4) and (5), the distance that corresponds to the heat flux
of 2.5 kW/m® (maximum tolerable limit for prolonged exposure of human skin)
is 86 and 98 m, and the distance corresponding to 20 kW/m”* (caused by the
majority of the combustibles being ignited) is 23 and 33 m, respectively. These
estimates are compared below with those obtained from CFD modeling.

Representative snapshots of the distribution of the radiative heat flux over
the boundaries of the computational domain are presented in Figure 6
(propagation of radiation in dry air is assumed). In Figure 6b, the heat flux
range just below 20 kW/m? is coloured in black, and transparent areas corres-
pond to heat fluxes below 2.5 kW/m’. Arrows in Figure 6a indicate the
magnitude and direction of the radiative flux vector, q,, at a given location.
Despite plume tilting by the wind, greater values of the radiative flux may be
observed at the windward side of the flame. This is demonstrated by the
distribution of heat fluxes across the fuel bed at ground level (Figure 6b). This
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is due to the higher flame temperature in this region, achieved by the more
intensive air entrainment into the fuel rich zone of the flame. For the stronger
cross-wind (e.g., 8 m/s), the leeward shift of high-temperature zone results in
downwind redistribution of the heat flux.

Wind 4 m/s

20 kW/m?

4 6 8 101214 18 18 20 25 50 75 100 125 150-175200

a) b)

Figure 6. Radiative heat fluxes, kW: boundary surfaces of the computational domain (lef?),
ground surface (right)

It is instructive to compare the numerical predictions obtained with the
estimates obtained from the empirical relationship, Eq. (4), and from the point
source model, Eq. (5). For example, it can be seen that the transversal extent of
the region with heat fluxes greater than 20 kW/m* (boundary is indicated by
thick arrows in Figure 6b) is in the order of 25-30 m in both directions, which
is in agreement with the above made estimates using the empirical correlation,

120 Tr I
Shokri and Beyler, 1989
— — — — Point source model
100H ©  This model, wind 2 mis
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- v This model, wind 8 m/s
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Figure 7. Radiative heat flux at the ground surface (along the line normal to the longest side of
the stack, crossing the center of fuel surface)
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Eq. (4) (r = 23 m), and the point source model, Eq. (5) (» = 33 m). The
predicted region with heat fluxes above 2.5 kW/m® is also similar to that
obtained from Eq. (4) (» = 86 m) and Eq. (5) (r = 98 m). Further comparison
is demonstrated by Figure 7, where the profiles of the radiative heat flux
obtained using different approaches can be seen to be in good agreement.

These comparisons suggest validity of the CFD model in prediction of the
radiative heat fluxes targeting remote objects.

3. Conclusions

In the series of computational studies presented in this work, the behavior and
formation of large-scale coherent structures in buoyant turbulent diffusion
flames exposed to external crosswinds has been demonstrated. The compu-
tational studies were undertaken using LES, the application of which was
complicated by the need to carefully consider both combustion and thermal
radiation in a turbulent flame. The model suggested has been applied to
simulate buoyant turbulent diffusion flames developing in the open atmosphere
in the case of a massive wind-blown fire.

For flames in cross-winds, the grid resolution utilized has been shown to be
sufficient to resolve the low-frequency region of the inertial subrange of the
power spectrum of the velocity fluctuations. Four distinctive types of coherent
flow vortical structures have been observed in the numerical predictions and
compared to those reported in the experiments with jets in cross-flow. To
further validate the flow predictions, plume tilt angles have been compared with
empirical data and reasonable agreement has been found. The radiative heat
fluxes produced by the flames have been predicted, analyzed and shown to
compare favorably with the empirical correlation and simplified engineering
approach available.

This work is a part of EPSRC project GR/S69122/01. The simulations have
been conducted using computer facilities obtained due to financial support from
the Royal Society (research grant RSRG 24350). Collaborative support from
Greater Manchester Fire and Rescue Service, and essential contribution by Jim
Marsden are gratefully acknowledged.

References

1. D. Drysdale, An Introduction to Fire Dynamics, Wiley, Chichester, New York 1999.
2. C.L. Beyler, In: SFPE Handbook of Fire Protection Engineering, 3rd edn., NFPA, Quincy,
MA, 2002, pp. 3/268-3/314.



10.

11.
12.

13.

14

15.

16.

17.

18.

19.

20.

TURBULENT COMBUSTION AND THERMAL RADIATION 209

K.S. Mudan, P.A. Croce, Fire Hazard Calculations for Large Open Hydrocarbon Fires. In:
SFPE Handbook of Fire Protection Engineering. 2nd edn., NFPA, Quincy, MA, 1995, pp.
3/197-3/240.

S.P. Burns, Turbulence Radiation Interaction Modeling in Hydrocarbon Pool Fire
Simulations, Sandia Report SAND99-3190, 1999.

A. Yu. Snegirev, Statistical modeling of thermal radiation transfer in buoyant turbulent
diffusion flames, Combustion and Flame, 136 (2004) 51-71.

A. Yu. Snegirev, J.A. Marsden, and G.M. Makhviladze, Radiative Impact of Wind-Blown
Fires, Proc. Interflam-2004, 1 (2004) 289-300.

A. Yu Snegirev., J.A. Marsden, J. Francis, and G.M. Makhviladze, Numerical studies and
experimental observations of whirling flames, International Journal of Heat and Mass
Transfer, 47 (2004) 2523-2539.

A. Yu. Snegirev, Large-eddy simulations of buoyant turbulent diffusion flames exposed to
crosswinds and circulating flows. European Combustion Meeting, ECM2005, 3—-6 April
2005, Louvain-la-Neuve, Belgium.

A. Yu. Snegirev, Wind-blown and whirling flames: numerical studies and experimental
observations. Proceedings of the Second International Conference Fire Bridge 2005, Belfast,
9-11 May 2005, pp. 1-24.

F. Di Mare, W.P. Jones, and K.R. Menzies, Large eddy simulation of a model gas turbine
combustor, Combustion and Flame, 137 (2004) 278-294.

M.G. Cooper, Contract Research Report 396/2001, HSE Books, 2001.

R.P. Cleaver, Cumber, P.S., and Fairweather, M., Predictions of free jet fires from high
pressure, sonic releases, Combustion and Flame, 132 (2003) 463-474.

F. Muldoon, Numerical Methods for the Unsteady Incompressible Navier-Stokes Equations
and Their Application to the Direct Numerical Simulation of Turbulent Flows, Ph.D. thesis,
Louisiana State University, 2004.

. H.R. Baum, K.B. McGrattan, and R.G. Rehm, Simulation of smoke plumes from large pool

files, Proceeding of the Combustion Institute, 25 (1994) 1463-1469.

L.L. Yuan, R.L. Street, and J.H. Ferziger, Large-eddy simulations of a round jet in crossflow,
Journal of Fluid Mechanics, 379 (1999) 71-104.

T.F. Fric, and A. Roshko, Vortical structure in the wake of a transverse jet, Journal of Fluid
Mechanics, 279 (1994) 1-47.

A. Bejan, Predicting the pool fire vortex shedding frequency, Journal of Heat Transfer —
Transactions of the ASME, 113 (1991) 261-263.

P. Poudenx, L. Howell, D.J. Wilson, and L.W. Kostiuk, Downstream similarity of thermal
structure in plumes from jet diffusion flames in a crossflow, Combustion Science and
Technology, 176 (2004) 409—435.

X. Zhou, K.H. Luo, J.J.R. Williams, Large-eddy simulation of a turbulent forced plume,
European Journal of Mechanics. B — Fluids, 20 (2001) 233-254.

C. Hartel, In: Handbook of Computational Fluid Mechanics. R. Peyret (ed.), Academic Press,
New York, 1996, pp. 283-338.



MATHEMATICAL MODEL OF FILTERED ISOLATION
IN A HIGH-TEMPERATURE FURNACE WITH ORIENTED
INJECTION OF THE COOLER

E. D. SERGIEVSKIJ
The Moscow Power Engineering Institute (TU)

Abstract. Cooling of high-temperature industrial energy installations by
injection of air through permeable features of the design (filtered isolation), is
an effective way of influencing the characteristics of flow and heat exchange.
Heating of an air-coolant through a permeable wall of the housing of a working
chamber leads to improved fuel economy since the heat removed from the
system simultaneously heats one of the components of combustion, i.e., air. In
this paper, the considered facility consists of housing with the current of the
heat-carrier isolated in the flat channel with complex boundary and entrance
conditions. The turbulent model which best represents the experimental data for
the above mentioned conditions has been determined. Testing of the model has
been carried out under basic injection conditions, and also for injections
through a porous surface at different angles to the wall.

Keywords: filtered isolation, character of flow, heat exchange

1. Choice of Turbulent Model

Motulevich et al.' present experimental data for injection directed into the
channel at various angles to the surface, which consider the joint influence of
the gradient of pressure and the degree of turbulence of the main flow.

The dimensions of the working site of the aerodynamic installation (Figure
1) on which experiments were performed were 40 x 78 x 430 mm” (rectangular
section of the channel). The dimensions of the section of injection were 100 x
40 mm” (after injection air is carried out in the bottom part of the channel at a
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distance of 0.25 m from the beginning of the channel). The mathematical model
of the channel used the dimensions corresponding to those of the working site
of the aerodynamic installation: on an axis x = 0.43 m (length); y = 0.04 m
(width); z = 0.078 m (height).

40

250 100 80

Figure 1. Mathematical model with the sizes of experimental aerodynamic installation

The temperature of the main flow was 20°C. The temperature of the main
flow was 80°C. The velocity of air U = 10 m/s. The parameter of gradient of
pressure K = 0. The degree of turbulence of the main flow was 5%. The angle
of air-injection into the channel was varied between 0°, 15°, 90°, and 165°. The
parameters of injection and suction varied in the range /"= (0.03)—(—0.004).

As certain errors were encountered, in producing the experimental data, we
shall consider the behavior of the velocity profile for various turbulent models
at different values of the parameter of injection.

In Table 1 three researched parameters of injection are presented with the
resulting injection velocities. Values of injection on both the x- and z-axis are
correlated depending on the angle of injection into the channel.

TABLE 1. Dependence of air on the angle and velocity of injection

F:V/U V (m/s) a=15° a=165°

Vx (m/s) Vz (m/s) Vx (m/s) Vz (m/s)
12x10" 1.2 1.159 0.311 -1.159 0.311
12107 0.12 0.116 0.031 -0.116 0.031
12x10° 0.012 0.012 0.003 —0.012 0.003

Six models of turbulence were compared: standard k—& model - KEMODL,
k—& model at small Reynolds numbers — KEMODL-LOWRE, model UYe
KECHEN, model at small Reynolds numbers — KECHEN-LOWRE, KERNG
and a model for modeling mixtures — MIXLEN.
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It was found that most models correctly repeated the velocity profiles found
as a result of experiments and two turbulent models exhibited the minimal
error: the k—¢ model — KEMODL and the k—& model changed Chen-Kim —
KECHEN.

Comparing the chosen turbulent models at various parameters of injection it
was found that velocity profiles behave equally at small injection, and when
parameter F' = 0.12 the k—¢ turbulent model produced the most similar result to
the experimental profile.

2. Comparison of Calculations of Mathematical Model of Filtered
Isolation and Experimental Data

In the study by Alimgazin et al’, the experimental installation for the process of
filtered isolation (Figure 2) was used to determine velocity profiles and bulk air
temperatures.

Furthermore, a mathematical model of filtered isolation, using the geo-
metrical dimensions corresponding to those of the experimental installation
utilized by Alimgazin et al.” has been created. Calculations were carried out
using the results of the numerical simulation as well as equilibrium calculations
of the regime parameters of filtered isolation of the high-temperature furnace.
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Figure 2. The basic circuit of isolation in experimental installation
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Comparison of the temperatures determined numerically (tout = 57,423°C)
and experimentally (tout = 49,272°C) has been carried out. The error was found
to be less than 15%. As a result, we can say that it is possible to use the
mathematical model created in PHOENICS to calculate regime characteristics of
filtered isolation.

3. Comparison of Various Parameters of the Process of Filtered Isolation

A high-temperature glass-making furnace is considered where the temperature
of the internal surfaces of the working chamber exceeds 1,500°C, hence,
significant heat losses take place through the housing of the furnace.

Recycling of heat contributes to a radical decrease of heat losses in
environment Qenv and to a decrease in temperature loadings on elements of the
design by submission of air through the surface of a permeable wall.

In order to determine the most effective way of recycling a stream of heat
flux through the surface of a wall by ventilation, it is necessary to consider
qualitatively the three available techniques of the given process.

1. The charge of air moves in the channel (a collector of cold air) between
the brickwork of a lateral wall of the glass melting furnace and the
external casing (Figure 3), i.e., without application of filtered isolation.

00MYPOBKA CTeKJIOBAPEHHOH MeYH

B/IYB X0JIOJHOT' O BO3J¥Xa

MeTALTHYeCKHH KO0MKVX

Figure 3. The first technique for cooling the external casing of a glass melting furnace

2. Part of the air (~20%) moves in a cold air channel between the
permeable wall and the metal casing, and the rest of the air (~80%)
moves in the hot air between the brickwork of the glass melting furnace
and a permeable wall. The air is carried out through the hot air channel.
Thus, part of the air passes through filtered isolation (Figure 4).

3. Cold air moves through the cold air channel which filters through the
permeable surface into the hot air channel and removes heat from the
brickwork furnace to be used for further technological processes (Figure 5).
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HNpoOHHIAeMAH oﬁmypomca crelmonapemloﬁ ne4yH
ouisers WGAAAAIINTTINNNNNNS  unor
BO3AYyXa

MeTALTHYeCKH i KOMXKYX

Figure 4. The second technique for cooling the external casing of a glass melting furnace

NpoHHIAeMAaA 0OMYPOBKA CTeKJIOBAPeHHONH NevH
sonoiuoro  SRAAASAIIT TINS5,
- nojgorpetroro
BO3AyXa

MeTAJLIHY ecCKH il KOKYX

Figure 5. The third technique for cooling the external casing of a glass-melting furnace

On the basis of the losses determined by equilibrium calculations of the
regime parameters of filtered isolation of a high-temperature furnace, the bulk
air temperature at the output from filtered isolation and the temperature of the
metal casing of the furnace have been found. Heat from fuel combustion was
used for preheating the cold and hot air channels. Thus, the bulk air temperature
at the output from filtered isolation is the primary parameter which enables the
estimation of the economy of the fuel going on heating air before being vented
into the furnace. Results of calculations of the three limiting ways of cooling
the furnace are submitted in Table 2.

TABLE 2. The summary table of results

Kind of isolation tshett (°C) tout (°C) Qoc (w)
199.68 374.35 3.594 % 10°

Without a permeable wall

With partial filtration of air through a 20.02 45191 0.326

permeable wall

With full filtration of air through a 20 453.77 9526x10°®

permeable wall
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Analysis of the results produced by calculations of the three limiting ways
of cooling furnace walls by the flow of air, shows that the application of filtered
isolation considerably reduces losses of heat in an environment and the filtra-
tion of the total volume of air reduces them to zero. The temperature of air at
the output from isolation also increases significantly to the point where the air
is useful in other technological processes. Temperature stresses on the furnace
housings are reduced. From this it is possible to draw the conclusion that the
most effective of the three considered ways of cooling the furnace housing is
the application of isolation with a full filtration of air through a permeable wall.

4. Implications of Filtered Isolation on the Economy of Natural Gas

In this section, comparison of the various methods of alternating the permeable
and impenetrable parts of filtered isolation is carried out. In Figure 6 the
distribution of temperatures in a hot air channel is shown for the process of
filtered isolation with an impenetrable part at the beginning of the channel.

Figure 6. Distribution of temperatures on length of a collector of hot air

emperature

Figure 7. Distribution of temperatures on length of a collector of hot air
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It is visible, that near to a wall face there is a zone of increasing tempe-
rature. Therefore, it was suggested that air be added directly along a face
surface (Figure 7). Temperature values have decreased by 15%.
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Figure 8. The block diagram of the filtered isolation used in glass melting furnace

5. Principle of Work of Filtered Isolation

Cold air from the fan acts in two streams: one in the recuperative heater,
another in the cold air channel between porous isolation and a metal covering.
Passing through the porous layer, air is heated up due to a stream of thermal
losses from the furnace and enters the hot air channel between the layer of
filtered isolation and the brickwork furnace. Further heated air mixes with
air heated in the recuperative heater and moves to the burners. Through
calculations of the model of filtered isolation, it is revealed that as the share of
air injected by filtered isolation increases, the density of a thermal stream on an
external surface of a wall decreases proportionally; approaching zero when the
share of ventilated air @,;, = 0.5. As the value of ®,;; increases from 0 to 0.225,
the density of heat flux on an internal surface decreases, but increases for values
of @, of 0.225 and above. By the example of a high-temperature furnace it is
shown, that the process of filtered isolation improves the efficiency of
installation, thus losses in an environment are reduced and the charge of fuel is
reduced by 1.3 times.
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6. Conclusions

The mathematical model, taking into account the features of heat transfer in
the vicinity of the permeable wall is offered, enabling numerical research of
the processes occurring in concrete designs of high-temperature
installations.

Calculations of air heating in the channel of filtered isolation have been
carried out and ways of eliminating overheating have been determined. Of
the several techniques of filtered isolation, the best has been determined in
terms of of the greatest bulk temperature and the minimum temperature of
the metal casing of the furnace.

The conclusion about economy of fuel (the cost of fuel was reduced by a
factor of 1.3) and decrease in thermal losses in an environment is made due
to addition of filtered isolation to a high-temperature furnace.
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DEVELOPMENT OF BIOMASS AND GAS COFIRING TECHNOLOGY
TO REDUCE GREENHOUSE GASEOUS EMISSIONS

I. BARMINA, A. DESCNICKIS, A. MEIJERE, M. ZAKE"
Institute of Physics, University of Latvia, Salaspils-1, Miera 32,
LV-2169, Latvia

Abstract. The prime objective of the present study is to explore the basic
mechanisms that control and stabilize the biomass combustion, and to study the
processes involved in the formation of polluting emissions from the cofiring of
wet wood biomass (wood pellets) with a premixed swirling propane/air flame
flow. The influence of the cofiring on the chemical/physical changes in the
wood pellets, resulting in an ignition and burnout of volatiles, has been
investigated for different moisture content in the pellets and different amounts
of additional heat supply from the swirling flame flow. The results of the
experimental investigations are discussed, describing the effect of the cofiring
on the rate of unsteady drying, heating and thermal decomposition of the wet
pellets, as well as the ignition and burnout of volatiles that will facilitate the
control and optimization of polluting emission composition.

Keywords: cofiring, renewable, fossil fuel, greenhouse emissions

1. Introduction

Fossil fuel combustion is regarded nowadays as the main source of greenhouse
gaseous emissions, causing global warming of the Earth’s atmosphere and
climate change. Unlike fossil fuels, which pollute the atmosphere, the
renewable fuels (wood, waste biomass) used for the heat and energy production
have less impact on the environment, since the biomass is considered CO,-
neutral: it consumes the same amount of carbon dioxide during growth as it
releases during combustion. In this context, the development of a cofiring
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technology by using a renewable fuel (wood biomass) to replace in-part some
of the fossil fuel, allows a reduction in the greenhouse CO, emissions from the
heat and energy production systems, so saving the fossil fuel resources and
producing a cleaner combustion with less harmful environmental impact. Addi-
tionally, the cofiring of wood biomass with a small amount of gas improves and
stabilizes the boiler operation, preventing the problems that accompany the
combustion of wood biomass having dissimilar structure and variable moisture
content.

There are many ways to provide the cofiring of a renewable with a fossil
fuel, e.g., the direct cofiring of wood biomass with coal' by feeding and
combusting the biofuel together with coal; an indirect cofiring in which the
wood gasification/pyrolysis products are cofired with coal’; and a cofiring of
the wood biomass gasification/pyrolysis products with natural gas’. The
cofiring of biomass with natural gas can thus be used to avoid the problems that
accompany the burnout of wet wood biomass with high moisture content. The
testing of natural gas cofiring systems demonstrates’ that a small supply of
natural gas (about 15-20% from the total heat produced) into biomass-firing
boilers enhances the biomass power production when compared to acceptable
NO, and CO boilers.

Previous experimental studies of cofiring the wood biomass (wood pellets)
with propane have shown® that with the low and constant moisture content in
wood pellets the cofiring process provides a faster and more stable wood
pyrolysis, resulting in a faster thermal breakdown of volatiles, a faster ignition
and burnout (depending on the rate of additional heat supply) and produces
carbon-neutral CO, emissions (up to 86%). At the same time, the enhanced
combustion of wood biomass by cofiring with a fossil fuel (propane) increases
the heat release from the fuel combustion, so increasing the peak temperature
value inside the flame of volatiles, increasing the rate of NO, production.
Previous experimental study has also shown that the increased rate of wood
gasification causes an intensive release of CO, wet flue gas, biomass ash tars
and other condensable organic species that form deposit layers on heat surfaces
and may cause fouling and slagging problems.

The main aim of the present study is to develop and optimize the cofiring of
the fossil fuel (propane), to provide an effective and stable burnout of the
renewable, at the same time minimizing the impact of cofiring on the formation
of harmful polluting emissions and the impact of fouling and slagging on the
heat production. The investigations are carried out using wet wood biomass of
varying moisture content with a varying amount of additional heat supply into
the wet wood biomass.
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2. Experimental

Previously, the cofiring of wood pellets with the fossil fuel was investigated
under the conditions in which the additional heat and air supply (to enhance and
complete the burnout of wood pellets) had been injected into the bottom part of
the wood biomass®. The results of these investigations show that the additional
heat supply into the bottom part of the wood pellets enhances their
volatilization, ignition and burnout, but also causes an intensive release of tars
and CO (up to 10,000 ppm). In addition, the formation of harmful deposits on
heat surfaces has been observed. To minimize these effects, the cocombustion
process was modified, providing the tangential air supply (c) and additional
heat supply from an external heat source — a swirling propane/air flame flow (b)
into the upper part of the combustor (a), charged with a fixed amount of wood
pellets (100 g) (Figure 1). At the initial stage of the gas cofiring, the injection of
a high-temperature (7 = 1,200-1,500 K) propane flame flow into the top of the
wood layer advances enhanced drying, pyrolysis, gasification and burnout of
the wood pellets in the top part of the wood biomass. Due to the enhanced
drying, gasification and burnout of the wood pellets, the unburned wood
biomass gradually flows down to the bottom part of the combustor opposite to
the primary air flow introduced into the combustor bottom, so completing the
self-sustaining burnout of the wood pellets. For such conditions the cofiring of
propane enhances the burnout of up flowing hot volatiles* downstream of the
water-cooled channel sections (d), of L = 360 mm total length. Residual ash is
removed from the bottom of the combustor.
The rate of stoichiometric propane supply into the swirl burner can be varied
from 0.5 to 0.85 I/min. Hence, the heat released from the propane combustion in
1 these experiments can be varied in a range
from 760 to 960 J/s, whereas the additional
energy supply from the propane combustion
into the combustor is limited by 30% of the net
amount of the total heat released during the
burnout of wood pellets and volatiles. The flow
rates of primary and secondary air flows could
be varied in a range of 20-90 I/min.

Figure 1. Digital image of the experimental setup:
a — combustor; b — premixed propane-air burner;
¢ — secondary air supply above the wood layer, d — water-
cooled channel sections; e — sections with peepholes for
© thermocouples; f — peephole for a gas sampling probe
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Between the cocombustor and water-cooled channel section, and between
the channel sections there are diagnostic sections with peepholes (e, ) for the
local input of diagnostic tools (Pt/Pt-Rh thermocouples and gas sampling
probes) into the flame of volatiles. The ignition of volatiles above the gasifier is
registered by a photodiode. The average heat losses from the flame flow at
different stages of the wood cofiring with propane are estimated from calo-
rimetric measurements of the cooling water flow. Measurements taken during
the parametric tests of flue gas included continuous monitoring of O,, CO,, CO,
NO, NO,, and NO,, the temperature of the products and the efficiency of fuel
burnout, using a gas analyzer TESTO-350XL. During these parametric tests the
gas cofire rate, the primary and secondary air supply and the moisture content
in the wood pellets (up to 30%) were varied.

3. Results and discussion

The cofiring of the wood fuel (wood pellets) with the swirling propane/air
flame flow starts with an intensive unsteady heating, drying and thermal
degradation of the wood biomass. Drying starts after the additional heat supply
from the external heat source — the propane flame flow into a layer of the wet
wood pellets and dominates within the temperature range of 370-420 K.
Thermal degradation of the wood pellets is a two stage process. During the first
stage of the thermal degradation (at the temperatures ranging from 700 to 1,200
K) the additional heat supply from the propane flame flow vaporizes the
volatile components of the wood pellets and the vapor consists mainly of CO
and hydrogen (1) (Figure 2).

C6H1005 + 602 + mHgO + Heat — 6CO + 5H2 + }’leo. (1)

The next stage of thermal degradation takes place at temperatures ranging
from 1200 to 1,600-1,700 K, when the pyrolytic vapors ignite and are
immediately burned with an intense heat release and the formation of CO, (2)
while the mass fraction of free oxygen in the products rapidly decreases (Figure
2).

C6H1005 + 602 + (WI*H)HQO — 6C02 + (5 + mfl’l)Hzo + Heat. (2)

By cofiring the dry wood pellets (moisture content 6%) with propane the
dominant effect of cofiring on the composition of the products is observed at
the initial stage of unsteady temperature rise (at the end stage of the nonflaming
heterogeneous burnout of wood charcoal), resulting in an enhanced release of
CO emissions up to 1,600-1,800 ppm and free hydrogen up to 500—600 ppm
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(Figure 2). The peak value of CO and H, mass fraction in the products at the
unsteady stage of the flame temperature rise correlates with a slight decrease in
the rate of the temperature rise inside the flame of volatiles, indicating that the
endothermic processes of thermal decomposition of volatiles (1) result in heat
consumption from the external heat source. Hence, at this stage of the gas
cofiring the rate of the thermal decomposition of the wood biomass can be
controlled by varying the rate of additional heat supply from the propane flame
flow into the wood biomass.
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Figure 2. Time-dependent variations of the composition of the products, flame temperature, and
heat loss at the constant additional heat supply from the propane flame flow (900 J/s) and at the
constant moisture content in wood pellets (6%)

As follows from (2), the next stage of the thermal degradation (7 >1,200 K)
of the wood pellets and burnout of the volatiles leads to an intensive release of
CO,, while the mass fraction of CO in the products rapidly decreases to the
minimum value approaching to 80—200 ppm during the burnout of volatiles
(Figure 2a). The peak value of CO, mass fraction (12-14%) in the products
correlates with the peak value of the temperature inside the flame of volatiles
and the peak value of heat losses from the flame (Figure 2b), while the mass
fraction of free oxygen in the products at this stage of burnout decreases below
6—7%. In general, about 12—-16% of the total CO, mass fraction released during
the gas cofire is related to the greenhouse carbon emissions produced during the
burnout of propane, while about 84—88% refers to the carbon-neutral emissions.
In the case of a 20% gas cofire, the efficiency of the wood burnout is relatively
high and achieves 86—-87%. The NO, (NO + NO,) emissions at such a gas
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cofiring rate (20%), with the peak value of the flame temperature being 1,690—
1,750 K and 12% of CO,, approach 80—100 ppm and are in compliance with
proposed NO, limits (Figure 3a). Figure 3a illustrates that the dominant release
of NO, emission can be related to the formation of temperature-sensitive NO
within the flame of the volatiles. The most intensive formation of NO,
emissions (up to 20 ppm) is detected during the initial stage of the flame
temperature rise, when the air excess within the flame (a = 1.3—1.5) is fixed.
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Figure 3. Time-dependent variations of the mass fraction of polluting NO,, NO, and NO,
emissions in the products by cofiring of dry wood pellets (6%) with propane (20%) (a) and
variation of NO, mass fraction by cofiring wet pellets (b) at different rates of propane supply
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at different stages of the flame formation at the constant gas cofire rate (20%); (a) L = 40 mm
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The cofiring of wood pellets of a higher moisture content (up to 20%) with
propane substantially disturbs the combustion conditions for the wood pellets,
giving rise to temperature pulsations at the initial stage of the temperature rise
and decreasing the peak value of the temperature within the flame of the
volatiles at different stages of the flame formation (Figure 4a and b). Increasing
the moisture content in wet wood pellets significantly affects the rate of the heat
release and the rate of the heat production downstream of the water-cooled
channel; decreasing the peak value of heat losses which are highly dependent
on the moisture content in wood pellets (Figure 5a and b). In addition, it should
be noted that the burnout of wet wood pellets of higher moisture content at
fixed gas cofiring (20%) decreases the efficiency of the wood burnout to below
82%.
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Figure 5. Time-dependent variations of the heat loss rate at different moisture contents in wet
wood pellets: (a) dependence of the total heat loss rate on moisture content in wet wood pellets;
(b) at the constant gas cofire rate (20%)

The continuous monitoring of the composition of emissions during the
initial stages of the temperature and heat loss rise, clearly shows that the change
of the combustion conditions for wet wood pellets directly affects the
composition of the products. An increased moisture content in the wet wood
pellets slows down the rate of wood burnout, decreasing the peak temperature
value within the flame reaction zone, reducing the rate of CO, and NO,
formation downstream of the flame channel flow and decreasing the mass
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fraction of CO, and NO, emissions in the products. The mass fraction of CO, in
the products decreases from 14% for the burnout of dry pellets to 11% for the
burnout of wet pellets at the 20% moisture content (Figure 6a), while the mass
fraction of NO, emission in the products under such conditions decreases from
120 to 90 ppm (Figure 6b). In fact, during the burnout of wet pellets, the release
of unburned CO slightly increases, and the mass fraction of CO in the products
for such conditions increases from 80 up to 210 ppm (Figure 6b). A very
intensive release of CO by cofiring wet wood pellets is observed during the
initial stages of the temperature rise, when the mass fraction of CO in the
products rapidly increases and approaches 4,000 ppm (Figure 8b).
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Figure 6. The effect of moisture content in wet wood pellets on the composition of emissions

With the aim of minimizing the release of unburned CO, the wet pellets
were burnt out at different rates of gas cofire. The experimental study of the gas
cofiring of wet wood pellets at a constant moisture content (17.5%) with
different rates of propane supply into the swirl burner, and different rates of gas
cofiring, have shown that a propane/air supply increase of 30% into the swirl
burner increases the efficiency of the burnout of the wet wood pellets up to 87—
88% by reducing to the minimum the biomass ash tars and other species that
form deposit layers on heat surfaces. Moreover, the 30% gas cofiring rate
increase provides a faster temperature and heat loss rise during the initial
stages of the flame formation. The burnout of wood pellets developes at a
higher flame peak temperature value, with a higher heat production in the flame
of the volatiles, so increasing the heat losses (Figure 7).
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The increased rate of gas cofiring of wet pellets (17.5% moisture content)
causes a higher rate of CO, production, increasing the peak value of CO, in the
products to 13.6% (at 6-7% of free oxygen in the products). The emission of
CO is reduced from 4,000 ppm at 20% cofire to below 2,000 ppm at 30%
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cofiring during the initial stage of the thermal decomposition of the wood
pellets, so providing a cleaner method of combusting wet wood with a lower
mass fraction of CO in the products (Figure 8a and b). The results show that an
increase in the gas cofiring rate leads to a faster formation of NO, emissions
during the initial stage of the flame temperature rise, slightly reducing the net
NO,; release during the burnout of wet pellets. The cofiring has only a relatively
slight influence on the peak mass fraction of NO, released during the burnout of
volatiles (Figure 3b).

4. Summary

Investigations into the cofiring of wood biomass with propane has shown that a
modest (15-30%) propane content increases the burnout rate of wet wood
biomass, negating the losses that occur when using a wet wood fuel of 15-20%
moisture content.

The increased rate of the wet wood burnout advances the heat production
and increases the peak heat production rates by 12—-14%. For the cofiring of
renewable wood biomass with 25% fossil fuel (propane), the net release of the
greenhouse CO, emissions is below 16% of the total amount of CO, released
during the heat production, due to the carbon-neutral nature of biomass fuels.
The faster heat production causes a reduction in the release of CO during the
initial stage of the thermal decomposition of the wood pellets, with acceptable
levels of NO, (80—100 ppm) and CO emissions (80—200 ppm) during the wet
wood combustion stage for gas cofire rates of 15-30%.
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Abstract. The Ukraine is dependent on other countries to provide around 60%
of its annual energy demand. The fuel balance of Ukraine is as follows: (1)
natural gas is 41%, (2) coal is 24.3%, (3) oil is 18.4%, (4) nuclear is 12.5%, (5)
others is 4.8%. The total annual energy balance is between 110 and 140 million
tons of the “conditional” fuel, the annual import of natural gas is 53 billion
cubicmeter, of oil is 13 billion tons, and of coal is 10 billion tons. The rene-
wable and alternative energy sources must be developed to have an increased
involvement in the countries energy balance, as the Ukraine has a significant
supply of brown coal, peat and biomass. Currently, the use of renewable and
alternative energy sources is only 0.5% (2003) of the countries total energy
balance, with a projection to be 2.5% by 2020 and 3.5% by 2030. Over the last
10 years the Institute of Engineering Thermophysics has been involved in the
national research program to increase the use of alternative energy sources in
various industrial applications. This report provides the brief review of some
accomplishments in the field, including the application of: (1) a wood gas
generator of 50 kWt, (2) thermal energy generators using peat, brown coal and
their blends with biomass, (3) a thermal energy generator using waste motor oil.
The basic design of all test facilities used is given in this report along with the
results of experimental studies.
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1. Introduction

The continuing growth in the price of oil over recent years has stipulated the
worldwide interest in alternative fuels. The Ukraine is very rich in biomass,
peat and brown coal, the overall potential of alternative fuels in the Ukraine is
estimated to be 3.5 million tons of the “equivalent organic fuel”. Currently, the
alternative energy sources are not in use in the country, with the share of peat
and brown coal in the energy balance of Ukraine being 0.3% and 1.2%,
respectively [1]. As of now, a great deal of the Ukrainian villages are not gasi-
fied (no pipeline service). The involvement of biomass, peat, brown coal, as
well as other alternative fuels into the countries energy balance, primarily for
domestic and rural applications, is a very important goal of the Ukrainian
energy policy.

The brown coal reserves in the Ukraine are estimated to be 3.5 billion tons,
from which around 560 million tons were found out in the Alexandria region
(Dnieper rRiver basin). The average ash content in the Ukrainian brown coal is
roughly 20%, the humidity rate is from 43% to 62%, and the lowest caloric
value is from 7.1 to 9.6 MJ/kg. The cost of excavating the brown coal in the
Ukraine by the open-cast technique is around $30 for 1 t of the equivalent fuel
[2].

The prospective peat reserves in the Ukraine are estimated to be around 2.2
million tons, the energy potential of the peatis 0.84 billion tons of the
equivalent fuel. Currently, the annual peat production is 1.7 million tons (0.5—
0.6 million tons of the equivalent fuel). The peat reserves will last for up to 200
years if the production levels of 1995 are to be kept. The peat production in the
Ukraine was as its maximum in 1991 (7.5 million tons), however from 1995
due to various reasons the peat production has dramatically reduced [1]. The
excavated peat is used as a local fuel (peat briquettes), primarily in the housing
and rural areas. Using the currently available technique it is estimated that the
production of 700,000 t of peat briquettes per year would be possible in the
Ukraine. The cost of the thermal energy obtained from the briquetted peat is
10-30% lower than that for the traditional sorts of fuel.

The overall potential resources of the wood waste, including the rind in the
forestry and woodworking industries are around 3.7 million cubicmeter, the
equivalent of 984,000 t of the equivalent fuel per year.

The data presented in [1] shows that the forestry, woodworking, wood pulp
and paper industries are actually unable to consume the overall amount of wood
waste, so they could effectively be utilized on site for the energy production.
The annual unused wood waste potential is around 2.9 millions cubicmeter,
corresponding to 0.75 million tons of the equivalent fuel. The foreign experi-
ence demonstrates that existing boilers running on coal could also combust the
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wood waste in mixtures with a quantity equivalent to between 4% and 10% of
the total fuel without modification [4]. Wood comes to approximately 0.4% of
the energy balance of the country [1].

The peat, brown coal and biomass are low-calorific fuels characterized by
their high volatile content. The quality of their burning is at the highest at the
beginning; however it decreases dramatically at the after-burning stage of the
coke residue formation. As a result, the burning of alternative fuels in chambers
of traditional design, especially in low-size units, exceeds the emissions levels
of carbon oxide (CO) and nitric oxides (NO,) established by the European
pollution standards.

An additional problem is that brown coal extracted from the Dnieper River
basin contains the halogen compounds (“salted coals”), leading to the corrosion
of boiler equipment and some ecological problems due to the emission of
dangerous chlorine organic compounds.

2. Aim

The application of biomass, peat, brown coal, as well as waste motor oil for
power generation requires development of modern thermal equipment
combining high performance combustion and low pollution emissions. It is well
known, that the application of a bistage combustion process where the first
stage is a fuel pyrolysis/gasification, and the second stage is the after-burning of
the produced gas (hydrogen, carbon oxide, hydrocarbons), enables an increase
in the thermal efficiency of the equipment. The ability to control the combus-
tion process also allows a reduction in the generation of harmful pollutants.

This report demonstrates some primary details of the Institute of
Engineering Thermophysics (IET, Kiev, Ukraine) research program towards the
development and testing of small-scale thermal equipment running on biomass,
peat, brown coal and their blends, as well as utilizing waste motor oil.

3. Results and Discussions

3.1 WOOD DOWNDRAFT GASIFIER (50 KWT)

The basic criteria defining the gasifier design are the following: (1) simple
production technology and low manufacturing cost, (2) operation reliability and
easy process control, (3) easy integration into an electric generator unit.

The design of the gasifier developed by IET is based on the prototype avail-
able at Cardiff University (UK), with some further investigations performed
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in [5, 6]. The gasifier unit is of the downdraught scheme, i.c., it uses the
parallel movement of dry wood blocks and air flow. As such, this scheme
produces the least quantity of tars in the pyrolysis zone, decomposing after-
wards into the simple chemical compounds in the combustion zone.

The gasifier (Figure 1) consists of the housing 1 with an inside diameter of
600 mm, the cone 2 with a fire grate, the tube with nozzles (4) for the air flow
supply. The housing was made of sheet steel of 12 mm thickness, enabling it to
resist the high-temperature gradient with no material deformations. The entire
gasifier height weighs 2.5 t. The hermetically closed doors 3 and 5, for the fuel
loading and ash removal, are arranged at the top and bottom of the housing. The
inner surface of the operating zone is covered with a refractory layer (15 mm)
made on the magnesium oxide basis. The fuel is supplied both through a
loading hatch and through a door in the upper portion of the housing.

hard fuel )

1 — Housing
2—Cone
_‘_air 3 — Hatch
4 — Nozzles of air feed to combustion zone
5 — Door
|2
1
/
generator gas

ash e

Figure 1. The gas producer of an inversed type with a heating rating 50 kw

The results of experimental studies for gas production from wood are
presented in [7]. The basic gasifier characteristics are as following: (1) fuel
type: wood blocks from 15 to 35 mm in size; (2) fuel consumption: 15 kg/h; (3)
air rate: 450 1/min; (4) gasifier thermal power: 50 kWt; (5) air fan power: 1
kWe.
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The wood-gas produced by the gasifier is of the following composition (by
volume fraction): CO: 21%, Hy: 17%, CHy: 2%, Nj: 48%, CO,: 12%. The
temperature in the combustion zone (the cone neck) is between 950°C and
1,000°C, the tar-in-the wood gas concentration is from 1 to 2 g/m’.

As a whole, the gasifier was manufactured to investigate the vortex-based
clean-up system, however, currently it is designated to study the burning of
other types of fuel, such as the peat, brown coal and briquetted fuels.

3.2 VORTEX-BASED CLEAN-UP SYSTEM

The vortex-based clean-up system uses the rotating gas—liquid flow, which
generates the highly developed gas—liquid structure with approximately uniform
bubble diameter (2-3 mm). Specific surface of the gas—liquid contact runs up to
1,000 m*/m’. Clean-up efficiency was in the region of 67—78%.

3.3 BIOMASS FURNACE WITH VORTEX EJECTOR

The biomass furnace with vortex ejector (Figure 2) was developed at the
Institute of Engineering Thermophysics (patent of Ukraine [13]). It consists of a
primary combustor (60 1 in volume) with the ash pit and secondary cylindrically
shaped combustor made of ceramic. The secondary air to the ejector vortex

Combustion
products

Primary
air

Secondary
air

Figure 2. The heat generator with the vortex ejection of the producer gas
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chamber is supplied by a fan. The wood gas from the primary zone enters
through the thermally insulated channel into the ejector axial zone, where it is
mixed with the secondary air to create a combustible gas—air blend. The
resulting burning process occurs in the swirling flow. The high-temperature gas
from the secondary combustion chamber is employed in the external heat
exchanger.

The preliminary testing has shown that the vortex ejector provides a
volumetric ejection coefficient (k.) of around 2.0. Such a value of k. enables the
vortex ejector to “suck out” out the gasification products from the primary
zone, which is operating under a small vacuum. From the operating point of
view, such a scheme is more advantageous as there is no smoke leakage into the
housing during the combustion chamber operation. Besides, the application of
the vortex ejector enables the controlling of the furnace power by means of the
flow rate coming through the swirl generator.

During the experimental program the following measurements were made:
(1) temperature in the primary and secondary combustors; (2) static pressure in
the connecting channel inlet; and (3) static pressure in the vortex ejector nozzle.
The carbon monoxide concentration in the combustion products was measured
by means of a gas-analyzer “TESTO-300 M”. The loading time and time of
burn-out of the wood fuel were kept constant.

The entire combustion process involves three basic stages: (1) biomass
ignition (~20 min); (2) the burn-out of volatiles (~60 min); and (3) coke residue
after-burning (~60 min). The thermal power during the burn-out of volatiles is
around 21 kWt. During the after-burning a considerable temperature drop in the
secondary combustor was accompanied by an irregular thermal power output.
This fact is explained by the low amount of gaseous components in the chamber
and the fact that the burning process close to completion. The thermal power
during after-burning of the coke stage is roughly 13 kWt, as the secondary air
only diluted the combustion products. To provide the best conditions for the air
delivery one possibility is to reduce the swirl generator cross section, but at the
same time to maintain the same air velocity in the swirl generator. Another
method to produce a constant thermal power is to use a continuous fuel supply,
like that applied in all modern thermal power generators.

The air excess rate (¢,;) in the primary combustor is 0.75, while the overall
air excess parameter (dy) is 1.55. For this gasifier design the air rate in the
primary chamber depends upon the mass flow rate coming through the vortex
generator. An excessive amount of secondary air leads to considerably greater
value of ds and a lower combustion efficiency, while to small a rate does not
create sufficient draft. Thus, the agreement between the burning process’ in the
primary and secondary chambers is a very important factor for a gasifier
supplied with a vortex ejector.



COMBUSTION AND GASIFICATION OF ALTERNATIVE FUELS 237

The measurements made demonstrated a low concentration of carbon
monoxide (CO) in the outgoing gases (below 4 ppm), confirming the high
completeness of the burning. As the flame in the secondary chamber is a very
transparent one (absence of fine particles), this fact confirms also the high
burning completeness. As reported in [8], there is a solid correlation between
concentration of gaseous harmful products (particulates, carbon monoxide, etc.)
and solid particles in the flame.

The numerical simulation of the three-dimensional turbulent swirling flow
in the vortex ejector was performed using the commercial software
“PHOENICS v.3.5” (UK). A good agreement (below 20%) with the experi-
mental data regarding the ejection coefficient has been obtained. The high flow
mixing rate is explained by the intense flow turbulization at the border between
the ejected gas and the hot gas. In this region a sharp “peak” in the turbulent
kinetic energy was found due to the high flow mixing rate.

34 COMBUSTION CHAMBERS (BIOMASS; BIOMASS + PEAT;
BIOMASS + BROWN COAL)

A limited research program has been performed to study the combustion of
alternative fuels in combustion chambers of an improved design (two and three
chambers). Enabling the achievement of the maximum thermal efficiency, as
well as a reduction in the formation of harmful organic products (nitric oxides,
carbon monoxide, dioxins, furans, and aerosols) and fine solid particulates of
the submicron size that are not ”caught” by the cyclones [8].

1 - Grate, 2 — Fuel

3 — Primary chamber; 4 — Air duct

5 — Thermal insulation; 6 — Primary air

7 — Secondary air

8 — Afterburning chamber

9 — Dashboard

10 - Additional (third) chamber

11 — Air box; 12 —Gas flue

13 — Ash pit

(Elements transmitting the dual-chamber
furnace to three- chamber furnace are
represented in dash lines).

Figure 3. Schemes of the investigated dual-
and three-chamber furnaces



238 A. A. KHALATOV ET AL.

The alternate fuels (peat, brown coal, and freshly chopped wood) are of high
humidity. This is why, the counterflow scheme is usually used in the bistage
combustion chamber design. Due to the high heat transfer rate between the
solid fuel and the gas, there is a large heat release due to oxidation which can be
returned into the combustion zone together with heated reactants.

For the burning of low-grade fuels (wet, high-in ash, cracking during
burning) the bistage design does not provide sufficient burning quality. It was
found that this problem can be solved by the implementation of an intermediate
duct installed between the primary chamber and afterburning chamber [12].

This paper presents results for the burning of alternative fuels (peat; brown
coal) in two and three chamber combustor designs (Figure 3). For both cases
the fuel (2) was periodically fed to the primary combustion chamber (3) onto
the fire grate (1). The air entered to the duct (4) between the case and the
thermal insulation (5). The incoming air was divided into the primary air (6),
which was fed to the primary chamber (3), and the secondary air (7) which
entered into the after-burning chamber (8). The air sharing was organized in
such a manner as to burn the wood in the primary chamber with a lack of
oxygen (pyrolysis). The secondary air (7) was directed to the chamber (8)
through tangential slots, to provide intermixing and afterburning of the
pyrolysis products. After combustion in the chamber (8), the burning products
were thrown out to the gas duct (12). The unburned part of the fuel fell through
the fire grate to the ash pit (13).

The difference between the two and three-chamber designs are as follow: In
the three-chamber design the additional chamber (10) with a downwards flow of
gases was introduced using a metal sheet (9). In the two-chamber furnace the air
enters the primary chamber (3) through the upper slot, while in the three-chamber
design the air is supplied under the fire grate by means of ducts (11). The
longitudinal fins were welded onto the ducts (4) on the case wall to enhance heat
transfer. (Dotted line illustrates details of the three-chamber design).

The following basic parameters were measured in the experiments: (1) the
static pressure; (2) the temperature and air velocity at the combustion chamber
inlet; (3) the temperature () at the afterburning chamber inlet; (4) the tempe-
rature (#g), velocity and gas composition in gas flue; and (5) the weight, com-
position of the loaded fuel and the burning time. The briquetted peat (village
Login, Zhytomir region) and wood waste (pine) were employed in the experi-
mental program. The dimensions of the peat briquettes were 155 x 67 x 26 mm®,
while the dimensions of the wood pieces were 50 x 25 x 10 mm’. The humidity
content in the peat and wood pieces was 14% and 8%, respectively. The fuel
weight loaded into the chamber was identical for all experiments (6 kg).

Figure 4 shows the temperature variation with time at the inlet of the
afterburning chamber (peat briquettes, two- and three-chamber design). In the
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three-chamber design all experiments were conducted for two different shutter
positions, one of which reduces the inlet air cross-sectional areca. The gas
composition at the exit from the afterburner is also given at several operating
times. The carbon monoxide (CO) and nitric oxides (NO,) concentrations were
calculated according to the air excess coefficient ¢ of 1.0.

At the beginning of the stage with the release of volatile products, a rapid
temperature rise occurs. While at the coke residue burning out stage the
temperature drops down dramatically. In all experiments during the initial stage
the air excess coefficient ranged from 1.4 to 2.7, while during the afterburning
stage it was between 6.4 and 9.0. The three-chamber design heats the primary
air to temperatures of 113°C above that reached with the two-chamber design.
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Figure 4. The temperature at the inlet to the afterburning chamber during peat combustion

The comparison of the curves for the two- and three-chamber designs in
Figure 4 show that the arrangement of the additional chamber, with the primary
air feed under the fuel bed and air preheating decreases the burning time by up
to 1.5 times. It was found that the maximum temperature reached in the two-
chamber design was around 160°C higher than that in three-chamber design.
However, the concentration of nitric oxides in the three-chamber design was up
to 20 times less than in the two-chamber design. The halving in size of the inlet
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air cross-section in the three-chamber design improved the parameters of the
burning process, this is apparently not the limit as ¢ only decreased to the value
of 1.4 at the end of the process of the burning of volatiles.

Comparisons show that the concentration of the carbon monoxide is higher
if only peat is burnt in the chamber, rather than a peat and wood blend. At the
same time the amount of nitric oxides is a similar level for both cases. As seen,
the CO concentrations at identical temperatures can be between 36% and 500%
of the average. The growth in CO concentration is always observed for the
cases with lower temperatures of preheating air entering the primary chamber.
The maximum air preheating rate of 430°C provides the best results [14].

To conclude, the implementation of the intermediate chamber in the high-
temperature zone (between primary chamber and afterburning chamber) leads
to significant improvements in the solid fuel burning and to reductions in the
emission of harmful products. The counterflow scheme of the fuel and the air
enables the effective burning of low-grade fuels. The preheating of the air
supplied into the primary chamber substantially improves the quality of the
combustion process. Even in thermal generators of low power, the small
chimney (of height up to 3 m) is able to overcome the hydraulic resistance of
the additional chamber and the air heater.

The novelty of the engineering decision has been protected through a patent
filed in Ukraine [15].

The high moisture content and low calorific value are the main
disadvantages of brown coal. In small size power units the wet fuels are usually
burned in the bed layer. According to the burning rate the bed furnace process
has some advantages compared with the torch one. However, the enhancement
of the burning process reached by means of increasing the air velocity through
the fuel layer leads to the removal of particles, which do not have enough time
to burn. Therefore, the presence of small-size fractions in the fuel bed does not
allow an increase in the thermal load in the combustion zone, and to employ the
advantages of the bed furnace process. The low strength of brown coal (Dnieper
basin) does not make them competitive, even with peat briquettes. The strong
dependence of the bed combustion quality on the layer porosity and
temperature conditions is well known [7, 14, 16]. An attempt was made to
provide acceptable layer porosity by “fuel briquetting”, and the use of an
artificial framework of waste materials, and also to improve the quality of
combustion by the preheating of the secondary air.

The optimum (from a maximum power point of view) fuel size was
determined in [16]. The cylindrical briquettes that were made of the brown coal
by pressing (Novo-Dmitrovsk deposit of the Dnieper basin) had the following
dimensions: the diameter was 39 mm and the height was 100 mm. The addi-
tive of 1% wood tar was used as a binder. The briquette layer porosity was
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measured to be 0.52. The framework to contain the coal pieces and prevent
them breaking up during burning was made of steel chips — the waste product of
turning. The layer of briquettes was alternated with a layer of the chip material
having a thickness of 1 cm. The combined porosity of the layer of briquettes
and the layer of the chip was 0.59. The LHV of the fuel and its moisture were
0" =17.96 MJ/kg, and W"=38%.

The number of publications dealing with the burning of blended fuels grows
each year [16, 17]. The joint burning of fuels having a different temperature of
volatile combustibles enables not only the decrease in emissions of carbon
monoxide (CO), but also the reduced generation of nitric oxides NO, [18]. This
is why in some countries the industrial application of combustors running with
biomass and fossil fuels is encouraged legislatively [19].

An experimental program has been established in IET to study the joint
burning of brown coal and wood in a small size combustion chamber. Figure 5
demonstrates the variation with time of the inlet temperatures for the
afterburner for the burning of brown coal, wood and wood-brown coal blends.
Thus, the velocity of the gases in the outlet gas flue for the combustion of 6 kg
of the fuel stayed in a comparatively narrow range 0.90—1.5 m/s, in spite of the
fact that the peat briquettes in the burning process were destroyed.
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Figure 5. The temperature of gases at the inlet to the afterburning chamber during the combustion
of the brown coal, wood, and its mixtures with wood
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The chemical gas analysis data has shown that the concentration of NO, and
CO in the exhaust gases has a minimum value for the 50% wood mixture. At
these conditions, the emission of CO is about 40% lower than that for all other
wood concentrations. Thus, the briquetting of brown coal, the use of an
artificial framework and the blending with wood would improve the burning
process.

3.5 COMBUSTOR RUNNING THE WASTE MOTOR OIL

Specific vortex flow features has led to the use of vortex technology for the
burning of waste oil. Garages, gas and service centers, transport companies and
building enterprises often throw out the waste oil or spend money for its
regeneration or utilization. Vortex combustion chambers running with waste
motor oil enable it to be burned on site, producing thermal energy or hot air.

The complete and effective burning of the “heavy” fuel can be achieved: (1)
by a high rate of mixing of the fuel and air; or (2) increasing the fuel-in-
combustor residence time. Another way is the evaporation of the “light”
components from the waste motor oil and their burning in the rotating flow. As
well as the waste motor oil of petrol/diesel engines, the oil from the gear box,
hydraulic and transmission system can also be utilized in such combustors.

The general view of the experimental set is shown in Figure 6. The basic
component is the cylindrically shaped combustor made of steel, on the bottom
of which is a plate containing the waste motor oil, supplied by the gear pump.
The air enters tangentially into the combustor, a blade swirl generator is used to
create the large-scale vortex over the plate containing the waste motor oil. The
hot gas leaves the combustion chamber through the chimney.

A screen-baffle is installed in the chimney so that the swirling hot gas is
lifted up initially and then dropped down through the slot-hole channel between
the screen-baffle and combustor surface, to be discharged through the chimney
blown by the cold air. Such a design enables an increase in the hot gas
residence time, enhancing the heat transfer between the oil and the combustor
wall. On the external wall of the combustor vertical tubes (d = 70 mm) are
welded to improve the heat transfer and to increase the heat exchange surface.
Four axial fans are used to blow the combustor with the cold air.

The basic parameters of the waste motor oil combustor are as follows: (1)
the fuel tank volume is 35 1; (2) the cross section of the discharge flue is 200
cm’, length is 65 cm and height is 160 cm; (3) the weight is 120 kg; and (4) fan
electrical power is 800 W. The basic operating conditions are: thermal power is
9.2-13.3 kW, fuel rate is 1.23-1.80 I/h, heated air rate of 200 m*/h and the air
rate required for burning is 15-60 m*/h.
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Figure 6. The heat generator working on waste oil

The vortex combustor design has been protected by a patent in the Ukraine
[21]. The design features and results of tests on the vortex combustor (tempera-
ture distribution inside combustor; wall temperatures; thermal efficiency, etc.)
are presented in [20]. These results have confirmed the successful application of
the vortex technology for the waste motor oil and other “heavy” fuels burning.

4. Conclusions

e A few pilot combustion chambers running on peat, brown coal, wood-
blends, as well as waste motor oil have been developed and successfully

tested.

e Two- and three-chamber combustor designs provide the effective burning of
the “pure” alternative fuels and their blends with a wood.

e Due to the air preheating, the three-chamber design provides lower
emissions of carbon monoxide and nitrogen oxides into the atmosphere,

while running on wet low-grade alternative fuels.

e A large-scale vortex evaporates the “light” components from the rotating
waste motor oil; such a technique prevents the generation of harmful

pollutants.
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COMBINED ENERGETIC AND ENVIRONMENTAL
FUNDAMENTALS OF SELECTION OF THE FUEL TYPE TO ENSURE
THE PRODUCTION PROCESSES: THEORY AND APPLICATIONS
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Research and Development Company for Combustion
Technology, 3515 Miskolc-Egyetemvaros P.O. Box 3, Hungary

B. SOROKA
Gas Institute, Nat. Ac. of Sciences, Degtyarivska 39, Kiev 03113,
Ukraine

Abstract. Procedures have been proposed for comparing the relative influence
of the properties and composition of fuel and oxidant on both power efficiency
and emission of harmful (toxic + “greenhouse”) substances (NO,, CO,) from
fuel combustion. Thermodynamic principles were found to optimize the distri-
bution of a set of various fuels by a number of processes under conditions of
metallurgical production from the standpoint of minimizing hydrocarbon fuels
utilization. The recommended approaches have been developed and accom-
plished under industrial conditions, to determine main power and main environ-
mental performance of the furnace unit, as well as to evaluate the energetic and
environmental consequences of substituting one fuel for another (natural gas,
coke-oven gas and a mixture of the two with low calorific blast furnace gas).

Keywords: boiler, coke-oven gas, environmental, fuel, Monte Carlo procedure, natural
gas, NO, formation, power efficiency, reheating furnace

1. Introduction

Power efficiency and environmental pollution are interdependent problems of
fuel combustion. Regarding the specific fuel utilization process or unit (boiler,
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industrial furnace) both aspects have the same means of analysis in terms of the
combined consideration of the transport (fluid dynamics, mass — and heat
transfer) and chemical kinetics of combustion and the formation of harmful
substances. A suitable modern approach to the engineering challenge is provi-
ded by computational fluid dynamics (CFD) procedures and universal computer
codes, such as the various versions of FLUENT, PHOENIX, CFX, etc.

However, there are some global questions which do not need mathematical
modeling and the appropriate numerical simulation. Consequently, the concep-
tion approach cannot be found in the form of CFD codes because this technique
is performed by setting rigorous boundary conditions individual to each unit.

Nevertheless, the general characteristics of the complex problem of the
power efficiency and environmental performance of fuel furnaces may be found
by agreement with the laws of equilibrium thermodynamics.

2. Comparison of the Influence of Fuel and Oxidant in Combustion
Processes

The heat transfer process determines the energetic status and efficiency of
industrial furnaces and boiler furnaces. One can evaluate the influence of the
properties and composition of the components of combustion using a thermo-
dynamic approach. A similar approach accounts for the formation of NO,,
which is one of the main harmful substances produced by gas combustion. In
spite of the significance of chemical kinetics, the equilibrium estimation gives
the first reliable approximation for the computation of relative NO, (NO)
emission for various initial conditions.

Because of the mainly thermal mechanism of NO formation and the leading
role of Arrhenius temperature dependence of the reacting medium, the value of
effective temperature should be under consideration.

We have developed two techniques for thermodynamic calculations:

e Using the thermodynamic equilibrium concentrations of the components at
the theoretical (adiabatic) combustion temperature 7t

e The same under more realistic (effective) temperatures 7T.g, computed by
simplified calculations, accounting for temperature correction AT = T—T ..
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2.1 EVIDENCE OF REPRESENTABILITY OF THERMODYNAMIC APPROACH

The general conclusion regarding the applicability of the thermodynamic
approach as the first approximation for computation of the power and environ-
mental efficiency of fuel combustion is positive. It must be stated that the
thermodynamic calculation method makes a quantitative approximation of the
energy status of the combustion process or unit, whereas, in the case of NO,
prediction, the possibilities of the thermodynamic approach are concerned with
the quantitative estimation of the relative influence of changing the composition
and properties of the fuel and oxidant, as well as the process temperature. Thus,
the determining temperatures are: Tt and T, in the calculation of efficiency for
NO, formation — Treaet ® Tere = Tt — AT ag.

Previous studies by Soroka and Sandor® experimental proof of the adequacy
of the simple thermodynamic approach was collected by comparing the in-
fluence of type of fuel, composition and initial temperature of the oxidant.
Within the framework of present paper, the detailed Monte Carlo procedure
(MC) for the account of radiative heat transfer’* was used to calculate the
temperature profile at any point within a multisection furnace chamber of a
TVG-8 boiler equipped with two-side heat reception water-tube screens. Monte
Carlo radiative heat transfer calculations were used to predict actual tempera-
ture profiles at the furnace height and to choose the maximum temperature
values depending on the recirculation ratio » with which equilibrium NO,
concentrations were concerned.

The data (curve 2) to be validated with the experimental area 1 in Figure 1
was found by means of MC, for some types of boilers. It can be stated, based on
the results of comparing the thermodynamic equilibrium NO, values at 7t with
those which accounted for heat losses, that divergence between experimental
(curve 4) and predicted (curve 3) data is higher than in the case of using MC to
accurately define the characteristic temperatures.

2.2 DEVELOPMENT OF THERMODYNAMIC PROCEDURES FOR ENERGETIC
AND ENVIRONMENTAL ANALYSIS

The following two criteria are proposed for estimating the complex (combined)
power and environmental efficiency of fuel use, in accordance with modern
requirements: specific fuel consumption b, and specific yield of nitrogen oxides
Cnosx per unit of production capacity (furnace output Gg,). It has been supposed
that Cno, 18 @ more representative value than the concentration of nitrogen
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oxides [NO,] in the combustion products. Taking into account the environ-
mental consequences of the consumption of carbon contained in fuel, Cco, must
be added to these characteristics — the specific issue being CO, in the combus-
tion products.

Efficiency of fuel consumption and of the formation of harmful substances
(including toxic and greenhouse ones) has been determined by means of
computation of the composition and properties of the thermodynamic equilibrium
combustion products for various types of combustible (natural gas, coke-oven gas
and their mixtures) and oxidants by support of some given conditions (Figure
2-4). From the standpoint of saving fuel, it has been stated that combustion
preheating by conservation 77 = idem is more efficient (lower b,) than oxidant
enrichment with oxygen. Comparing these conditions, the specific NO, yield —
Cnox — 1s practically the same for air preheating and for air enrichment with
oxygen.

1.0 4

0.8 -

06 T

0.4

[NOJ/INOx] =0

0.2

0.0

] 0.1 0.2 0.3 04 05
r, kgkg

Figure 1. Dependence of relative reduction of NO, concentration on mass recirculation ratio » of
the natural gas/air combustion products. 1 — Area of recalculated experimental data for the boilers
under consideration in accordance with Sigal’; o — boiler TGMP-314A arranged with the
modified burners. Temperatures, °C: fuel gas — 20, combustion air — 340, recirculation gases —
350. Excess air factor A =1.02—1.04. A — boiler TS-35. Recirculation gases (combustion products)
temperature 20°C; 2 — Our computation data for TVG-8 boiler characteristic temperatures: Teg =
T1+—AT,4 Temperatures, °C: fuel gas — 25, combustion air — 25, recirculation gases — 150. Excess
air factor 2 = 1.2. 3, 4 — our computation data and experimental data by M. Flamme®’ —
respectively — for the type 09 burner under natural gas flow rate — 20 m’/h. Temperatures, °C:
fuel gas — 20, combustion air — 915, recirculation gases — 100. Excess air factor A = 1.05
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Figure 2. The adiabatic combustion temperture 7t for natural gas — air — O, mixtures (a) and fuel
saving ABg; % (b, c) in dependence on preheated air temperature 7, (a, b — continuous lines) and
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Figure 3. Dependence of the theoretical (adiabatic) combustion temperature 7t on preheated air
temperature 7T, (I) and on cold air enrichment by oxygen [O,] (II) — (a) dependence of specific
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indicators RR;, R;R; — for preheated air as an oxidant. Line N-N"-N"-N""-N"""" and indicators
NN, N,N; — for O, enriched oxidant
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The difference between Cno, values produced by coke-oven gas and natural
gas combustion at similar furnace operating conditions are too small, in spite of
the fact that the concentration [NO,] becomes substantially higher by coke-oven
gas combustion. Ccq, calculations demonstrate that in the case of O,-enriched
oxidant, Cco levels increase in comparison with preheated combustion air as an
oxidant by conservation of 7t (Figure 4). Using coke-oven gas, the relative
situation regarding Ccq, in the cases of preheated and O, enriched oxidants is
similar to that for natural gas firing.

3. Option and Distribution of Fuel Types in a Multiusers System

Selection of a fuel type to perform thermal industrial processes must take into
account the technological specifics of the process on one hand, and power need
and efficiency as well as environmental consequences — on the other.
Estimation of the power requirements is founded first of all, on the first and
second laws of thermodynamics, i.e:

e Account of the energy balance (conservation condition)

e Comparison of the fuel (combustible and oxidizer) potential, estimated at
the theoretical combustion temperature 71, with the standard temperature
(characteristic temperature) of the process 7T,

Let the following energy saving task need solving. The general production
system to be supplied with the set of available fuels comprises some
technological processes. We have at our disposal various types of fuel and
oxidant ensuring different values of power potential for different combinations
of combustible mixture. Bringing the fuel type into accord with each of the
processes under consideration takes primary significance under limiting
conditions of the fuels of the highest heat value, mainly of hydrocarbons.
So the effectiveness function is

S BUOQUO
(HCH) — min (D
Z Bi Q/,i
0)
and all the more
ZBFHC)
4 > min 2
3 @)
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According to Prigogine®, the thermodynamic force F = T;1 —f;l is
considered as a measure of the correspondence of the selected fuel type to the
thermal conditions of the real irreversible thermal process taking place within
the examined system. Here, B, O, — fuel consumption, low heat value —
correspond to, 7, 7, — the temperatures of heat receiver and heat source
(combustion products), the last two being assumed as T, ~T,; T ~ Tt by an
order of the value. Subscripts: i — type of fuel, HC — for hydrocarbons.

Optimization of the appropriate fuel system with n fuel users (in the case
under consideration — the manufacturing processes as the consumers) is
proposed to be performed by maintaining minimum entropy output P in time as
a criterion, given by Egs. (3) and (4):

das
P=—>0 3
~ 3)
P=3 5 min, @)
=R

where S is the entropy of the system distributed by the constituents participating
in energy (heat) exchange, X; = (; is the amount of heat necessary to perform
the ith process, dQ;/dt is the resulting heat flux received by the working
medium within the framework of the ith manufacturing process.

The procedure of optimum fuel utilization including four combustibles —
fuel (combustible) gases — has been carried out under the conditions of the
metallurgical enterprises at “DUNAFERR RT”, Hungary, where the complete
production cycle encompasses five parallel metallurgical and power processes
(technologies)’.

The main purpose of optimization is to save the hydrocarbon fuels by
substituting them for low calorific gases by implementation in low-temperature
processes (e.g., heating the boiler).

As a result of the outlined procedure, the portion of natural gas as the most
valuable fuel at the enterprise was successfully minimized. Natural gas now
makes up only 23.21% of the total amount of fuel gases whereas the least
calorific gases — the blast furnace and converter gases — constitute 41.93% in
total. Coke-oven gas, being a high-temperature fuel by 7 value and providing
34.86% of total energy consumption, covers almost the whole fuel demand of
the rolling and coke productions.
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4. Experimental Validation of the Prediction Data: Main Characteristics
of the Industrial Furnace

Fuel consumption and environmental pollution caused by the operation of
thermal units may be minimized by a combination of preliminary thermo-
dynamic computations and testing the equipment with the available fuel types
to determine the associated variation in the furnace output Gy,.

The theoretical statements were tested and validated at “DUNAFERR
RT”*’ rolling mill plant through the investigation of two pusher type multizone
reheating furnaces equipped with radiant flat-flame burners with a nominal
output of 170 t/h. The following gaseous fuels were compared by firing the
furnaces: natural gas, coke-oven gases as well as mixtures of natural gas and
coke-oven gas or natural gas and blast-furnace gas. In the past, combustion air
was preheated to temperatures in the region of 300-350°C; however, during the
1990s new recuperators were installed, providing air preheating up to 500°C.

The main characteristics of the furnaces are: in relation to thermal efficiency
— specific consumption of fuel heat b, MIJ/t, and for provision against
environmental pollution — emission of specific toxic substances C,, particularly
Crox kg/t and C'"noy, kg/kl.

Information on fuel using unit operation can be summarized in terms of two
main characteristics: power - the dependence of by on Gg,; and environmental —
the dependence of Cyoy on Gy,

As a result of complicated power and environmental tests on the reheating
pushing furnaces at “DUNAFERR RT” (Hungary)’, the main power and
environmental characteristics of the furnaces have been found to be qualita-
tively similar.

The following conclusions, which are in general agreement with theoretical
findings, have been determined as a result of the commercial tests:

e The higher the potential of the combustible mixture, the lower the specific
fuel heat consumption b As a result, by furnace firing with coke-oven gas,
by 1s approximately 20% less than by firing with natural gas under similar
conditions. Use of the mixture of natural gas with blast-furnace gas is not
efficient from the point of view of saving natural gas. Bringing the blast-
furnace gas fraction up to 50% and increasing the amount of natural gas in
the mixture creates overexpenditure of the absolute rate of natural gas
instead of expected savings. The following values of specific fuel heat
consumption by were determined for a furnace output of 160-200 t/h and air
preheating of 300°C; 1.55 MJ/kg — by use of natural gas; 1.62—-1.96 MJ/kg —
by use of a mixture of natural gas with blast-furnace gas, including 1.45—
1.77 MJ/kg — the share discharged at the expense of natural gas.
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e The higher the potential of the combustible mixture, the higher the NO,
concentration ([NO,]) at the furnace exit under conservation of other
parameter values. For example, firing the furnace with natural gas can
produce an average of 40% less [NO,] (ranging from 115 to 285 ppm) than
firing the furnace with coke-oven gas: 270-520 ppm. However,
consideration of NO, formation in terms of Cyo, reduces this divergence.
The difference between Cno, emissions is two or more times less on average
than the difference between [NO,] emissions for the mentioned gases: in
terms of [NO,], the minimum difference is 33%, the maximum is 60%; in
terms of Cyoy, the differences are 14% and 35%, respectively. Thus, it can
be concluded that Cyo, represents a much more stable and conservative
characteristic than [NO,] and may be recommended for environmental
estimation of the firing units.

e It has been found that the b,—Gy, dependence (main power performance) and
the Cnov—Gjir dependence (main environmental performance) are similar.
The strong dependence of the main furnace indicators, b, and Cyo,, on the
furnace output Gy, has been demonstrated, with the region of optimal
output Gpyrop, corresponding to the minimal values of the mentioned
indicators.

5. Conclusion

The theme of this paper is affirmation regarding the opportunity of applying
equilibrium thermodynamics approaches by generalized evaluation to the power
efficiency and environmental performance of fuel used in processes and plants.

In terms of thermodynamic analysis of fuel using processes and plants, the
main applied recommendations are:

e The most representative parameters are the specific fuel consumption b, and
specific harmful substances C,formation (e.g., Cnox, Ccon)-

e Combustion air preheating is more effective than air enrichment by O, —
from the standpoint of saving fuel.

e Both of the above-mentioned approaches to air-oxidant preparation for
combustion produce approximately the same consequences from the
standpoint of environment protection (NO, yield).

Data collected by firing tests of the reheating furnaces at “DUNAFERR RT”
and the results produced by comparative analysis based on b, and Cyox
computative values have been found to perfectly coincide for the use of natural
and coke-oven gases as the furnace fuel.
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REDUCTION AND TREATMENT OF WASTE IN POWER
GENERATION
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Abstract. Reduction and treatment of waste within power generating activities
offers substantial benefits. These are related to the amount of power that can be
generated from waste, such as municipal solid waste (MSW), and the by-pro-
duct ash, which can be used successfully in the construction sector. As high as
550 kWh of electrical power can be produced from 1 t of MSW with calorific
values varying from 10 to 15 MJ/kg depending of the condition of the waste.
The ash associated with the combustion process also has potential resource
possibilities.

Keywords: waste, MSW, power; energy

1. Introduction

Consider the current world scenario; global warming is an accepted fact of life.
The North Pole has lost one third of its ice cap and the USA has seen some
exceptional adverse weather conditions. China and similar countries are grow-
ing at a phenomenal rate and are now sucking in a disproportionate fraction of
the world’s natural resources. The outcome is the recent sustained up-serge in
oil prices. However, there appears to be no slowing down of consumption. In
the UK, for example, both electricity and gas prices have also increased and the
need to import natural gas is upon us. Security of supply is now also on the
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energy agenda and the need to use indigenous resources is making both political
and economic sense'.

TABLE 1. Installed power capacity within the European Union from 1991 to 2001*™*

Country Installed capacity for 1991 Installed capacity for 2001
(GW) (GW)
European Union 562,156 670,867
Thermal power capacity with 327,728 390,009
the European Union
France 104,348 115,513
Germany 118,227 119,389
Hungary 7,193 8,392
Poland 28,288 30,672
UK 70,054 79,729
Japan - 129,600
USA - 1049,000

The unfortunate fact is that whilst technological progress over the past three
centuries has facilitated much of the population growth, chiefly with measures
such as improvements in sanitation, ready supply of energy, medicine and
intensive farming, its by-product has been the considerable rise in all forms of
pollution. To sustain this growth, material and energy consumption has rapidly
grown to reflect both the impact of population and that of increased worldwide
industrial globalization; with growth comes waste. However, the rate of con-
sumption has effectively followed gross domestic product (GDP) and thus,
developed countries have consumed a disproportionately large fraction of the
scarce resources.

Table 1 shows the declared power generation of a number of countries
within the European Union for 2001. Between 1991 and 2001, the installed
capacity of the European Union increased from 562,156 to 670,867 GW i.e., a
19% rise. Furthermore, in 1991 France, Germany and the UK installed 52% of
the declared capacity but by 2001 this had fallen to 47%. This indicates that the
other member states were becoming more power hungry and their citizens more
materialistic. In the same time frame France, Germany, and the UK increased
their declared capacity by 14%, 1% and 11%, respectively. It is interesting to
note the very small German rise. This was in part due to the bringing together
of East and West Germany and the recession of the German economy. It can
also be seen that the three new European members also increased their declared
capacity by about 10%. During the same period the thermal installed capacity
has remained high at 58% of the total. It is expected to remain at this level for
the foreseeable future and hence combustion systems will be fundamental in
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supplying the increased power consumption. The capacity of Japan and the
USA is indicated as a bench mark. The USA has 1,049,000 GW of capacity,
which is 57% greater than the total European capacity. About 60% of the
capacity is generated from fossil fuels. In the case of Japan, over 66% of the
electrical capacity is from fossil fuels, which are mainly imported.

Table 2 highlights the equivalent municipal solid waste (MSW) generation.
There is a strong link between consumerism and waste generation. The waste
generated per capita for France, Germany and the UK is above the European
average, while Hungary and Poland is below the average. The USA at 777 kg/
capita is 51% greater than the European average, while Japan at 412 kg/capita is
about 20% lower. This is seen as partly being cultural.

TABLE 2. Treatment and disposal of municipal solid waste in 20017

Country Municipal waste Waste generated Percentage landfilled
arising per population (%)
(million tons) (kg/capita)
European Union 238.91 516* 54
France 32.17 545 43
Germany 48.84 610 25
Hungary 4.81 475 88
Poland 11.08 287 96
UK 34.85 590 80
Japan 52.36 412 7
USA 229.2 777 56

*Estimate for 2001

In 2001 Japan generated 52.36 million tons of waste, which was similar to
that of Germany. However, with substantially different topographical condi-
tions, it would be expected that Japan would need to use extensive waste
reduction measures to help resolve the problems of disposal. For comparative
purposes, MSW production in the USA, the UK, France, Germany are also
shown, the variations being due to population differences. The waste per capita
for each of the countries identified show significant variations, which are
assumed to be a function of cultural and life style differences. Furthermore,
there is a substantial variation in the amount of waste that is landfilled, which
will be a function of the availability of disposal sites as a function of land mass,
the use of other reduction technologies, recycling and local control and
legislation. The rise in municipal waste is shown in Table 3. This table
highlights the changes in waste from 1995 to 2001. The data are shown as
kg/capita and therefore normalizes the population size.
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TABLE 3. Municipal solid waste collected per capita during the period 199520017

Country 1995 2001 Change since 1995
(kg/capita) (kg/capita) (%)
European Union 459%* 516* 12.4
France 501 545 8.9
Germany 533 610 14.4
Hungary 505 475 =59
Poland 285 287 <1
UK 499 590 18.2

*Estimated for the year based on previous consumption during the period

As can be seen, all the major countries show a substantial increase since
1995 normally increasing from about 500 to 600 kg/capita, i.e., an average 3%
year on year rise in waste. The only exceptions are France, Hungary, and
Poland. In France, the growth is about half that of the other countries identified,
in Hungary there is a 5.9% decrease and for Poland a rise of less than 1%. The
level of waste production in the latter two countries would have been subject to
population reduction and poor economic performance. However, if in general
the average growth is maintained until 2020, the amount of waste collected/
generated will double, thus causing further pressure on the disposal of this ever
increasing problem. Reuse, recovery and recycling strategies are unlikely to
meet this increased potential growth, hence other options have to be urgently
considered and thermal treatment processes offer viable alternatives. In some
cases, landfill costs have started to show dramatic increases. For example, in
the UK costs have more than doubled since 2003. Thus many countries are at a
crucial junction in tackling the ever-increasing waste problem.

Thus, a fresh look at its strategy indicates that processes such as “energy
from waste (EFW)” could now play a more important role. This neglected
energy source could also have a major impact in power generation at a local
level and hence resolve some of the potential future generation problems, while
at the same time meeting the EU landfill directive and other world wide
legislation as well as conserving landfill void space. The calorific value of
MSW is about 10 GJ/t (about one third of that for coal), which when burnt in a
modern, well-controlled mass burn incinerator will give about 20% efficiency
for conversion to electricity. Hence, in terms of power, about 550 kWh/t of
MSW can be generated. Much higher conversion efficiencies are possible with
improved recycling and refining through processes such as mechanical/
biological treatment (MBT) to create an energy-rich, consistent material, well
suited as a fuel. Here, potential conversion to electricity efficiencies as high as
40% are possible. Table 4 highlights the critical components that affect steam
raising capacity and hence power production. As expected, the amount of
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moisture and ash (noncombustible material) has a critical impact on calorific
value. Lee et al.” suggest that the potential for energy generation from both the
MSW and commercial and industrial residual sectors could rise from 19% of
the total power consumption in 2005 to over 25% in 2020.

TABLE 4. The key components of MSW that affect calorific value

MSW in as received state

Water content (%) 15 18 25 39
Noncombustion (%) 14 16 20 28
Combustion (%) 71 66 55 33
Calorific value (mJ/t) 15 14 12 9
Steam generated 43 3.9 32 2.3
(t/t of MSW)

2. Municipal Solid Waste

Generally, between 80% and 85% of MSW arises from the residential/domestic
sector. Typical household waste classifications in an urban and a rural authority
are shown in Table 5°. Paper/card represent large fractions within the waste
stream. However, at 30% and 52% for urban and rural households, respectively,
putrescibles represent a significant fraction that will impact on potential
calorific value. It is also noticeable that the fraction of plastics at a typical 8—
10% is high. This trend has been increasing since the early 1990s. The use of
MBT plant, as described earlier, will have an impact on the potential residual
streams which constitute refuse-derived fuel (RDF). Typical compositions
arising from such plants are shown in Table 6’. Today, there are a range of
processes that can use a variety of waste streams, thus offering a range of
energy outputs and hence a flexible solution in terms of waste reduction and
more importantly energy generation.

TABLE 5. Household waste classification for an urban and rural authority®

Category Classification for an urban Classification for a rural
authority authority
(%) (%)
Paper/card 24 25
Putrescibles 30 52
Glass 8 3
Textile 4 2
Ferrous 4 2
Nonferrous 1 0.5
Plastic 10 8
Fines 6 1.5

Miscellaneous 13 6
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TABLE 6. Percentage composition of RDF and process residues from typical MBT plant

Constituent Ecodeco* Gron‘cmij7 Herhof”
(%) (%) (%)
Paper and card 35.1 25.0 55.0
Putrescibles 2.1 15.0 0.0
Glass 0.9 4.0 1.0
Fines 20.3 0.0 0.0
Ferrous metals 2.2 1.0 0.0
Dense plastics 23.0 15.0 5.0
Plastic film 0.0 5.0 4.0
Textiles 14.0 0.0 5.0
Miscellaneous combustibles 1.6 30.0 30.0
Miscellaneous noncombustibles 0.8 5.0 0.0
Dry lower heating value (mJ/kg) 16.5 17.2 17.4

*Measured at Cardiff University

3. Thermal Treatment Processes

3.1 GENERAL

The different types of technologies used within an integrated waste manage-
ment route can be classified based on material input, processing temperature
and related by-products. Generally, they are attached to some form of recovery
system such as bulk material recovery (MRF) and/or MBT plants.

Figure 1. Manufactured fuels using MSW. (a) MSW fluff used to manufacture RDF from MBT
plant; (b) pellets manufactured using extrusion

Product streams from these plants are generally a fluff or pellet as shown in
Figure 1, to which this fuel is then fed directly to the thermal process. The
process could be a mixture of fuel preparation and thermal conversion, which
may be sited near to bulk recovery plants or as a centralized facility. A genera-
lized integrated waste management flow incorporating thermal treatment is
shown in Figure 2.



WASTE IN POWER GENERATION 265

Market
Recovery

Landfill

| Market | 7

A
:
2

. =

Fuel 45 E 10

(374100% MSW P Separation B Ue > Nerey M processing
; | _Prep. Technology
Lt | I

y-product
0°

B

! 15 ;
toses |+ s

Materials Recovery
Facility Boundary

Figure 2. Schematic Illustration of an Integrated waste management scheme (with nominal
percentage flows)

As can be seen the flow includes separation, composting, thermal treatment
and processes for using the secondary residue. It is assumed that aggregate and
cement production are the main beneficiaries of thermal residue. The figures
quoted in the diagram represent an ideal material balance and indicate that
landfill is still required, amounting to about 7% of the initial MSW. Figure 3
shows a typical temperature process path for waste treatment, which can be
summarized as:

e Anaerobic digestion — organic fraction of the waste stream

e Sterilization — this is a low-temperature pretreatment process using “as
received” MSW followed by a range of waste manipulation processes

e QGasification and pyrolysis — flexible process producing a range of outputs
including syngas

e Direct combustion — most common form is incineration

Anaerobic digestion produces a reasonable calorific value gas which can be
directly fired to produce power as well as heat energy. It is worth noting that the
sterilization process is a pretreatment process and as such does not produce
power directly. It does however, condition the residual waste for use in energy
generation. The char derived from the process does not lend itself for further
processing due to the high levels of carbon left in the material.
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Figure 3. Thermal treatment technologies according to processing temperature and available
energy form

3.2 ANAEROBIC DIGESTION

Anaerobic digestion has a number of environmental advantages and was
initially designed to handle farm slurries. The use of this technology is gaining
acceptance in processing the organic fraction of MSW after which the digestor
can then be disposed of. However, there is further interest in using this as an
amendment to the traditional composting process. Additional studies are
required to define the processing envelope for such material. The syngas
produced can either support the process or be converted into electricity by a
suitable prime mover/generation plant. The most critical factors that affect the
economic viability of digestors are feedstock, gas yield and efficiency of
utilization. There are three main types of digestion process, depending on
temperature. These are:

1. Psychrophilic digestion occurring at a temperature between 5 and 15°C.
This low-temperature process requires less time for heating, but needs
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more time to breakdown the waste into syngas. This is seldom used as it is
difficult to maintain the reactor at a constant temperature.

2. Mesophylic digestion occurring at temperatures between 25 and 45°C. This
requires some heat input.

3. Thermophilic digestion occurring at temperatures between 55 and 75°C,
which requires a much larger heat input for the process to occur. The heat
input can be as much as twice that of the mesophylic process. However, the
material is broken down more quickly.

The size of the digestor is a function of the process temperature and the
economic retention time, which is the time needed to release the maximum
energy, taking into consideration the energy potential of the syngas and the
energy required to heat the digestor. These systems are normally used in
conjunction with a boiler or combined heat and power (CHP) plant and the by-
product is a liquor and solid residue.

3.3 STERILIZATION

Sterilization is commonly regarded as a prerequisite to a “dirty MRF”” where the
MSW is accepted in the “as received” state. The process typically uses
autoclaves to heat and sterilize the organic fraction of the waste at a
temperature of up to 175°C using steam. The process is undertaken in batches
and recycling is conducted once sterilization has been completed. The
pathogens are killed off and the recyclate fractions such as cans and glass, etc.
are cleaned during the process. Due to the processing temperature, the plastics
are generally agglomerated for further processing say as feedstock for a CHP
system. The organic fraction, including paper, forms a “mush” which can be
composted. This type of process has good potential and has gained considerable
interest. However, for those countries that have specific recycling and
composting targets, there has been some concern over the recovery rates,
especially that for composting, since a large fraction of the waste is used to
generate energy.

3.4 GASIFICATION AND PYROLYSIS

The processes are extremely complex and are highly sensitive to moisture
content, quality of the feedstock and processing temperature. The basic
differences between the two processes are twofold. Firstly, pyrolysis is
undertaken at an equivalence ratio (actual fuel/air required for complete
combustion) less than 0.2, typically below 0.15, whereas gasification usually



268 A.J. GRIFFITHS AND K. P. WILLIAMS

has an operating ratio in the ranges of 0.2-0.4. Secondly, the processing
temperatures for pyrolysis are lower than gasification, as shown in Figure 3.

Pyrolysis is divided into fast, slow, ablative, and flaming processes
depending on the rate of change of temperature with time. Gasification is
divided into fluidized bed, suspension, up draft, down draft, and cross-bed
processes. Carbon monoxide, hydrogen, and methane are the typical gases
generated within the reaction chamber.

These processes are gaining rapid acceptance in the market place as a viable
alternative to incineration, especially at throughputs less than 100,000 t/year.
The economics are crucial for market acceptability since operating costs can be
high, so gate fees, markets for the residues and CHP output are critical factors
for commercial viability.

Of the two, gasification is a more robust process to operate, having a wide
range of operating conditions and techniques already highlighted. The UK
Energy from Waste (EFW) Association has highlighted that average capital
costs range from 8 to 93 £M (up to 360,000 t per annum plant capacity) with
equivalent operating costs being about £45/t. The bonuses are:

1. Planning hor izons are 4—6 months

2. Design to commissioning time scales are only 12—-30 months

If the waste is used merely as a nonhomogeneous fuel source, there are major
impacts on the calorific value, quality and variability of the fuel gas produced
for further use. Best operational conditions are obtained when the material is
sorted and preprepared so that uniformity can be maintained. When the syngas,
which can be hydrogen rich, is produced to drive a gas turbine, cleanliness and
composition are crucially important to maximize power output. The downside is
that there is a considerable lack of commercial systems operating using MSW.

At Cardiff University research within this field has been undertaken for a
number of years and operational prototypes have been developed. Furthermore,
it has a Waste Research Station that in conjunction with large-scale composting
research facilities is allowing sustainable waste management techniques to be
developed. On the ground, data collection is feeding into research programs that
clearly indicate a need for EFW processes to be continually developed to meet
the changing face of waste generation.

3.5 DIRECT COMBUSTION

The most well-known process for this technology sector is incineration. This
operates with equivalence ratios greater than 1 and incorporates the general
stages of drying, partial pyrolysis/gasification followed by final char burning



WASTE IN POWER GENERATION 269

eliminating the majority of carbon in the ash. This ash can be used as feedstock
for processes such as cement manufacture and is therefore a valuable source of
income. The key variables controlling the process are residence time, tempe-
rature, moisture content and size distribution of the material. The general types
of process that use this technology are grate firing, suspension firing, and the
use of fluidized bed combustion systems, which can be either of a standard,
circulating or revolving bed design. Currently, the favored technology for large-
scale plants (greater than 100,000 t per annum) has been the moving grate
design, although there has been some variation to include partial suspension
above the grate. This technology has been “tried and tested” with a range of
fuels including MSW. Generally, a large amount of environment legislation
exists alongside this technology so that the back end processes are very
sophisticated to ensure discharges are within limits set by a particular country.

The Energy from Waste Association has also confirmed that mass burn
incineration is at present the main thermal process with typical capital costs
ranging from 16 to 100 £M depending on plant capacity (up to 500,000 t per
annum plant capacity), with associated operating costs typically £45/t.
Typically, planning time horizons range from 24 to 60 months. While design to
commissioning time scales varying from 54 to 96 months. This clearly shows
reluctance to promote this process and more importantly, the loss in time will
ensure that, for example, the UK recycling and waste strategy is not developed
on time.

“Mass burn incineration” is seen as a dirty phrase, stemming historically
from plants being poorly operated. Modern mass burn incinerators are highly
complex chemical plants with much of the investment arising from the complex
treatment of the flue gas, solid and liquid effluents and clearly, rebranding is
required. The downside, apart from public perception, is thermal efficiency.
Typically, mass burn incinerators operate at about 20% for power generation,
much higher if CHP is possible (although difficult to economically justify).
Furthermore, typical plant capacities are in the range of 250,000 t per annum
which is significantly greater than that generated by the largest unitary
Authority in Wales for example. Current designs meet all emission/pollution
standards. However process economics are doubtful at small scale.

Table 3 highlights the breakdown of MSW processes for those countries
indicated earlier. In terms of incineration there is a wide variety of usage,
ranging from 77% in Japan to only 7% in the UK. Historically the UK used
landfill as its solution to the waste problem and there has always been a
reluctance to use incineration since it has faced poor acceptance and public
hostility. In Luxembourg 44% of its waste is incinerated and like Japan it
reflects the lack of landfill disposal sites. In France, Germany and the
Netherlands a range of typically 20-30% incineration is used. Again, there is



270 A.J. GRIFFITHS AND K. P. WILLIAMS

some public disquiet over the use of this technology, but realizsation of the
need to reduce the mass going to landfill and the lack of land availability has
overshadowed any public concern.

As shown in Table 7, Japan is driven by technological solution to dispose
of its waste. Although, incineration is the dominant technology there is
considerable interest in

Gasification with ash melting/vitrification attached to the overall process
Thermal decomposition technology for hazardous “off gases”

e Conversion of waste plastics into oil

Stoker furnace technology for improved incineration

TABLE 7. The amount of MSW processing for a range of countries for 2001

Country Landfilled Incinerated Recycled,
(%) (%) composted or other
treatment
(%)
European Union 54 16 20
France 43 32 25
Germany 25 22 53
Hungary 88 10 2
Poland 96 0 4
UK 80 7 12
Japan 7 77 15
USA 56 15 29

4. Ash By-product

Fly ash from coal-fired power stations has been traditionally used in cement
kilns for many years. Thus, with the potential influx of bottom ash from
incinerators which could be between 15% and 25% of the input material, there
is a large resource that could be used to benefit the construction industry. Many
companies such as South East London Combined Heat and Power Ltd.
(SELCHP) based in east London already produce over 100,000 t of bottom ash
and have been working together with Hanson to produce a range of aggregate
materials and block materials for specific applications. The next step is road
manufacture using a mixture of bottom ash with asphalt as well as cement
replacement. The industry is at a critical juncture where acceptability in the
market place and support legislation is the vital necessary stimulant.
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5. Conclusion

With the projected increase in MSW generated over the next 20 years, many
countries are facing real problems in providing robust workable strategies for
processing this waste. Thermal treatment offers a significant opportunity to
support governments’ drives to reduce waste going to landfill in conjunction
with recycling and composting. Many of these plants also have net energy
outputs, which for many countries could have a significant impact on power
generation, since the mix and match of energy as well as security of supply are
fundamental issues. The only certainty will be the mix of solutions in which
thermal treatment and hence “energy from waste” will play a crucial part. Thus,
for the “thermal treatment” sector to grow and hence succeed, political
stimulation and public confidence will need to be developed alongside further
continuing research and development in the technology.
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Abstract. This paper presents the results of the development of a unit for the
wet cleaning of the flue gases of thermal power stations (TPSs) where coal is
used, from ash and sulfur dioxide — the emulsifier.

The results of experimental investigations of ash catching, verified by
industrial tests, are presented in the article. The ash catching degree for
provision of the optimum flow rate parameters is more than 99.9%.

The usage of water solutions of reagents (NaOH, Na,CO;, NH; Ca(OH),)
of low concentrations as a spraying liquid allows to exploit the emulsifier for
sulfur dioxide SQ catching with 80-95% efficiency. Flow rate parameters
for the achievement of the required efficiency have been determined experi-
mentally.

The experiments have been carried out with prepared model gas, containing
a mixture of air (heated up to 160°C) and ash or SO, in the concentrations
simulating their content in the natural flue gas.

It has been determined that there is an increase in efficiency of the ash
catching process when there is increase of the velocity and the flow rate of the
spraying liquid.

As a result, we have determined a range of flow rate parameters when stable
operation of the emulsifier is provided with a 99.9% efficiency, with no higher
entrainment of splashes.

Sodium hydrate NaOH, soda ash Na,CO;, ammonia NHj, slaked lime
Ca(OH),, limestone CaCOs, magnesium oxide MgO, and carbamide CO(NH,),
have been selected as absorbents.
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The application of four reagents (NaOH, Na,CO;, NH; and Ca(OH),) has
produced positive results when those reagents had been used as absorbents in
the emulsifier’s conditions.

The effect of increasing the flow rate parameters (needed for increasing the
efficiency of the gas-cleaning processes) on the growth of hydraulic resistance
of the emulsifier has been also determined during the experiments. Results of
those investigations prove the fact that achievement of the maximum required
cleaning efficiency and the capacity of smoke exhausters should be taken into
account for determination of the flow rate parameters.

The emulsifier is a highly efficient, comparatively cheap unit of small
dimensions for the wet cleaning of flue gases from those TPSs where coal is
used for operation.

Keywords: coal, flue gases, harmful effluents, effective wet cleaning

1. Introduction

The power production of countries where coal is utilized as a fuel for thermal
power stations (TPSs) is connected with a problem of efficient flue gas cleaning
from harmful effluents. The basic effluents are ash, sulfur oxides and nitrogen
oxides.

TPS become the basic sources of pollution of the environment when an
intensive growth of power production is connected with the growth of industrial
manufacturing and power consumption, with the modern tendency being to
reduce the number of operating atomic power stations. Effluents in some
countries achieve millions of tons annually; exceeding the allowed norms by
factors of 10 and 100 times.

The task of high-efficient cleaning of the exhausted flue gases is especially
urgent for those countries where local low-grade coal is used for power
production. Those types of coal are of higher ash and sulfur content. Coal
washing is not reasonable from the economical standpoint, if we take into
account the low level of efficiency of that technology.

There is an urgent necessity to modify the operating TPS by the installation
of high-efficiency environmentally protective equipment together with a
necessity to develop a new generation of boiler equipment which can provide
realization of the ecological norms.

Yuzhnoye State Design Office together with the Institute Coal Power
Technologies scientists and designers have built a unique unit of low dimensions
for wet cleaning of TPS flue gases. That unit was called an emulsifier.
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The throughput capacity of the emulsifier is 50,000 m*/h for gas. The
general view of the emulsifier is given in Figure 1. The emulsifier has been
initially designed as an ash catching unit. It is a set of single filtering elements
(pipes) connected by two pipe plates (an upper and a lower plate).

Figure 1. General view of emulsifier

The principle of operation of the filtering elements (FE) is based on the
interaction of the twisted gas flow with water supplied on the wall of the pipes.
The separation of the solid phase contained in the flue gas is achieved by the
moistening, weighting and removal in the form of slime under the action of the
gravitational forces that take place in the field of centrifugal forces. In this case,
a gas—liquid column with intensive mass exchange is formed above the swirler.

Flue gas cleaning from SO, takes place when water solutions of the reagents
are supplied on the wall of the pipe as a spraying liquid; those reagents can
react with sulfur dioxide SO, and form stable products of reactions.

A method of installation of the emulsifiers in the gas duct with a support on
the lower plate is shown in Figure 2. The required number of emulsifiers
installed is determined by the flow rates of flue gases in each case.
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Figure 2. The scheme of installation of emulsifiers at thermal power stations

2. Results

Industrial tests of the pilot samples of the emulsifiers at numerous TPSs in
Russia, Kazakhstan and Ukraine have verified high ash cleaning efficiency —
99.6-99.8%.

It was found necessary to study the flow rate parameters in detail, as it is
these parameters that provide a stable cleaning process with a constant high
efficiency and absence of the higher entrainment of splashes.

Two projects for studying the flow rate parameters of the emulsifier and the
ash and SO, catching technologies have been executed with financial support
from the Science and Technology Centre of Ukraine (supported by the USA
and Canada).

The experiments were performed over a 6—12 m/s range of the gas flow
velocities in the FE pipe, at 0.1-0.4 1/m’ specific liquid flow rate. The variation
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in concentration of the reagents in the supplied water solutions was also
investigated.

The experiments have been carried out with the model gas, which was a
mixture of air (heated up to 160°C) and ash or SO, (depending on a task of an
experiment) in the concentrations simulating their content in the natural flue
gas.

It has been determined that the ash catching process takes place with
increasing efficiency when there is an increase in the velocity and the flow rate
of the spraying liquid. The relationship between the ash catching efficiency and
changes of these parameters is given in Figure 3.

1,% 000 & ¢ R
//

99,5

99.0

98,5

6 8 10 12
W, M/c
1 — At 0.1 I/m® specific water flow rate; 2 — at 0.2 I/m® specific water flow rate;

3 —at 0.3 I/m’ specific water flow rate; 4 —at 0.4 1/m® specific water flow rate.

Figure 3. Dependence of ash cleaning degree on change of velocity and flow rate of spraying
liquid

As a result, we have determined a range of flow-rate parameters when stable
operation of the emulsifier is provided with 99.9% efficiency, with no higher
entrainment of splashes:

o Gas flow velocity in the pipes — 9.5 £ 1 m/s

e Specific liquid flow rate — 0.25 + 0.5 I/m’

A checkup of the SO, catching processes is performed in the range of the above
flow rate parameters using the model gas (air + SO,).

Some experiments have been carried out with ash blowing into the model
gas flow. The influence of ash on the SO, catching process was not found to be
considerable; it was helpful for simplification of the model gas.
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Sodium hydrate NaOH, soda ash Na,CO;, ammonia NHj, slaked lime
Ca(OH),, limestone CaCOs, magnesium oxide MgO, and carbamide CO(NH,),
were selected as absorbents.

Limestone and magnesium oxide have been excluded from the above list
after the first series of tests, because the SO, catching efficiency did not exceed
30—-40% when limestone and magnesium oxide had been used. Another un-
desirable phenomenon was the formation of sediment in the supplying
pipelines.

All published documents of the application of carbamide for gas cleaning
from SO, and NO, prove the fact that the efficient cleaning processes are
realized when the temperature in the reaction zone is more than 80°C.

It has been determined during the experiments that the temperature in the
gas—liquid column above the swirler in FE does not exceed 42-45°C. All
the measures for increasing the temperature which could be realized in TPS
conditions (where the emulsifiers are in operation) have not provided any
positive effect.

The efficiency of cleaning the SO, from the flue gas did not exceed 15-20%
when carbamide was used. For comparison, SO, catching degree was 10-15%
when water spraying was used.

The application of the four reagents (NaOH, Na,CO3;, NH3, and Ca(OH),)
has produced positive results when those reagents had been used as absorbents
in the emulsifier’s conditions.

During the experiments with the model gas (with ~2% of SO, content), it
has been determined that the maximum cleaning efficiency without its further
growth is achieved by the use of the following solutions when the concentration
of the reagents is increased:

e NaOH - 0.62%
e Na,CO; — 1.64%
e NH; - 0.8%

e Ca(OH), -2%

If the SO, percentage in the flue gas is changed, then the required cleaning
degree is achieved by the application of water solutions of the above reagents
when the molar relation “reagent/SO,” is 0.8—1.2. It has also been determined
that the increase of SO, catching efficiency takes place when the gas velocity in
the FE and the flow rate of the spraying liquid are increased. The diagrams
given in Figures 4-6, reflect results of investigations into the application of
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water solutions of reagents NaOH, Na,COs, and Ca(OH),. An 80-85% cleaning
degree (and higher degree) is achieved when the velocities are 10.0-10.5 m/s
and the flow rates of the spraying liquid are not more than 0.3 1/m’.
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Figure 4. Dependence of flue gas-cleaning degree from SO, by solution NaOH (Concentration is
0.62%) on gas velocity
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Figure 5. Dependence of flue gas-cleaning degree from SO, by solution Na,COj; (concentration is
1.64%) on gas velocity
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The experiments with ammonia solution have shown that the efficiency of
more than 95% is achieved when the concentration of ammonia water is 0.8%
at the minimum velocity (~9 m/s) and when the specific liquid flow rate is 0.2

I/m’.

n% 100
2
80
//
60 e
\\
:
Yo 9.6 9.8 10.0 10,2 10,4

W, M/c
1 — At 0.25 I/m® specific water flow rate

2 — At 0.3 I/m® specific water flow rate

Figure 6. Dependence of flue gas-cleaning degree from SO, by solution Ca(OH), (concentration
is 2%) on gas velocity
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Figure 7. Dependence of emulsifier’s resistance on flue gas velocity
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A positive result has been obtained during the experiments when Ca(OH),
was blown into the model gas flow of 10.0-10.5 m/s velocity and spraying was
performed by water with 0.3 I/m’ specific flow rate. In that case, SO, catching
efficiency was ~80%.

The effect of increasing the flow rate parameters (needed for increasing the
efficiency of the gas-cleaning processes) on the growth of hydraulic resistance
of the emulsifier has been also determined during the experiments in accor-
dance with Figure 7. Results of those investigations prove the fact that the
achievement of the maximum required cleaning efficiency and the capacity of
smoke exhausters should be taken into account for determination of the flow
rate parameters.

3. Conclusions

The emulsifier is a highly efficient, comparatively cheap unit of small
dimensions for the wet cleaning of flue gases from those TPSs where coal is
used for operation.

A high ash-catching degree (99.6-99.8%) has been verified by industrial
tests. That catching degree can be more than 99.9% if the optimum flow rate
parameters of the cleaning process are provided.

It has been determined experimentally that the emulsifier can be
successfully used for SO, catching with 80-95% efficiency when water
solutions of NaOH, Na,COs, NH3, and Ca(OH), in low concentrations are used
for spraying. Specific features of the emulsifier are:

e Low power consumption (the specific flow rate of the spraying liquid does
not exceed 0.3 I/m’ when hydraulic resistance is not more than 100 mm of
water column)

e Multipurposeness (the emulsifier can be used for simultaneous cleaning
from ash and SO, and for their separate catching)
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ADVANCED HIGH-EFFICIENCY AND LOW-EMISSION GAS-FIRED
DRUM-DRYING TECHNOLOGY

Y. CHUDNOVSKY"®, A. KOZLOV
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Des Plaines, IL 60018, USA

Abstract. Drying is one of the most energy intensive industrial processes.
Papermaking, drying of food, textile and pharmaceutical products require a
significant amount of energy to evaporate the excess water from the product
slurry. The most popular drying method is drum drying which traditionally uses
condensing steam for drum surface heating. The use of steam requires the
drums to meet the ASME codes for pressure vessels, which limits the steam
pressure and consequently the shell temperature, reducing the drying capacity.
In most cases drying is also the temperature-critical aspect of product process-
sing. Gas Technology Institute (GTI) together with its industrial partners has
developed an advanced high efficiency gas-fired drum dryer concept based on a
combination of a low-NO, ribbon flame and an advanced heat transfer
enhancement technique (US Patent 6,877,979). The new approach allows a
significant increase in the surface temperature of the drum dryer, thereby
increasing the drying rate. The pilot-scale unit was designed, fabricated, and
successfully tested for the papermaking application.

Keywords: combustion, natural gas-fired, paper drying, drum dryer, efficiency impro-
vement, dimples

1. Introduction

The drying of paper requires the evaporation of 1-2 Ibs of water for each pound
of paper or paperboard produced. The conventional drying method uses a series
of metal cylinders, each approximately 5-6 ft in diameter and up to 30 ft long.
These cylinders are heated from the inside by condensing steam. The use of
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steam requires the drums to meet the ASME codes for pressure vessels, which
limits the steam pressure to about 160 psig. Consequently, the shell temperature
and the drying capacity are also limited. In practice, most cylinders operate at
an even lower pressure and temperature, further reducing their drying capacity.

Paper drying is the most energy-intensive and temperature-critical aspect of
papermaking. It is estimated that about 67% of the total energy required in
papermaking is used in the drying process. Paper machine speeds — and
therefore production rates — are frequently limited by the dryer capacity. For
this reason, a great deal of activity recently has been devoted to the develop-
ment of new, high-efficiency, high-rate paper drying equipment and techno-
logies.

Gas Technology Institute (GTI) together with industrial leaders (Boise
Paper Solutions, Groupe Lapperierre & Verreault and the Flynn Burner Cor-
poration) and with funding support from the US Department of Energy and the
US natural gas industry has developed a high-efficiency gas-fired paper dryer
(GFPD), based on a combination of a low emission ribbon burner and an
advanced heat transfer enhancement technique. The GFPD is a high-efficiency
alternative to traditional steam-heated drying drums and it is expected to exceed
the performance of existing paper drying systems.

The new approach allows a significant increase in the surface temperature
of the dryer (up to 600°F), thereby significantly increasing the drying rate for
the state-of-the-art operations. Successful deployment of the GFPD will provide
large energy savings to the industry, according to energy efficiency increa-
ses from 60—65% (steam operated) to 75-80% (gas operated). In addition, it
will help the paper industry to increase production from dryer-limited paper
machines by an estimated 10—20%, resulting in significant capital costs savings
for both retrofits and new capacity.

2. Concept Development

Several gas-fired drum-drying concepts have been investigated during the last
decade by British Gas, ABB Drying, Gastec NV, etc. GTI has generated two
innovative gas-fired concepts and upon completing an extensive laboratory
bench-scale evaluation the GFPD concept was finalized, as represented in
Figure 1.

The low-NO, Flynn ribbon burner model T-534 was selected as the
combustion device, providing a high uniform sheet flow of the combustion
products parallel to the drum surface. The attractive vortex heat transfer
enhancement (VHTE) technology was employed in order to enhance heat
transfer from the combustion products to the rotating drum and paper web. A
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Figure 1. Final GFPD concept (US patent 6,877,979)

special deflector guide was used to provide a partial recirculation of the com-
bustion products back to the flame root for combustion stability improvement
as well as for further NO, reduction.

Waste heat recuperation was considered during the concept development in
order to significantly improve the overall thermal efficiency of GFPD. A
recuperator is to be incorporated into the drum design in order to provide the
efficient heat recovery of the exhaust gases.

3. Design and Engineering

The pilot-scale unit was designed and engineered with the strong support of
industrial partners. The pilot-scale GFPD was comprised of a stationery com-
bustion system (including the burner, ignition/flame safety, and recuperator)
and a rotating shell as shown in Figure 1. All the above-mentioned features
were reflected in the GFPD design: sheet flame, heat transfer enhancement,
partial internal recirculation of the combustion products, and flue gas recu-
peration. The GFPD sides were insulated to minimize the heat losses and two
viewing ports were placed on the side to observe the flame.

The ribbon burner was mounted inside the dryer on stationery a support that
was insulated to separate the heating zone from the recuperation zone of the
dryer. The rotating outer shell was profiled inside with a dimpled pattern to
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enhance the heat transfer from the combustion products to the rotating shell.
Dimensions for the annulus, mixture supply line, and exhaust pipe as well as
the geometry of the guide plate were calculated based on hydraulic design and
the estimated losses.

4. Laboratory Simulation

The GFPD outer drum and most of the internals were manufactured and
assembled by GL&V USA, Inc. with strong GTI engineering support. Figure 2
demonstrates the general view of the fully assembled GFPD and simulation rig
for laboratory evaluation.

Figure 2. Pilot-scale GFPD and simulation rig equipped with the air/gas supply and heat
recuperation

An in-house simulation of the paper drying was conducted at GTI Applied
Research Laboratory to work out the combustion system prior to the field
installation at the WMU Pilot Paper Plant, as well as to determine the operating
envelope of GFPD. Figure 3 demonstrates a P&ID of the simulation rig.

While being in-house evaluated, the GFPD was fired in the range of 20—150
MBtu/h with controllable surface cooling by a wet fabric covering about one
third of the drum surface. The combustion system demonstrated a reliable and
stable operation throughout the entire test range.

The pilot-scale test procedure (including cold startup) was determined and
the drum surface temperature of S00°F was achieved at the maximum firing
rate.
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Figure 3. Piping and instrumentation diagram for laboratory simulation rig

5. WMU Pilot Paper Plant

The Pilot Paper Plant (PPP) at WMU’s Department of Paper and Printing
Science was selected as a test site for both the baseline (conventional steam
heated) and the retrofit (natural gas-fired) testing. WMU PPP offers unique
capabilities in various areas of papermaking and has technical staff with an
extensive experience of maintenance and operation of the papermaking equip-
ment.

The heart of WMU PPP is the Fourdrinier paper machine (Figure 4), which
is capable of manufacturing a wide variety of papers and boards of 23 in. width
and at speeds up to 150 ft/min. The paper grades manufactured range from 16
to 400 lbs of basic weight. Facilities for stock and additive preparation are sized
to make extended continuous operation at production rates of up to 160 Ibs/h.
The paper machine has two independently controlled drying sections (with 13
drum dryers in total) that are completed with machine calendar, pope reel, and
Accuray 1190 computer system with automatic basic weight and moisture
control.
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Figure 4. Overall view of WMU pilot-scale paper machine

6. Measuring System

The measuring system was incorporated into the existing drying section layout
as shown in Figure 5. Mini-IR temperature sensors were installed above the
selected test drum (#3 or #7) to measure the paper inlet and outlet temperatures
as well as drum surface temperatures across the drum length. Two Aqua
Moisture sensors were installed to measure the paper moisture content prior to
and after the test drum. In order to fit the moisture sensors into the existing
drying train, the inlet sensor was equipped with a low-profile IR attachment that
allowed the installation of the sensor coaxial to the test drum. The steam supply
lines were equipped with ABB steam flow meters and control valves to measure
and analyze the heat balance in the drying sections during the baseline and
pilot-scale test runs. The temperature of condensate leaving the test drum was
measured by a K-type thermocouple in order to evaluate the heat losses of the
steam-heated can. Steam header pressures were also measured at the inlet of the
drums ##1-3, 6-9, and 13.

All the sensors were connected to the FieldPoint data acquisition system.
The data was then monitored in real-time and recorded by using the National
Instruments’ LabView software on a laptop computer.
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Figure 5. Measuring system layout

The following parameters were measured during baseline testing:

Pressure Flow rate

Steam supply lines Steam supply for 1st section

Steam inlet of drums 1,3,6,7,9,13 Steam supply for 2nd section
Steam supply for test drum

Temperature Moisture

Steam inlet of drums 1,3,6,7,9,13 Paper web before/after test drum

Steam condensate at drum 1,2,3,7,8,9

Paper between each drum (manual) Machine Parameters

Surface of the test drum (IR) Machine speed

Paper web before/after test drum (IR) Dry end moisture

Surface of all drums (manual) Basis weight

The exhaust gas composition (O,, CO, CO,, NO,) was measured by a
portable Horiba PG-250 gas analyzer and recorded by a National Instruments’
LabView data acquisition system. Paper samples were taken before and after
each dryer to evaluate the physical paper properties such as basis weight, burst,
caliper, Gurley stiffness, elongation, tear, and tensile strength.
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7. Baseline Tests

Steam drums #3 and #7 were selected for the baseline evaluation (Figure 6).
Drum #3 was selected per WMU recommendation as the most thermally loaded
drum in the drying section. Drum #7 was selected for evaluation of GFPD
performance at lower inlet paper moisture levels. The baseline test was assumed
to measure the drum surface temperatures and paper moisture profiles across
the paper web at different heat input levels. The obtained information was used
as benchmark data for the comparative analysis with the gas-fired retrofit test
results.

Figure 6. Steam drums #3 and #7 instrumented for baseline test

The paper moisture level at the inlet of the test drum was kept relatively
constant in the target ranges of 10—-60% for all baseline runs.

According to the baseline test plan/matrix all the data was collected,
processed and analyzed. The drying rates and drum-efficiency values were
calculated for the steam-heated dryers. Table 1 displays the dryer performance
(results are presented for three different machine settings). The Table values
represent an inlet paper moisture content ranging from 52% to 55% for the
drum #3 and from 12% to 30% for the drum #7. It should be noted that the
drying rate and efficiency depend on many parameters including heat input,
drum surface temperature and inlet moisture content.
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TABLE 1. Drying rate and efficiency for steam drums

Dryer location Steam  Steam  Drum Inlet Moisture  Drying Drying
flow temp. temp. moisture  removal rate eff.
(Ib/h) (F) (] (%) (%) Ib/(h*ft?) (%)
Test #1 (baseline)
Entire machine 642 235 229 57 54.6 1.3 27
Steam dryer #3 98 259 249 52 8.5 24 43
Steam dryer #7  49.7 260 252 12 53 0.8 17
Test #3 (baseline)
Entire machine 653 231 222 57 54.2 1.4 32
Steam dryer #3 76 237 228 55 5.0 1.5 44
Steam dryer #7  42.3 237.8 230 30 3.9 0.8 27
Test #4 (baseline)
Entire machine 706 239 232 57 54.4 1.3 28
Steam dryer #3 94 257 247 54 6.5 1.9 45
Steam dryer #7  51.5 258.1 251 21 10.8 1.9 45

8. Pilot-Scale Testing

During the pilot-scale test the GFPD drum was installed in the same two
locations as for the baseline test. The drum was placed in the dryer #3 position
to test at inlet paper moisture levels of around 55% (wet end) and in the dryer
#7 position to evaluate the GFPD performance at inlet paper moisture of 10-
40% (dry end). The instrumentation of the paper machine for the GFPD test
was the same as during the baseline test with the exception of steam pressure
and temperature measurements at drums #3 and #7. Figures 7 and 8 show the
instrumentation diagram and GFPD view during GFPD firing. An advanced
air/gas flow management and mixing system, equipped with high accuracy
vortex flow meters and a portable gas analyzer, was used to control and monitor
flame stoichiometry and exhaust emissions.
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IRS - infra-red sensor

Figure 7. Piping and instrumentation diagram for GFPD testing

Figure 8. GFPD layout at high-temperature operating conditions
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9. Drum Surface Temperature

In order to vary the test drum surface temperatures the burner was fired at rates
ranging from 17 to 130 MBtu/h. The average drum surface temperatures ranged
from 264 to 467°F, with a standard deviation ranging from +3-1+9%. The
highest average drum surface temperature was 467°F with a standard deviation
of £17°F.

The GFPD surface temperature was limited to about 450°F due to the
operating limit for the high-temperature felt (monofilament fabric — Kleenflex
69) that was donated by Albany International Company.

10. Drying Rate and Efficiency

The pilot-scale evaluation demonstrated an increased drying rate for the GFPD
of about 4-5 times over the average value measured for the steam heated dryer
(see Figure 9). However, the maximum operating temperature of the felt
material limited the GFPD drying rate.
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Figure 9. Drying rate vs drum surface temperature at inlet moisture level 55%
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The drying efficiency was also calculated for the corresponding GFPD
drying rates. At the highest firing rate of 130 MBtu/h, a maximum drying
efficiency of about 60% was achieved at paper inlet moisture levels of 55%. On
the dry end, a maximum efficiency of 71% was achieved with a corresponding
drying rate of 4.9 lbs/h-ft*, at a surface temperature of 430°F and an inlet paper
moisture level of 43% (see Table 2). It should be noted that higher firing rates
(>130 MBtu/h) would lead to a much higher efficiency.

TABLE 2. Obtained results for selected GFPD tests on the dry end®

Dryer location Steam/gas Steam/Gas Drum  Inlet Moisture  Drying  Drying
flow rate temp. temp.  moisture rate eff’
(Ib/h) F) F) (%) (%) Ib/(hr (%)

ft?)

Test #1 (gas-fired)

Entire Machine 476.9 220 199 58 54.5 1.4 39¢

GFPD (dryer #7) 2.7 154 279 41 5.7 1.3 51

Test #2 (gas-fired)

Entire Machine 463.2 220 204 57 54.2 1.4 38°

GFPD (dryer #7) 4.4 164 352 38 11.0 2.4 51

Test #3 (gas-fired)

Entire Machine 378.5 213 204 59 54.8 1.4 44°

GFPD (dryer #7) 6.4 165 430 43 19.7 4.9 71

“Based on average of four paper samples
°Calculated based on heat needed for water evaporation and heat input from steam and combustion

“Taking into account heat input from steam and natural gas combustion

11. GFPD Emissions

The natural gas emissions produced by the GFPD were constantly monitored
during the testing and were all found to be within acceptable limits. The air/gas
ratio was controlled to allow 2-3% O, in the exhaust products. Below are the
ranges of exhaust emissions measured (corrected at 3% O,):

e NO, ~30-114 vppm
e CO ~3-30 vppm
e CO,~10.2-11%



GAS-FIRED DRUM DRYING 297

12. Paper Quality Results

Several paper strength properties were measured in order to determine the
effect of a higher temperature drying on the paper quality. The paper quality
analysis was performed by the WMU Paper Quality laboratory and is presented
in Table 3. The data for the baseline and GFPD tests were obtained based on the
averaging of 10 test samples and demonstrate that there is no tangible
difference in the paper strength properties between the baseline and GFPD tests,
which were carried out at different temperatures.

TABLE 3. Strength properties of the paper samples (linerboard)

Drum Basis Bursting  Caliper  Gurley Elongation  Tearing Tensile
temp. weight  strength  1/1000  stiffness resistance  strength
(¥) (g/m’)  (kPa) (in.) (GF (%) (gD (kN/m)
units)
Baseline 238 213 323 14.8 3.9 1.7 240 7.0
test
GFPD 430 210 351 15.0 4.5 1.8 233 7.9

test

13. Major Conclusions

The results of GFPD testing at the WMU Pilot Paper Plant successfully
demonstrated the advantages of a natural gas-fired approach over the steam-
heated one while producing an industrial linerboard (126 Ibs/3,000 ft?). It was
proven that drum dryer surface temperature could be increased up to at least
500°F, resulting in a significant improvement in drying rate over the existing
steam-heated drum without sacrificing product quality.

The GTI pilot-scale tests at WMU showed that the maximum drying
efficiency for the GFPD (calculated as the ratio of heat required for
evaporation/heat released by natural gas) is 75% compared to the 55%
maximum drying efficiency (calculated as the ratio of heat required for
evaporation/heat from steam condensation) for the comparable steam-heated
dryer. The overall efficiency of the GFPD (calculated as the ratio of useful
heat/total heat input) can be boosted up to 85% through the use of internal flue
gas recuperation (e.g., for combustion air preheat). The maximum value of the
steam dryer overall efficiency can be projected as 68% (assuming 15% losses in
the boiler, 10% in the transmission system and 10% in the dryer can).
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The TAPPI drying rate for gas operation was achieved at about 4-5 times
higher over the conventional steam operation, based on the GFPD pilot-scale
evaluation at WMU. The maximum increase in drying rate potential on the full-
scale paper machine would depend on the actual operating conditions and paper
grade, and is subject to determination during the GFPD field trial.

The conventional steam-heated drum at WMU consumed about 70 MBtu/h
of saturated steam heat to reach 250°F on the drum surface, compared to less
than 50 MBtu/h of heat that is necessary to reach the same surface temperature
for the GFPD. Moreover, to reach 500°F on the gas drum surface (which is not
possible in the case of a steam heating operation) the heat input would need to
be increased by only 40—50% over the steam heated drum (up to 120 MBtu/h).
It is believed that the gas-fired operation could allow the reaching of a higher
TAPPI drying rate, even at the same drum surface temperature due to the
absence of a condensate level on the bottom of the drying can that increases
thermal resistance to the paper web.

Preliminary estimates indicate that the GFPD drying system could lead to a
production increase of up to 20% without a dry end extension. The production
rate increase will depend on drum the operating temperature and the number of
drums installed/replaced. If the paper machine is not drying limited, the system
may be operated for the purpose of reducing energy consumption.

14. Full-Scale GFPD Development

The obtained results provide the basis for designing a full-scale unit to be
further evaluated for the merit of technical and economical benefits, and
showcasing this challenging approach for the drying-, steam- and space- limited
paper producers.
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Abstract. The given work develops the theory and studies the practical
application of multichamber combustion in flue water-heating boilers. The pro-
totype design of the secondary screen-radiator, to alter the geometry of the
combustion chamber is offered. Directions for the modernization and the
intensification of the heat exchange process in combustion chambers are
considered and determined. It is theoretically proven, that an offered method of
modernization of the combustion chamber, raises the efficiency due to an
increase in the convection and radiating heat exchange and reduces the harmful
emissions to atmosphere due to a change in the aerodynamics, the thermo-
dynamics and the kinetic processes taking place in the boiler. A mathematical
model is developed to determine the volume of recycled gases and the speed of
aerodynamic streams in the combustion chamber and fire tube of the boiler.
Calculations of the material balance of aerodynamic streams and thermal
calculations for the combustion chamber with a secondary screen-radiator
installed are carried out. Experimental studies under laboratory conditions are
executed, from which results confirming the correctness of the chosen method
for an intensification of the heat exchange process are received. The optimum
geometrical sizes and construction materials for secondary screen-radiators are
found. The coordinates of installation of such screen-radiators in the com-
bustion chamber to receive the maximal positive results are determined.
Changes of structure of the flame are investigated; with a sharp decrease in the
emissions of NO, and a reduction in time of heating the boiler waters is
recorded. The use of CFD modeling allowed a more detailed study of the
aerodynamics, thermodynamics and chemical kinetics processes that occur in
combustion chambers with a secondary screen-radiator installed. The initial
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results of the analytical and CFD models agree to within 5%, which testifies to
their adequacy.

Keywords: the chamber of combustion of the boiler, a secondary screen-radiator, the
efficiency, harmful emissions, flue boilers

1. Introduction

The economical usage of fuel and energy resources is becoming more and more
important every year. The reducing stocks of fossil fuels in the bowels of the
Earth, have resulted in shortages and as a consequence a significant rise in
price. This in turn results in a reduction in the caloric content delivered to the
consumer of alternate organic fuels. It is therefore necessary to search for
opportunities for mixtures of natural gas and biogas, and the replacement of
diesel fuel by the fulfilled oils and so forth. How such changes are negatively
reflected in ecology terms and result in the decrease in efficiency, capacity and
a reduction of service life of the boiler equipment should be investigated.

The cold season of 2005-2006 in Ukraine, has evidently shown the
complexity and importance of the problems connected with the stability of heat-
ing supplies to settlements and affects overall energy savings. Especially, as it
is actually the municipal services of Ukraine that consume up to 70% of the fuel
and energy resources of the country as a whole (Figure 1).

According to regional administrations carried out in the Ukraine, the
operational life of 57% of boiler-houses exceeds 20 years, 40% maintain boilers
with an efficiency less than 82%. Currently, there are around 10,800 boilers
with productivities from 100 kW up to 1 MWt that have been in operation for
more than 20 years. Therefore about 14,000 boilers with capacities of up to 1
MWt require replacement. There are questions of how to modernize and adapt
the existing equipment to work on low-calorie types of fuel, and at their greatest
possible efficiency.

It is necessary to note, that less than 30% of the total number of boilers have
reversive water-cooled combustion chambers and work with ventilator burners.
The majority of boilers are equipped with combustion chambers of great
volume and work with atmospheric burners. In last years scheduled replace-
ment of the code for the modernization of boiler equipment, a rule on smoke-
pipes boilers being equipped with ventilator type burners has opened additional
prospects for the use of an alternate method.
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Figure 1. Capacity of boilers used in municipal services of Ukraine as of 31.12.2005

2. Modeling the Processes Arising in the Chamber of Combustion After
the Installation of Secondary Radiators

Various authors have presented works directed on the increase of efficiency of
boilers and reducing emissions of harmful gases by the development and
installations of secondary radiators in the chamber of combustion of the boiler.
It is necessary to note, that water-heating boilers can be divided into two
groups by the construction method used: boilers with a “hot” chamber of
combustion and boilers with a cooled or “cold” chamber of combustion.

The distinctive features of the boilers considered in the given work, is the
compact sizes of the chamber of combustion (100, 200 dm’) and the high
degree of thermal pressure.

Methods for the intensification of the heat exchange process can be
developed by changing the geometry of the chamber of combustion, taking into
account processes of aerodynamics, the redistribution of temperature gradients,
gas velocities and the completeness of chemical reactions. This can result in a
stabilization and an intensification of the burning process and as a consequence
a reduction in the harmful emissions of CO and NO,.

The most widespread method of installation of secondary radiators is in the
zone of burning, requiring the use of high-temperature materials, for example,
stainless steel or ceramics (Figure 2).
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Figure 2. From left to right:
®  Secondary radiators from stainless steel
®  Secondary radiator from a metal grid
® Installation of a Secondary radiator in boiler “BK-22”

Taking into account, that recirculation results in the heating of the air and
fuel effecting the burning, the efficiency of the chamber of combustion of
boilers of low power can be determined using the formula:

ﬁ:(QH_ VB)“ng ng)/QHx 100% (1)

- For the case without heating of the air and fuel (1)

M =0u—VeACsy Tee+ VT A Cyp Tip)/On * 100% 2
- For the case with heating (2)

where Oy — the lowest calorific value of the fuel
V., Vs — the heated up and theoretical volumes of air going on burning
A — factor of surplus of air
Cyp, Csz — thermal capacity of gases of recirculation and leaving smoke
gases
Ty, Ts, — temperature of gases of recirculation and leaving smoke
gases.

The numerical calculations carried out by authors have shown that a rise in
the reaction temperature of the burning of 100°C, results in an increase of
efficiency of the chamber of combustion of 9.5%.

Simultaneously, it has been shown by the working normative method of
calculation for boilers that the installation of secondary radiators in the chamber
of combustion of the boiler has an adverse effect on efficiency.
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It is obvious, that the described design procedures were created for large-
scale industrial and power generation boilers working with solid, gaseous and
liquid fuels, and do not take into account the features and the processes
occurring within boilers of low power.

2.1 MATHEMATICAL AND CFD MODEL

To define the influence of the stand degree of recirculation on the overall
performance of the boiler, the parameters of the specially converted laboratory
boiler “Victor-100” have been taken for a basis (Figure 3).

1 — The chamber of combustion;
2 — Submission of air;

3 — Submission of methane;

4 — An output of smoke gases;

5 — A secondary radiator;

6 — The central section of space
of the boiler.

R, Z— The central axes,

I, I, 12 — Radiuses of bifurcation,
secondary radiator and chamber
of combustion, accordingly.

L=1,030, L, =880, [, =150,
D1 =320, D2 = 420 - overall
dimensions in mm

Figure 3. The geometrical sizes of the chamber of combustion of boiler “Victor-100” and
settlement area

In the standard boiler the burning of fuel occurs within the chamber of
combustion (first course of gases). Further products of combustion are formed
within the convective group of smoke-pipes (second course of gases) and from
there the gases proceed through a modular box to a chimney.

To gain a better understanding of the combustion processes occurring in the
chamber after the installation of a secondary radiator and the effect of the
recirculating gases, it is necessary to define a factor of recirculation. This can
be defined from knowing the distribution and speeds within the recirculation
zone of the boiler and coordinates of the bifurcation points.
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h — distance between a forward edges secondary radiator and internal brick-work wall of the
boiler; r,— bifurcations Radius; a, b — unknown factors, & — recirculation’s factor, r; — radius of a
secondary radiator; r, — radius chamber of combustion; ¢ — charge of natural gas; Ry, ¢, v.(r) —
coordinates of an axis smoke-pipes

Figure 4. The block diagram of calculation of aerodynamics of ring and slot-hole areas of the
combustion chamber of the boiler

The resulting block diagram of calculations for the aerodynamics of ring and
slot-hole areas of the combustion chamber of the boiler is shown in Figure 4.

On output from the ring channel the products of combustion are divided into
two streams: one acts in a convective bunch and the second returns into the
chamber of combustion. The velocity fields in this area can be accepted as
axisymmetric, and it is enough to limit the form of average trajectories of
particles of products of combustion by curves of the second order. The equation
of indissolubility of a stream was solved using the following simplifications:
the distribution of the density of gas, p;, p2, p; were averaged for three areas: on
an output of the ring channel, in space between a wall of the chamber of
combustion and a trumpet bunch, inside a trumpet bunch; and the boundary
conditions reflect an absence of radial speed at the walls and on a line of the
unit of streams.

2
lgr:b_ (Z_ZO)

rlalz-22F = (r-n )
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The dependent relationship of the component of velocities of a gas stream
on an input in a smoke pipe is found, and is defined as:

&.(r,p,z)=9, [zi - 2701%2(’,2 +r2 =2rrcos(p—o, ))]
0 m

It has been found using the following boundary conditions: all components
of velocities for the walls are equal to zero; the stream of radial speed through a
cylindrical surface » = r, (internal radius of the chamber of combustion) is equal
to a stream of axial speed through a face section of all smoke pipes; the stream
of radial speed through a lateral surface of a cone is equal to a stream of axial
speed through its basis.

&= Tp&zrdr /].p192rdr ,

1 2

The above formula defines the factor of recirculation of smoke gases in
terms of the radial coordinate 7. Which shows a share of the mass charge of gas
in the ring channel is returned in a secondary radiator. The given relationship is
determined under the assumption that there is no influence of the variations of
density and speeds of a gas stream. Having entered an hypothetical radius of the
unit of a gas stream, 7y — on which occurs the division of a stream on circulating
and transit (going in a bunch smoke pipe) it is possible to define the relationship
for the factor of recirculation as an indicative — sedate function

g = dwh’e ™"

Thus, it was possible to calculate the factor of recirculation from the
geometrical size of the chamber of combustion and the coordinates of the
secondary radiator location and bifurcation points.

After the installation of a secondary radiator, the process of burning occurs
with some of the products of combustion once in the fire-box, changing direc-
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tion and returning through a gap formed by the walls of the chamber of
combustion and the secondary radiator to the front of the boiler, forming a
convective loop. It is necessary to note, that at the front the boiler there is a
division of a stream of smoke gases which in part return to the secondary
radiator. So is formed an internal recirculation zone in the chamber of
combustion and an additional path for the gases.

Tests were carried out using diesel fuel in the laboratory and natural gas
under industrial conditions. In addition, a CFD model was created to simulate
the heat exchange in the chamber of the combustion, using the software product
FLUENT 6.3.

The following boundary conditions were used for the CFD simulation: the
burner produces a structure of uniform longitudinal speed containing a methane
and air mixture of mass flow rate 0.004 and 0.044 kg, respectively, the initial
turbulent kinetic energy was set to be 1 m?/s, the walls are assumed to be
absolutely smooth, with the normal velocity component equal to zero and the
output from the boiler is defined as atmospheric pressure.

The simulation was solved in three-dimensional stationary statement. The
boiler is of a double-thread welded type, with a fire-tube, and is gas-tight. The
boiler produces low-temperatures with the reversive furnace, and is intended for
use with gas or diesel fuel and has a capacity of 100 kW. The fuel is mixed
with air by the burner to factors of surplus 4 = 1.1 and higher. The chamber of
combustion of the boiler is formed by a fire-pipe.

Figure 5 shows the velocity vector field in the chamber of combustion, and
the distribution of temperatures for the boiler “Victor” with and without a
secondary radiator.

It can be seen that for the boiler without the installation of a secondary
radiator, there is a basic stream going from a torch surrounded by two steady
vortices which are larger than the torch (Figure 5.1a). Besides due to a
difference in density of the environment of the reagents and the products of
reaction, the burning flame is displaced in the top part of the chamber of
combustion; resulting in its nonuniform heating. The installation of a secondary
radiator promotes the occurrence of zones of laminar return streams directed in
a ring backlash to the front of the chamber of combustion (Figure 5.1b). The
recirculation allows the repeated burning of the products of the combustion and
a more uniform distribution of temperatures in the chamber of combustion
(Figure 5.2). The recirculation of the products of combustion (basically — NO,,
CO,, H,0O, and SO,) results in an increase of the degree of blackness of the
chamber of combustion and an intensification of the heat exchange process.
Changes in the distribution of pressure and temperatures inside the chamber of
combustion result in an intensification of the chemical processes of burning,
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Figure 5. At the left on the right: change of (1) speeds of a stream, (2) temperatures in the
chamber of combustion
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Figure 6. Left — distribution of speeds in the ring channel formed by the chamber of combustion
and a secondary radiator on axes R and Z. Right — values of factor of recirculation depending on
size of the gap between a secondary radiator and brick-work a forward door of the boiler. (1)
Analytical model, (2) CFD models.

increasing their speed and reducing the duration of the products of reaction in a
zone of the maximal temperatures, resulting in a reduction of the harmful
emissions to atmosphere.

Calculations of the values of the recirculation factor carried out on
analytical and CFD models differ by only 5%, which testifies to the adequacy
of the two models of calculation (Figure 6).

Checking the results of the models against real operating conditions is
complicated, due to the design constraints of the boiler, as well as carrying out
all of the experimental tests required.
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3. Experiment

All experiments were carried out in the laboratory using the modified boiler
“Victor—100” of Ukrainian manufacture (see Figure 7). Secondary radiators of
different dimensions were investigated: L = 2.5D, 1.84D, 0.9D, and Ssr/Scc =
0.65, 0.43, 0.21. The degree of recirculation of the smoke gases was also
investigated by moving the secondary radiator inside the chamber of
combustion within limits from 0.04 up to 0.16 m. The investigations were
carried out under laboratory conditions to confirm the correctness of the chosen
method of intensifying the heat exchange process in the combustion chamber,
and reducting the harmful emissions to the atmosphere (see Figure 7 for boiler
diagram).

I

Figure 7. The device of the laboratory stand, points of visual supervision over process of burning,
gauging of temperatures and chemical compound of smoke gases

® Apertures with quartz glasses for visual supervision and replaceable elements for
introduction inside of the chamber of combustion of the boiler of probes and thermocouples

1,5)
® Additional aperture for introduction inside of the boiler of probes and thermocouples (2)
® Point of gauging of temperature of water in the boiler (3)

® Point of definition of temperature and chemical compound of smoke gases in a chimney pipe

“4)
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The technique established of carrying out the investigations has allowed the
industrial testing of secondary radiators in boilers of various capacities and
from different manufacturers.

It is obvious, that the installation in the chamber of combustion of a
secondary radiator provides, due to recirculation, a method to return the
products of combustion from a zone in which the reaction of oxidation is
nearing completion to a zone where it is beginning. There is therefore a heating
of the reagents, causing a reduction in the values of activation energy, which in
turn causes an increase in the burning of the oxides of carbon and sulfur on the
surface of the secondary radiator.

It is important to note that the shielding a surface of the chamber of
combustion from the burner through the use of a secondary radiator, is
completely compensated by the heating of the radiator to temperatures ranging
from 600°C up to 900°C. The average values of the temperatures at the front
and inside the chamber of combustion without a radiator were found to be
605°C and 823°C, with a radiator they were 576°C and 1,163°C accordingly.

Temperature in degrees C Temperature in degrees C

e 2004
1200 l’rpa]_ 1-00’1’% L —
1100\ 1100
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Figure 8. Change of temperature (1) in the chamber of combustion and (2) at the front the boiler.
At the left — without a radiator, from the right — with a secondary radiator

Results of laboratory measurements are shown in Figure 8. The installation
of a radiator has increased the ratio of the combustion chamber temperature to
the front of the boiler temperature to a factor of 2, in comparison with the same
ratio of 1.36 times for the case without a radiator. There is also a noticeable
increase in length of the flame with the installation of a secondary radiator in
the chamber of combustion of the boiler, which has been proved from
measurements and visual supervision. It is recorded that the length of a flame
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without a radiator occupied about half of length of the chamber, and after his
installation about three fourth of the length.

By analyzing the speed of the heating up of the water in the boiler, it can be
concluded that the installation of a secondary radiator accelerates the heating
process and improves boiler efficiency.

Changes in the temperature values testify that there is an increase in the
overall performance of the chamber of combustion after the installation of a
secondary radiator, and the linear trend indicates a stabilization of the complex
processes occurring in the boiler. This will be compared to the results of the
numerical analysis based on the mathematical models. The increase in
efficiency corresponds with the results of the chemical gas analyses carried out
using the computer gas analyzers: rbr-Ecom KD M, Testo-350 and Ecolaine-
4000.

4. Results

The analysis of the conditions, by theory and practical testing, that cause the
intensification of the heat transfer in the combustion chambers of boilers has
revealed the practicality of the use of secondary radiators.

A design of a secondary radiator of cylindrical form has been developed,
constructed of stainless steel with the edges providing its symmetrical accom-
modation in chambers of combustion. Such design provides the occurrence of
an additional layer of gases and the occurrence of recirculation of gases to the
root of the flame. (The Application for the invention «Water-heating boiler» No
and 200511414 from 01.12.2005).

The developed mathematical model of the aerodynamics of smoke gases
inside the boiler allows the definition of the magnitude of the circulating and
transit gas streams.

This result has also been confirmed by CFD calculations which have been
developed on a personal computer. The agreement of the two different results
testify to the adequacy of the developed analytical model and CFD simulations,
it also indirectly proves the results of the experimental data.

The improved distribution of the radiant thermal stream after the installation
of a secondary radiator has been experimentally established. Visual supervision
of the burning process has revealed a lengthening of the flame of approximately
one third due to the introduction of a secondary radiator in the chamber of
combustion of the boiler, this corresponds with the results of analytical
modeling.

The experimental method has established the efficiency gains of applying
secondary radiators in boilers of various designs, and highlights the features of
movement in them of the aerodynamic streams.
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The installation of secondary radiators in boilers of “Victor” type, in the gas
boiler-house of the “KSW” enterprise has provided an increase of efficiency of
up to 2.0% and a reduction of the emissions of NO, to atmosphere of 5%. The
installation of a secondary radiator in boiler VK-21, of capacity of 2,000 kW in
the gas boiler-house of “Zhitomir-warmly communes-energy” has increased the
efficiency of the boiler by 0.4%, and lowered the emissions of CO by 77.5%,
and NO, by 52.4%.

4.1 INFLUENCE OF SECONDARY RADIATORS ON EFFICIENCY OF GAS
BOILERS

The initial investigations have established that in the water-heating smoke pipes
of the boiler “Victor—100”, the larger the size of an installed secondary radiator,
the greater the increase in efficiency of the boiler and simultaneously the
greater the reduction in emissions of NO,. It was found that the optimum results
are through the use of a secondary radiator of size parameters (0.9 D) and
a ratio of radiation area to total area of the chamber of combustion of 0.21, with
this it is possible to increase the efficiency of the boiler by 1.4% while
decreasing the concentration of NO, by 24 mg/m’. The secondary radiators
were also tested with boilers of foreign manufacture, for example the boiler of
RTQ RIELLO/Italy with a capacity of 105 kW, equipped with a gas burner.

During tests the maximum increase in efficiency of the boiler was found to
be 1.5%, with a secondary radiator length of 0.9 D and a ratio of its area to the
total area of the chamber of combustion of 0.32. A simultaneous reduction in
the concentration of NO, of 34% (52.4 mg/m’) was recorded with the in-
stallation of a secondary radiator of parameters L/D =1.84. From the point of
view of increasing the efficiency, the optimum installation position of the
secondary radiator of size 0.9 D is 140 mm from the edge of a face-to-face
trumpet board within the combustion chamber.

The maximum reduction of NO, was 30%, and the maximum increase of
efficiency was 1.2% for the boiler of RTQ (105 kW capacity). This was achieved
with tests of a secondary mesh radiator made of net steel construction and thick-
ness 3.0 mm with cell sizes 40 x 40 mm”, overall parameters were 0.9 D.

These initial investigations have revealed the dependence of the per-
formance of secondary radiators on the design features of various boilers. The
performance of the secondary radiator depends upon the initial aerodynamics of
the product gases, the distribution of fields of pressure and temperature, and the
varying turbulence intensity and radiating heat exchange in boilers of different
designs.

To check the chosen method on boilers of medium capacity, initial tests of a
secondary radiator were carried out in the boiler-house of enterprise “Zhitomir-
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warmly communes-energy” in the city of Zhitomir, on boiler “BK-21" whose
capacity is 2.0 MWt. The secondary radiator was of stainless steel construction
of size: length 1.0 m; diameter 0.5 m, radiator wall thickness 1.5 mm. The
radiator was located in the center of the burner. The results of these industrial
tests are shown in Table 1.

From the data shown in the table it is visible that the installation in the
chamber of combustion as a secondary radiator has halved the concentration of
NO..

TABLE 1. Tests of a secondary radiator for boiler «<BK-21», capacity 2.0 MWt

Point of gauging A Cco Co, NO, n
(mg/m®) (%) (mg/m’) (%)

Work of the boiler without a secondary radiator

Output from 1.2 130.2 13.3 102 72
the chamber

Output from 1.2 42.8 9.08 101.8 94.6
the boiler

Work of the boiler with a secondary radiator

Output from 1.3 169 12 59 76
the chamber

Output from 1.26 57 9.1 88 95
the boiler

4.2 INFLUENCE OF SECONDARY RADIATORS ON EFFICIENCY OF DIESEL
BOILERS

For the investigations that were carried out with diesel fuel, a burner used
during the study at Golling/Germany increased its capacity from 57 to 142 kW
for a increase in fuel usage of 4.8—12 kg/h.

The burner was equipped with a fuel pump of type — Danfoss BFP 20/21
size 3, which provides the flow of diesel fuel from the tank to an atomizer at a
set pressure. The size of the charge of diesel fuel to be burnt was defined by the
pressure in the pump. During the study the charge was kept at 10 kg/h. The
charge of fuel was monitored through the use of a graduated laboratory flask, of
capacity 2.0 1, and a stop watch.

Results of the gas analysis of the boiler for a selected output and constant
temperature conditions are tabulated in Figure 9. The photos illustrate the
burning processes described. Analyzing the data shows that after the installation
of a secondary radiator the concentration of NO, in the smoke gases has
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decreased by more than in 1.2 times, this shows the value of applying
secondary radiators as a means of suppressing the formation of NO, without
reducing the efficiency of the boiler.

Point of H  Ppoint of H
. A CO CO, NOy . A CO CO, NOy

gauging (%) gauging (%)

Output from Output from

the chamber 1.2 130 133 102 63  the chamber 1.3 169 12 59 72

of combustion of combustion

Output from Output from

1.26 43 9.1 101.8 94.6 126 57 98 88 95

the boiler the boiler

Figure 9. The data the works of the boiler received at tests on diesel fuel without a radiator — at
the left, and with a secondary radiator — on the right

The photos of the burner in Figure 9 testify to the brighter luminescence of
the flame with the secondary radiator. This is promoted by the heated surface of
the secondary radiator which emits radiant energy. The installation of a
secondary radiator has considerably extended the length of the flame.

5. Conclusion

Directions for the modernization and intensification of the heat exchange
process in chambers of combustion are considered and determined. It is
theoretically proven, that the proposed method of modernization of the chamber
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of combustion raises the efficiency due to increase in convection and radiating
heat exchange. There is also a reduction in the harmful emissions to atmosphere
due to change in the aerodynamics, thermodynamics and kinetic processes that
take place in the boiler.

A mathematical model was developed to determine the volume of recycled
gases and the velocities of the aerodynamic streams in the chamber of
combustion and fire tube of the boiler. Calculations of the material balance of
aerodynamic streams and thermal calculations for the chamber of combustion
with a secondary screen-radiator installed were carried out. Experimental
investigations under laboratory conditions were also carried out.

The results confirmed the ability of the chosen method to intensify the
process of heat exchange within a boiler. The optimum geometrical sizes and
constructional materials for secondary screens-radiators were established. The
coordinates of installation of the screens-radiators in the chamber of
combustion to achieve the maximum gains were determined. Changes in the
structure of the flame were investigated; and a sharp decrease in the emissions
of NO, and the time required to heat the boiler’s water recorded. CFD modeling
has allowed detailed studying of the processes of aerodynamics, thermo-
dynamics and chemical kinetics that occur in the chambers of combustion with
a secondary screen-radiator installed.

The initial calculations by the analytical and CFD models agreed to within
5%, which testifies to their adequacy.

Initial tests under industrial conditions of secondary screens-radiators in
boilers of 100 kW (Victor-100) and 2,000 kW (BK-22) of Ukrainian manu-
facture, and other boilers of capacity 575 kW (Vitoplex-100 Viessmann/
Germany) and 105 kW (RTQ Riello/Italy) were carried out for natural gas and
diesel fuels. These investigations have proved the chosen method intensifies the
heat exchange process in the chamber of combustion The initial studies also
allowed the development of the testing technique, whose results showed an
increase in aerodynamic resistance of the boiler of up to 17%, an increase in
efficiency of up to 1.7%, changes of temperature, and reductions in the emis-
sions of CO of 77.5% and NO, of 52%. The humidity of the leaving smoke
gases were reduced by 15%, and changes in O,, CO,, NO, and SO, concen-
trations measured.

Economic calculations have proven the practicality of the application of
secondary radiators, determining an overall economic benefit as the decrease in
fuel expenses quickly repays the initial capital outlay for the modernization of
the boilers.
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ENGINE EMISSION CONTROL USING OPTIMIZED COOLING AIR
DISTRIBUTION BETWEEN COMBUSTOR AND TURBINE HOT
SECTION

B. GLEZER
Optimized Turbine Solutions, San Diego, USA

Abstract. Presented paper is focused on turbine hot section cooling system
design and the effects that it has on overall engine emission characteristics.
Much consideration is given to industrial gas turbines due to their continuous
operation as prime drivers for electric power generators and mechanical driven
equipment like gas compressors and pumps. Although aircraft engines present a
major part of the installed power in the gas turbine market, they play a less
significant role in pollution due to a relatively short operating mission.

The paper provides analyses of compressed air distribution in a typical
advanced gas turbine engine. The air distribution in a combustor section, role of
air/fuel ratio in a primary zone and its effect on NO, and CO formation are
reviewed in detail. Means of emission improvement with the application of
advanced combustor liner cooling techniques and optimized configurations for
cooling of the combustor—turbine vane endwall transition are analyzed using
practical design examples. The impact of overall engine thermal efficiency on
emissions is discussed in comparison with the conventional characteristic that is
based on parts of pollutants per million in the engine exhaust.

Keywords: emission, combustion, cooling technology, optimized cooling distribution

1. Introduction

The ever increasing demand for electric power generation and sources of
mechanical drive for pipeline equipment and other applications was filled over
the last two decades with gas turbines ranging from 5 to 200 MW output power.
In many regions of the world gas turbines became a major source of fossil
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energy conversion devices resulting in their combustors contributing a
noticeable portion of the man-made pollution. To limit emissions of harmful to
the environment pollutants, the combustors on both new and upgraded
industrial gas turbines in the recent years gravitated toward dry low NO,
combustion systems. These systems employ lean premixed combustion to
achieve low NO, and CO emissions. The cooler flame temperatures of the lean
premixed flames are the primary mechanism for producing lower NO, levels.
This approach required significant rearrangement in the traditional distribution
of the air available for combustion, employing much greater amounts of air to
quench the stoichiometric flame temperature in the primary combustion zone
from over 1,700°C down to 1,450-1,550°C. At the same time it was unde-
sirable for CO formation to reduce gas temperatures anywhere within the
combustor primary zone to below 1,200°C. These limitations combined with
continuously rising operating temperatures (Figure 1) and increasing demand
for turbine and combustor cooling flows create significant challenges for gas
turbine designers dealing with an extremely tight budget of the available
compressed air.
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Figure 1. Trend of growth for key engine operating parameters
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2. Combustor Cooling Strategies and their Effect on Engine Emission

Figure 2 presents a generic simplified turbine hot section with the combustor
being the main consumer of the available compressed air. As it is shown later,
every design possibility to save this air can become essential for achieving
emission targets without sacrificing engine efficiency and durability.

Figure 2. Generic turbine hot section cooling system

2.1 DEVELOPMENT OF COOLING TECHNIQUES WITH EVOLUTION
OF COMBUSTOR DESIGN

The cooling requirements for the combustor liners vary with a number of
parameters, which have continually changed in the last 20 years of engine
development. The major parameters are:

e Hot gas temperature and type of fuel
e Cooling air temperature and allowable combustor pressure drop

Allowable material temperatures, expected life, and durability

Weight, cost, and complexity constraints

Considering that liner heat load is driven primarily by the flame radiation, the
calculation of the flame temperature and the heat flux through the liner wall
requires a good understanding of the combustion process. Figure 3 presents
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Figure 3. Effect of fuel to air ratio on engine emission

correlations between NO, and CO vs combustor flame temperature defined by a
fuel to air mass ratio.

A comprehensive monograph by Lefebre [1]. provides an excellent review
of various gas turbine combustor systems. It also details the calculation
procedures for the main factors that affect liner cooling. Figure 4 depicts some
of the conventional and advanced cooling configurations. Many early gas
turbine combustors were of a single or multiple can design and required a
transition between combustor exit and turbine inlet. Liners for many of these
combustors were assembled from a group of cylindrical shells that formed a
series of annular passages at the shell intersection points. These passages
created the louvers permitting a film of cooling air to be injected along the hot
side of the liner wall to provide a protective thermal barrier. The annular gap
heights were maintained by simple “wiggle-strip” louvers. Air metering was a
major problem with this technique. The application of splash-cooling devices
provided control of the cooling air entering the liner through a row of small-
diameter holes with air jets impinging on a cooling skirt, which deflected the air
along the inside of the liner wall. Annular combustors, which were introduced
later, originally also employed wiggle-strip and splash-cooling configurations.
Since then, the “machined-ring” or “rolled-ring” approach, which features
accurately machined holes instead of louvers and combines accurate airflow
metering with good mechanical strength, has been widely adopted in one form
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Figure 4. Combustor liner cooling techniques

or another. Introduction of highly penetrating combustion jets or significant
film cooling flows can negatively affect CO emissions.

Modern cooling techniques include angled effusion cooling (EC) using
multiple rows of small holes drilled through the liner wall at a shallow angle to
its surface. With this scheme, the cooling air flows through the liner wall, first
removing heat from the wall by convection—conduction, and then providing a
thermal film barrier between the wall and the hot combustion gases. From the
stand point of cooling EC presently is considered to be the most promising
option among advanced combustor cooling techniques that are being actively
developed for the new generation of industrial and aeroengines. For some
advanced aeroengines it has reduced the conventional cooling air requirement
by 30%. The main drawback of EC is an increase in liner weight of around
20%, which stems from the need for a thicker wall to achieve the required hole
length and provide buckling strength.

A common alternative to increasing the efficiency of cooling techniques is
to spray protective and thermal barrier coatings (TBCs) on the inner liner wall.
As it has for the last 60 years, the search continues for new liner materials that
will allow operation at higher temperatures. Current production liners are
typically fabricated from nickel-based alloys such as Haynes 230.
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The application of combined impingement — film or impingement — effusion
techniques are often considered when a higher cooling effectiveness is required.
These techniques require a double-walled liner design where the outer (in
relation to the gas path) wall in the double-walled region is perforated. The
advantage of the method derives from its use of cooling air to serve a dual
purpose. First, the air is shaped into multiple small jets, which provide impinge-
ment cooling to the front (primary zone) section of the liner wall, and then the
jets merge to form an annular sheet, which operates in a conventional film
cooling mode to cool a downstream section of the inner liner wall. Another
advantage of impingement cooling is that the impingement jets can be
positioned to provide extra cooling on liner hot spots. The higher cooling
effectiveness of these techniques comes with certain penalties in terms of cost,
weight and higher pressure losses that affect overall engine efficiency. Another
concern stems from the significant difference in temperature between the two
walls leading to a differential expansion that might result in buckling of the
inner wall if the local hot spots become too severe. Also, the high heat-transfer
coefficients that are normally associated with impingement cooling cannot be
realized fully in the downstream section, because the film of air discharged
from the upstream protects the downstream section reducing the inner wall
metal temperature and thus lowering the effectiveness of impingement cooling.

Similar to other cooled turbine components the combustor air inlet and hot
gas outlet temperatures can be combined together with the maximum allow-
able liner wall temperature into a single parameter called cooling effectiveness,
reflecting the thermal load on the wall at given heat transfer conditions. The
larger this parameter, the more cooling air is needed, or the more effective the
cooling method must be (Figure 5). Advanced large engines are clearly
approaching the limit above which pure film cooling is no longer sufficient. In
the past, therefore, an iterative solution was found in reducing the surface in
need of cooling by shortening the flame tube. This was made possible by the
adoption of improved fuel preparation systems. Over the years the ratio of the
liner length to its height dropped from about 4 for old engines to about 2 for
new engines.

Cooling configurations were extensively studied in model rigs, where the
cooling action is determined at defined constraints [2—5]. When applying the
cooling configuration to real combustors, the exact constraints are unfortunately
not known. This applies in particular to constraints on the hot gas side. The
flow pattern and the local temperature in the flame tube, familiarity with which
is a prerequisite for determining the constraints, cannot normally be measured.
For this reason, these quantities must be computed using 3D CFD computations
for the combustor flow, where the local release of heat is to be determined
accurately enough to derive local temperatures, velocities and radiation load.
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Codes for this purpose already exist, although the confidence in the results they
provide is still limited. However, the recent improvements in accuracy of the
analytical predictions suggest that future designs of combustor cooling
configurations should be made in combination with CFD computations.

Many details of practical combustor designs and liner cooling features can
be found in references [6—10].
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2.2 THERMAL BARRIER COATING

One attractive approach to the problem of achieving satisfactory liner life is to
coat the inside of the liner with a thin layer of a very low thermal conductivity
material, which is often called a thermal barrier coating (TBC). A suitable
material of low emissivity and low thermal conductivity could reduce the wall
temperature in two ways: by reflecting a significant portion of the radiation heat
flux from the flame and by providing a layer of thermal insulation between the
hot gas and the wall of a base metal. The steep temperature drop through
the TBC varies with the thermal conductivity and thickness of the layer, and the
heat flux through the layer that is greatly affected by the heat transfer from the
hot gas and to the cooling air. If the TBC coated wall is not provided with
sufficient back side cooling, the barrier helps little in lowering the temperature.
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A further benefit may be gained if an oxidation-resistant base coat is applied
because it reduces the oxidation constraint on the choice of liner-wall material.

An ideal TBC would be chemically inert and have good mechanical
strength, resilience to thermal shock, and resistance to wear and erosion. Above
all, it would have a low thermal conductivity and a thermal expansion
coefficient that is similar to that of the base metal. A typical thermal spray-
deposited TBC comprises a metallic base coat (e.g., 0.1 mm of Ni Cr AL Y),
plus one or two layers of ceramic (e.g., yttrium-stabilized zirconium oxide
ZI'Oz).

Recent developments in the strain tolerance of the TBC have reduced the
necessity for an intermediate coat, and two-layer coatings are now sometimes
specified for improved mechanical integrity.

Plasma flame spraying is often used to apply the ceramic and base coat
layers because it is found to provide durable and reproducible coatings. A
typical overall coating thickness is around 0.4-0.5 mm, which gives metal
temperature reductions of the order of 55-90°C, depending on the heat flux
through the liner wall. In this context it was noted earlier that for a TBC to be
fully effective there must be adequate heat removal from the “cold” side of the
liner wall. The most favorable temperature reduction in the base material that
results from implementation of a TBC is obtained at highest convection heat
transfer coefficients on both hot gas side and air cooled back side of the liner
wall. Inevitably, this means that liner geometries will become more complex as
various features (such as fins and ribs) are added to augment the convective
heat transfer from the cooled side of the wall in order to derive the full benefit
from the TBC coating on the inner wall.

The reduction in wall temperature obtained from using a TBC can be
calculated by adding a term of TBC resistance Rrpc = (k/f) (T, —7T;) and solving
one-dimensional heat transfer equations for the composite liner wall, where:

k — TBC conductivity

t — TBC thickness

Ty — hot-side surface temperature of TBC

T; — temperature at interface between TBC and liner wall

2.3 TRANSPIRATION COOLING

For the cooling air to be utilized much more effectively than in traditional film
cooling-based designs, the single layer perforated sheet must be replaced with a
multiple layer sheet structure where the cooling air is routed through a winding
path between and through the layers. This arrangement is referred to as
transpiration cooling. This method approaches an ideal wall-cooling system
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which can maintain the entire liner at the maximum temperature of the material
avoiding cooler regions that would represent a wasteful use of cooling air. The
transpiration cooled liner wall is constructed from a porous material that
provides a large contact area for heat transfer to the air passing through it.
Because the pores are uniformly dispersed over the surface of the wall, the tiny
air jets emerging from each pore rapidly form a protective layer of a relatively
cold air over the entire inner surface of the liner. While passing through the
pores, the cooling air removes a significant amount of heat from the wall. When
this combined convection—conduction wall heat transfer is coupled with the
protective layer of discharged film, the overall cooling effectiveness is
sufficient to counterbalance very high heat loads that include radiation from the
flame. This means that, in addition to acting as a porous medium, the wall must
also have good heat transfer properties and be of adequate thickness. A problem
this poses is that, in order to form a stable boundary layer on the inner surface
of the wall, the coolant flow should emerge with as a low velocity as possible,
whereas for maximum heat transfer within the wall a high velocity is required.
Although transpiration cooling is potentially the most efficient method of liner
cooling, its practical implementation has been very limited due to availability of
required porous materials. The porous materials developed to date have failed
to demonstrate the required tolerance to oxidation, which has led to the small
passages becoming blocked. These passages are also sensitive to blockage by
foreign particles in the air.

2.4 EFFUSION COOLING

The simplest approach to a practical form of transpiration cooling is a wall
perforated by a large number of small holes. Ideally, the holes should be large
enough to remain free from blockage by impurities, but small enough to prevent
excessive penetration of the air jets into the mainstream. Provided that the jet
penetration is small, it is possible to produce along the inner surface of the liner
a fairly uniform film of cooling air. If, however, the penetration is too high, the
air jets rapidly mix with the hot gases and provide little cooling of the wall
downstream. EC can be applied to all or any portion of the liner wall but due to
the high rate of cooling flow required, it is best used for treating local hot spots
in the liner wall. Another useful role of EC is in improving the effectiveness of
a conventional film-cooling slot. As the film of air from this slot moves
downstream, its temperature gradually rises due to the entrainment of the
surrounding combustion gases. Eventually, it becomes so hot that it starts to
heat the liner wall instead of cooling it. If EC is applied before this point is
reached, the injection of cold air into the film enables it to maintain its cooling
effectiveness for a longer distance downstream.
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In conventional EC, the holes are drilled normal to the liner wall. The
advantages to be gained from angled EC with the holes drilled at a shallower
angle are twofold:

e An increase in the internal surface area available for heat removal. This area
is inversely proportional to the square of the hole diameter and the sine of
the hole angle. Thus, for example, a hole drilled at 20° to the liner wall has
almost three times the surface area of a hole drilled normal to the wall.

e Jets emerging from the wall at a shallow angle have low penetration and are
better able to form a film along the surface of the wall. The cooling
effectiveness of this film also improves as the hole size and angle are
decreased.

Some studies showed that the cooling effectiveness can be increased by 60% at
a realistic pressure ratio of 1.03, if the hole is made at an angle of 20° vs being
normal to the wall surface. It is clear that the practical implementation of an-
gled EC is highly dependent on an ability to accurately, consistently, and
economically manufacture large numbers of oblique holes of very small
diameter. Advances in laser drilling have made this possible, and this cooling
method is now regarded as a viable and economically acceptable technique. At
the present time, the lower limit on a hole diameter is about 0.4 mm, whereas
the lowest attainable hole angle is just below 20°. Andrews [2—5] presented a
number of papers that are widely used for advanced liner cooling design. Full
coverage discrete hole impingement cooling and effusion film cooling are
extensively used in gas turbine blade and combustor wall cooling. However,
most applications and most experimental investigations are for these cooling
techniques used separately. The combination of impingement and EC offers a
good means of improving the overall cooling effectiveness of both turbine
blades and combustor walls and of minimizing the coolant flow required to
achieve the desired cooling effectiveness. Combined impingement/EC with
equal numbers of holes, but the main pressure loss at the impingement holes,
have very good internal wall heat transfer characteristics with increases of 45%
and 30% found for two designs, relative to the impingement only situation.
Studies of combined impingement — EC yielded the following conclusions:

e The combined impingement/EC heat transfer was not greatly influenced by
the effusion wall design for the effusion/impingement hole diameter ratios.

e The measured combined impingement/effusion heat transfer coefficients
were lower than the sum of the separate impingement and effusion wall heat
transfer by approximately 15-20% for the two designs tested. This indicates
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that there was an interaction between the two heat transfer modes, which
reduced the net heat transfer.

e The overall cooling effectiveness results demonstrated the large benefits to
be obtained from the addition of impingement cooling to EC. However, the
film cooling part of the process, which was strongly dependent on the
effusion hole size, had a strong influence on the wall impingement/effusion
heat transfer coefficient.

Cost, increased weight, durability, and ability to repair the angled effusion
cooled liners are the main concerns that limit their application. These issues can
only be fully resolved by extensive service experience.

Future developments in angled EC will tend to focus on the optimization of
hole geometry. A diffuser-shaped expansion at the exit portion of the hole has
been shown to improve cooling effectiveness due to lower exit velocity and
reduced penetration of the air jet into the hot gas stream. However, a cost-
effective method of producing the shaped holes has yet to be developed.

2.5 AUGMENTED BACKSIDE CONVECTION

The introduction of low emission combustors has resulted in partly changed
challenges compared to those associated with conventional combustion
chambers. Low-emission combustors for advanced industrial engines target
very low NO, emission using the lean-combustion principle. In the lean-
combustion concept the objective is to use a large fraction of the air for
combustion in the primary combustor zone to achieve reduction in combustion
temperature and NO, emissions. The resultant effects on the available cooling
air flow are shown in Figure 6. As expected, the amount of air required
increases for lean combustion. As illustrated in Figure 6, the amount of cooling
air available decreases proportionately. Consequently, with a primary zone
temperature of 1,700°F and a combustion chamber exit temperature of over
1,500°C the portion of air available for cooling is only about 20%. Therefore, it
is necessary to find methods of cooling, which require less air or methods that
can use the air in sequence for liner cooling and then for the primary zone
“quenching”.

This application of in-series cooling can make most of the combustor air
available for cooling the liner backside. The convective heat transfer rate on
the back side of the liner can be increased by the application of fins, pedestals,
ribs or any other form of secondary surface that augments convective heat
transfer and increases the effective area for heat exchange. Augmented back-
side convection (ABC) cooling method can be particularly beneficial when
combined with TBC applied to the inner surface of combustor. Usually, this
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cooling technique will require an additional “cold” wall to control the air
passage. Such dual-wall cooling structures are not necessarily easy to translate
into practical designs. The inner wall being hot and the outer wall cold result in
excessively high differential temperatures and hence differential expansions
between inner and outer walls such that a fixed joint is made impossible.

Therefore, the outer wall is normally designed as a supporting structure,
while the inner wall is designed as shingle-type individual plates with sufficient
clearance between them to accommodate the difference in thermal growth.
Some of the design concepts, however, can be based on a reversed scheme
where the hot wall is a continuous structure and outer wall is sectioned and
spring loaded against the liner [11]

Specific information on the use and performance of various extended-
surface configurations for the liners, including ribs, fins, and pedestals, may be
found in [12]. One of the critical parameters that can limit the application of
these techniques is the pressure loss of the cooling system, which should not
exceed 1.5-2% of the total compressor discharge pressure, otherwise causing
unacceptable engine performance penalties. Among the various heat transfer
augmentation techniques that might be attractive for this application is a surface
with periodic concavities often called dimples, which has been recently
introduced also to combustor cooling. The application of the dimpled back side
cooled surface, when optimized for certain geometry applicable to combustors,
showed significant improvement in heat transfer at remarkably small pressure
loss [13]. Fabrication of a liner wall that is smooth on the gas side and dimpled
on the cold side can result in certain manufacturing challenges, however.
Combination of this cooling method with a TBC can provide promising design
alternatives to more complicated low emission combustor systems.

Existing practice comparing the emission of different engines usually
focuses on parts per million (ppm). This practice does not take in account
overall engine thermal efficiency that has reverse function of the consumed fuel
(also known as SFC). Meantime, it is directly related to the amount of produced
pollutants and should be taken in consideration as important contributor to
emission.

The significant effect of cooling air discharge downstream of the combustor
on engine efficiency is well known. The cooling of the transition between
combustor and turbine as well as the stage 1 nozzle endwalls presents a
particular interest in optimizing cooling budget and improving turbine
efficiency. A number of studies and some advanced engine designs [14] have
demonstrated benefits of treating combustor exit transition and nozzle endwalls
together by utilizing some of the spent combustor cooling air for effective
cooling of the endwalls as well. The introduction of this air upstream of the
nozzle leading edge, in the region of a low Mach number, helps to keep cooling
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air film next to the endwall without it being washed away by a horseshoe
vortex. A triple positive effect can be achieved with this arrangement: saving
some of the cooling air flow, improved endwall-cooling effectiveness and
improved turbine efficiency. All of these benefits can assist in overall engine
emission reduction.
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THE INFLUENCE OF MOISTURE IN AIR ON THE WORKING
EFFICIENCY OF BOILERS IN THE INDUSTRIAL AND MUNICIPAL
ENERGY SECTORS

A. 1. SIGAL" A. A. DOLINSKY
The Institute for Engineering Thermal Physics
National Academy of Science of Ukraine

Abstract. The necessity of taking into account and compensation of influence
atmospheric air parameters that is used for combustion, for the dynamic of
changes of heat-and-power characteristics process, is showed on the basis the
review of situation which happened in the municipal energy sector of Ukraine.
The double role of moisture in the hydrocarbon fuel oxidizing process is
proved. The preliminary quantity estimation of water steam volume, which can
take part in the combustion process chemically intensifying it, is given.

Keywords: combustion process, moisture, surplus moisture, nitrogen oxides

1. Results

A great number of studies have been devoted to the influence of moisture on the
combustion process. Among the most significant of these studies are those
conducted by Kormilitsyn (of the Krzhyzhanovskiy Institute of Energy, at the
E.P Volkov Russian Scientific Academy) and Tsyrulnikov (of SredAsNIOgas,
at the Moscow Institute of Energy)'°. However, the deterioration of the fuel
combustion process in dry air under increasing temperature remains unexp-
lained. Similarly, the improvement of the combustion process with increasing
temperature during the delivery of recirculation gases to the combustion zone,
mentioned by various authors in the literature, also remains unexplained. For
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example, ref’ mentions that after switching off the recirculation smoke exhaust-
ters at two boilers, the furnace regimes deteriorated significantly; the density
and luminosity of the torch increased and the faintly blue color was changed to
yellow.

In recent years, research conducted by the Institute of Thermal Physics
Engineering at the Ukrainian National Academy of Sciences and in industrial
conditions, has demonstrated that it is necessary to account for the role of mois-
ture, delivered as both water and vapor, in the calculations of the combustion
process, as well as the generation and decomposition of toxic substances (nitro-
gen oxides, carbon oxides, etc.).

In both the municipal and the industrial energy sectors, the air for com-
bustion is taken directly from the atmosphere. The content of oxygen available
for combustion in 1 m® of air changes with the temperature and moisture of the
air. Changeable boiler input parameters can lead to the absence of stationary
process parameters completely, i.e., an in-effective combustion supply at the
constructive level, the necessity on the complicated basic automatics and at the
end fuel overrun.

Calculations and experimental research have been performed where it was
possible to define the volume of moisture in the input components in the
process of hydrocarbon fuel combustion.

Until recently, it was considered that the influence of moisture on the
combustion process was negligible, only contributing to the consumption of
heat in the combustion zone as ballast through heating and evaporation. This
idea was facilitated by the comparison of the moisture content in the fuel-
oxidizer mixture with the moisture content in the combustion products. Accor-
ding to the equation of methane oxidization, the complete combustion of 1 kg
of methane produces 2.25 kg of steam. In the introduction of oxidizer — air with
a moisture content of 20 g/1 kg of dry air — 300 g of water per 1 kg of methane
may be additionally inserted when o = 1.1. Although, the starting moisture of
the fuel-air mixture will form 8-9% of the combustion products. This is the
basis for the idea that the moisture content of the input components has a
negligible impact on the combustion process.

Experimental studies have shown that moisture in the initial components of
the combustion process can be divided into two sections. The first is the
moisture that takes part in the chemical process of fuel oxidation, i.e., the
moisture decomposed during high-temperature dissociation to oxygen and
hydrogen before combustion followed by the formation of hydroxyl OH and
peroxide radical HO,, which are strong oxidizers that accelerate the hydro-
carbon combustion process. For example, the final oxidation of CO in the
reaction:

CO + OH — CO; + H,0, (1)
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The second is the moisture that does not take part in the chemical
combustion process, i.e., surplus moisture that plays the role of ballast and
carries off the heat from the combustion zone.

The variety of data in the literature and the subsequent disagreement over
the influence of moisture on the combustion process is essentially explained by
the dual role of moisture®'’. Opinions differ from the intensification of the
combustion process to the increase of ineffective ballast volume. It may be
assumed that for such widespread processes as recirculation of the combustion
products into the combustion zone and flame turbulization in diffuser burners,
the former is the case.

Obviously, with increasing moisture content, the oxygen content in the air
decreases when the temperature increases. This explains the initiation of the
chemical under combustion and the yellow flame in small boilers during
precipitation, as well as the necessity to increase the working excess air factor
in contact with the installed air-heaters.

Using the experimental rig, the effect of adding a drop of distilled water of
known volume to a laminar flame on the process of methane combustion was
investigated. The drop “hovered” on the injection needle, where the flow rate
was balanced by the speed of evaporation. In this way, the surface of
evaporation was constant throughout the experiment.

It was demonstrated that both increasing the drop volume by almost a factor
of 10 (Figure 1) and adding an additional drop of the same volume to the
laminar flame boundary (Figure 2) did not significantly reduce the temperature
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Figure 1. The “step” in temperature of laminar flame boundary (« = 1.1) caused by the addition
of one drop V — Without moisture introduction x — With introduction of one drop
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or the concentration of nitrogen oxide in the combustion products. In fact,
comparing the influence of the effectiveness of the evaporation of the first and
second drops as demonstrated by Figure 2, enables the comparison of the
chemical and clearly thermodynamic impact of the added moisture in equal
amounts.
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Figure 2. NO content and temperature by flame boundary width of laminar methane flame V —
Without moisture introduction ¥ — without moisture introduction. O — With introduction
of one drop. ® — with introduction of one drop. O — With introduction of two drops. @ — with
introduction of two drops
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Figure 3. Ecological efficiency of moisture introduction in the combustion zone
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During the introduction of additional oxidizer (i.e., increasing the excess
factor by 20%), the efficiency of the repression of NO formation by moisture
inserted into the combustion zone decreased by almost half (Figure 3).

In order to investigate the influence of peroxide radical and hydroxyl groups
OH on the intensification of the combustion process, experiments were
performed where hydrogen peroxide solution was added to the methane flame
using the method described above. The results presented by Figure 4 clearly
demonstrate that higher local temperatures develop with increasing H,0,
concentration in the flame.
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Figure 4. NO, content by flame boundary thickness of laminar methane flame

® | — With introduction of one drop H,0,

® 2 — With introduction of one drop of 3.0% solution H,0O,

® 3 — With introduction of one drop of 7.5% solution H,O,
® 4 — With introduction of one drop of 15.0% solution H,0O,
5 — With introduction of one drop of 30.0% solution H,O,

The results indicate that the effect of introducing additional components to
the combustion process cannot be referred to in thermodynamic terms alone.
However, if we compare, for example, the most frequently introduced ballasts
such as surplus air and steam, then we find an interesting result as demonstrated
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by Figure 5. As the maximum local temperature of the process increases, the
efficiency of introduction of thermodynamically different ballasts draws
together. This can be explained by the domination of kinetics in the field of
maximum temperatures.
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Figure 5. Thermodynamic efficiency of ballasts with different specific heat o — Steam,
T'=373K, a=1.0x-Air, ’=373K

Reference'' stated that choosing the correct amount of moisture to
introduce, its dosage, characteristics and the content of the additions, which are
the sources of radicals, define the combustion process. The author attempted to
characterize the amount of moisture necessary for the required performance.

The amount of moisture that can be chemically used in the process of
combustion is different for different fuel types and depends upon the excess
factor.

The ratio between the moisture contained in the primary fuel-air mixture
and the moisture that takes part in the chemical combustion process
(stehiometry quantity) can be called the excess moisture factor using the
analogy of the excess factor. Accordingly, if this ratio is equal to one, the
combustion zone is over ballasted with moisture which causes energy
overexpenditure in the process on its evaporation. Accordingly, if the excess
moisture factor is less than one, slowing down of the combustion process and
increasing of the flame length will occur due to the absence of the necessary
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amount of the hydroxyl group, other atoms and radicals necessary for quick
oxidation. This is of practical importance in the regulation of gas combustion,
primarily in the furnaces of boilers and stoves.

Fixing studies of the boiler may lead to the definition and fixing of the air—
fuel ratio. In the absence of an air-heater or moisture control this ratio would be
variable depending on the real temperature and atmospheric air moisture, which
would be useful in the industrial (besides heavy and chemical industry) and
municipal heat energy sector where the boilers are not equipped with air-
heaters.

Calculations of the moisture content in the primary reactants necessary for
combustion, the so-called stehiometry value, show that:

e The energy necessary for the evaporation of 1 kg of moisture is nearly 6,000
kcal/kg. The energy of water molecule dissociation (depending on how
dissociation occurs) is 114-122 kcal/gram-molecule; approximately 5,500
kJ/kg. In general, the energy consumed by evaporation and dissociation is
nearly 25,000 kJ/kg.

e For natural gas under adiabatic conditions the dissociation of 1.3 kg of
moisture consumes over 33,500 kJ/m’. In practical conditions it is much
more difficult to estimate the energy that may be consumed by dissociation,
but by various estimations, it will form 10-20% of the amount consumed
under adiabatic conditions, i.e., 3-5 MJ/m’ of dry gas will be enough for
water dissociation. To estimate the moisture content of the primary
reactants, with 280 g/m’ natural gas, 20 g/m’ moisture content of air and o=
1.3, then the ratio for practical conditions, i.e., the excess moisture content
factor, will be nearly 1.4 (280/200). From these figures, the optimal
moisture content in the air used for combustion will have a value between
13-15 g/m’ of dry air.

2. Conclusions

1. The total amount of steam that takes part in the combustion process can
be divided into “necessary” and “excess”.

2. The ratio of steam in the primary products (fuel, oxidizer) to the
theoretical amount of steam necessary in the combustion process, can be
called the excess moisture factor.

3. Steam formed as a the result of the combustion process usually does not
take part in the combustion process other than through the recirculation of
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the combustion products or the insertion of water and steam into the
combustion zone.

4. Insertion of an insufficient amount of steam to the combustion zone, i.e.,
less than is theoretically required, slows down oxidization and hastens the
formation of the products of incomplete combustion.

5. For quick disbalance processes the role of water steam in the reactions of
combustion increases with the speed increase and disbalance process.

6. For the purpose of normalizing the primary parameters of boilers and
preventing fuel overexpenditure, it would be appropriate to fit boilers
used in industrial and municipal power sector with air-heaters, thereby
facilitating air moisture control.
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FLAMELESS OXIDATION TECHNOLOGY
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Abstract. Flameless combustion is the most significant recent advancement in
high-temperature combustion technology and has been applied to industrial
furnaces with well proven, very low NO, performance and high energy savings.
This experience has produced spinoffs in power-generating equipment, from
innovative gas turbine combustors to small reformers for decentralized H,
production, and R&TD of flameless oxidation techniques is quite promising for
new advanced process design.

Keywords: flameless combustion, flameless oxidation, self-ignition temperature, flue
gas recirculation, low NO, firing in furnaces, energy savings, low NO, gas turbine
combustors, small-scale reformers, solid fuel pressurized combustion

1. Introduction

Concern for the environmental burden caused by the combustion of fossil fuels
is a primary issue in the design of energy intensive processes for both large
plants and distributed fuel fired devices The flameless combustion technology
applied to high-temperature industrial processes stems from systematic
investigations carried out at laboratory scale and from their application to large
plants in the steel industry. Results are very satisfactory both for abatement of
NO, emissions and for energy savings; spinoff and ongoing R&TD in the field
of power generation is very promising. All this started from looking again at
basic principles. A conventional flame is based upon a mechanism as old as fire
discovered in nature many centuries ago: a stable flame develops from a
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stationary flame front that is a few millimeter thick. Burner design is primarily
concerned with the problem of stabilizing the flame front by means of fluid
dynamic devices. Typically, a bluff body drives back hot reaction products that
heat up the fresh fuel-air mixture, thereby triggering a stable chain reaction.
High gradients of temperature and species concentration in a confined space are
required to obtain a stationary flame.

2. Flameless Combustion

In a stabilized flame burner most reactions occur within the flame front, where
local temperature approaches adiabatic temperature. In a flameless burner, the
flame front is deliberately avoided and combustion reactions occur as fuel and
air mix together with entrained recirculated combustion products. For the
process to occur, the combustion products must be above the self-ignition
temperature (>850°C for safety). The reaction rate is determined by the mixing
pattern between three partners: fuel, air, and combustion products entrained
before combustion. In the flameless mode the temperature profile is determined
by the mixing pattern with the recirculated combustion products and cannot
depart much from the temperature of these entrained combustion products or
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Figure 1. NO, emissions from steel furnaces vs process temperature

In the flame mode, the temperature profile peaks in the flame front close to
the burner and decreases downstream as mixing and reactions proceed. This
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temperature peak is conducive to enhanced thermal NO formation as described
by the Zeldovich mechanism (Wiinning, 1991). To abate temperature peaks
means to abate thermal NO and in fact flameless combustion does abate NO,
emissions by one order of magnitude. Figure 1 reports the accumulated data, on
a logarithmic scale, relevant to many natural gas fired furnaces in the steel
industry: the advantage of flameless technology for temperatures >850°C with
respect to the best low-NO, burner designs is quite evident.

Figure 2 shows how the flame and flameless modes are implemented in high
velocity burners, common in heat treatment furnaces for steel products.

reacting fuel & air

Combustion products Combustion
or flue gases roducts or
lue gases

» |
mﬁ
Ug ===

fr,gas, fla el%ﬁstion

Figure 2. Flame mode and flameless oxidation mode

Flue, air , gas, flame-front, flame

The domain of flameless combustion has been investigated on a test furnace
as a function of the recirculation ratio K, defined as the ratio of recirculated
mass flow of combustion products (before reaction) with respect to the driving
flow rate of reactants (Wiinning, 1991, 1997):
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Figure 3 presents a schematic of the results: for temperatures > ~850°C,
above self-ignition, a domain of stable reaction region without flame front can
be established, corresponding to large K, values (order of K, > ~3), that are
obtained with high momentum of the injected fluids. This domain has been
called flameless oxidation or by the trademark name FLOX. It is not possible
to establish a conventional flame front for K, values > ~0.3-0.5 and the
intermediate region is typical of “lifted flames” and of unstable combustion.
Below ignition temperature, only the burner stabilized flame mode is admis-
sible (to avoid risks of explosion).

Flameless oxidation does not produce a visible flame (Figure 2) and this
explains the name flameless; furthermore, this combustion mode is almost silent
and abatement in combustion noise (~15 dBA) is at least as impressive as the
disappearance of a visible flame, proving that the turbulent flame front accounts
for most of the typical combustion roar of high velocity burners (Wiinning,
2005). Flameless oxidation has been thoroughly investigated by WS (EP
Patents): FLOX has been shown to work for rich, near stoichiometric and for
very lean combustion conditions; it works with and without air or fuel preheat.
It also works for diffusion, partial premixed and premixed combustion. A well-
known advantage concerns low-NO, burners operated at very high air preheat:
unlike the conventional flame mode, the flameless mode is insensitive to air
preheat temperature as far as NO, is concerned, and this is very important for
application to high-temperature industrial processes or furnaces.
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Figure 4. Thermal efficiency vs process temperature

3. Energy Savings in Steel Furnaces

The thermal efficiency of high-temperature furnaces can be greatly increased by
means of efficient air preheating (Figure 4) (preheat temperature is defined as a
percentage & of the process temperature): high efficiency 7th is equivalent to
reduction in fuel consumption and to a corresponding saving in greenhouse gas
emissions. High preheat, like air at 800—1000°C, is only technically feasible if
special combustion techniques are adopted in order to prevent unacceptable
NO, emissions and local overheating. Flameless oxidation fits this requirement
perfectly and can be considered a prerequisite for such applications.

A preferred burner design is based on burner integrated heat recovery
(Figure 5): flue gases are extracted through the burner itself and combustion air
is preheated in the countercurrent while cooling the flue gases. This is a
convenient solution for furnaces equipped with several burners: cold com-
bustion air is distributed to the burners while almost cold flue gases are
extracted from a common manifold. This design offers effective preheating
efficiency: in a well-stirred furnace, centralized heat recovery allows thermal
efficiency ~60% (~40% for no preheating at all), burner integrated recovery
scores ~75-85%, which is a good step forward, corresponding to a fuel saving
of 15-25% with respect to the state of the art (centralized heat recovery).
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Figure 5. Burner-integrated heat recovery

Thousands of FLOX burners have been installed in continuous industrial
plants and perform satisfactorily. In addition, regenerative burners firing in
FLOX mode have been adopted in several large annealing lines for stainless
steel strips and in batch furnaces; regenerative air preheating is certainly most
efficient and allows energy savings in the order of 30—50% (Milani, 2002).

Figure 6. Recirculating and nonrecirculating geometries in radiant tubes
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The radiant tube is a device used in large heat treatment furnaces for steel
products: it radiates to the stock without permitting contact with the flue gases
and combustion is developed inside a long tubular chamber, which makes
combustion control difficult. Experience has demonstrated that internal
recirculation of combustion products is the key to good performance:
“recirculating geometries” (RHS in Figure 6) allow low-NO, performance and
uniform temperature of the radiant tube thanks to flameless oxidation.
Temperature uniformity has beneficial consequences for the strength of the
radiant tube and for the average allowable heat flux, which implies a better
exploitation of the radiating surface: in other words, a saving in installation
costs. Good examples are the annealing furnaces equipped with ceramic
“single-end” tubes in SiSiC: the cost of ceramic radiant tubes has been largely
overridden by excellent performance.

4. Power-generating Equipment

The FLOX principle is not limited to steel furnaces and can be applied to
several high-temperature processes (Wiinning, 2005). Examples are the Stirling
engines, where heat is made available at high temperature with high efficiency,
for the purpose of providing combined heat and power in small power
generating units. A very promising application of flameless combustion to
combustors for gas turbines is presently being developed and successfully
tested: a specially designed FLOX prototype burner (Figure 7) ensures very
low-NO,, emissions and overcomes the nasty problem of fluctuations or
“humming” that affects premix-based GT combustors, where the flame front
stabilization is a critical issue. R&TD is ongoing with the participation of
several academic and industrial partners in Europe.

Flameless oxidation has been investigated for gaseous fuels and in particular
for natural gas. However, the basic principle holds good for any fuel, at least
any fuel as soon as it is made available in fluid form (like evaporation of liquid
droplets or release of volatile matter from pulverized solid fuel). Trials are
being carried out together with German universities to test the effects of
flameless oxidation (Figure 9): flameless mode occurs with any fuel and
consistent NO, reduction has been observed. Encouraging tests have been
carried out under pressure, which might be applicable to envisaged future
processes aimed at CO, sequestration.



350 A. MILANI AND J. G. WUNNING

CO Mcle Fraction

0

(%] 1

t00 [mm)
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The inherent tempera-
ture uniformity obtained
with flameless combustion
finds an ideal application
in steam reformers for
hydrogen production: refor-
ming reactions take place
inside vertical tubes filled
with a catalyst and rehea-
ted from the outside. The
uniform temperature distri-
bution is essential for high
productivity, reduced stress
on the reaction tubes and
better control. The experi-
ence of the WS company in
steel process furnaces has
been used to found a
daughter company speciali-
zed in “mini-reformers” for
producing small amounts
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of hydrogen (order of 5-200 Nm®/h) for decentralized fueling stations for future
H, powered vehicles. Figure 8 shows the scheme of the WS mini-reformer:
such plants have been installed in the airports of Munich and Madrid to provide
the H, used by local buses for passenger service.

Oil flame - mode Qil FLOX®-mode Coal FLOX® -mode

Figure 9. FLOX performance with different fuels

5. Conclusions

Referring to the case of high-temperature furnaces, the industrial application
has demonstrated that flameless technology can greatly renew and improve the
design and the performance of traditional plants/processes; advantages like
“downsizing” (reduction of the furnace length), NO, minimization, temperature
uniformity, better control and improved product quality also make investment
for revamping old plants advantageous. Similar arguments hold true for the
R&TD applications to power generating devices as quoted in Section 4 above.
We can conclude that the principle of flameless oxidation still has great
potential for further development in equipment where combustion plays the
important role.

The tendency is to tighten regulations concerning pollutant emissions and to
limit specific emissions of greenhouse gases, which implies reducing specific
fossil fuel consumption. This is based upon steady grounds: not the available or
future fossil fuel resources put an effective limit to economic and abundant
energy, but the available clean air. Clean air for combustion is a limited global
resource that cannot be wasted or corrupted beyond a sustainable threshold. In
former times California had promoted use of catalytic converters and had
thereby stimulated the competitive production of cleaner engines. A similar,
virtuous pattern should be followed in other domains related to fossil energy
conversion as awareness of the worldwide “environmental challenge” proceeds.
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PULSE DETONATION ENGINES: ADVANTAGES
AND LIMITATIONS

N. SMIRNOV”*
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1, Moscow 119992, Russia

Abstract. This paper reviews the efforts made over the years in adapting
detonations for propulsion applications, and highlights new challenges in
studying detonation dynamics.

Keywords: combustion, detonation, pulse, wave, ignition, turbulence, cavity

1. Introduction

Developments in modern propulsion technology have created the need for more
and more powerful energy converters. The conversion of chemical energy in a
fuel into propulsion energy supplied to a vehicle is limited by the rate of release
of chemical energy in combustion. The rates of energy release in detonation
modes of gas combustion are three orders of magnitude higher than in
deflagration combustion modes. This could make the use of detonation
combustion modes more efficient for creating high power energy converters.
However, the rate of combustible mixture supply is usually lower; thus
necessitating the pulsed operation mode for such an energy converter.

In terms of thermodynamic efficiency and the reduction CO emissions, the
advantages of the constant volume combustion cycle over constant pressure
combustion have focused advanced propulsion research on detonation engines.
One of the schemes for producing enhanced thrust at both static and dynamic
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conditions is pulse detonation. The high thermodynamic -efficiency of
Chapmen-Jouget detonation compared to other combustion modes is due to the
minimal entropy of the exhaust jet. Based on this, efforts have been made over
several decades to show that proper utilization of the operation cycle does result
in improved performance. However, there are several issues in developing this
technology which represent scientific and technological challenges. The success
in resolving these problems will determine the implementation of pulse
detonation propulsion.

Control of the onset of detonation is of major importance in pulse detona-
ting devices. The advantages of detonation over constant pressure combustion
necessitate the promotion of the deflagration to detonation transition (DDT) and
shortening of the predetonation length. With most fuel-air mixtures being
heterogeneous the problem of liquid droplet interaction with the surrounding
gas flow is of key interest with particular reference to atomization and heat and
mass transfer.

The DDT has turned out to be the key factor that characterizes the pulse
detonation engine (PDE) operating cycle. Thus, the problem of DDT control in
gaseous and polydispersed fuel-air mixtures has become very acute.

This paper contains the results of theoretical and experimental
investigations into DDT processes in combustible gaseous mixtures. In parti-
cular, this paper investigates the effect of cavities incorporated in PDD at the
onset of detonation in gases.

2. Experimental Investigations of DDT

Propagation of waves in metastable systems is sustained by the energy release
triggered by the wave front. Combustion waves in chemically reacting sys-
tems, and boiling waves in superheated fluids could be considered as typical
examples of such self-sustained waves, which can have two modes of propa-
gation: subsonic and supersonic — due to different mechanisms. The process of
transition from one mode of propagation to the other is the most intriguing
issue. Investigations of DDT in gases have been carried out for pulse detonating
devices.

Investigations of DDT in hydrogen—oxygen mixtures'> and later in
hydrocarbons—air mixtures®® have demonstrated the multiplicity of the tran-
sition processes scenario. The various modes of detonation onset were shown to
depend on particular flow patterns created by the accelerating flame, thus
making the transition process nonreproducible in its detailed sequence of
events. Currently, there exist different points of view with regard to the DDT
mechanism: the “explosion in explosion” mechanism proposed by Oppen-
heim® and the gradient mechanism of “spontaneous flame” proposed by
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Zeldovich’. The latter theoretical analysis showed that microscale nonuniform-
mities (temperature and concentration gradients) arising in local exothermic
centers (“hot spots”) ahead of the flame zone could be sufficient for the onset of
detonation or normal deflagration’'®.

The precision of results from experlmental investigations into the sensitivity
of DDT processes to variations in the mixture parameters is naturally limited
because various modes of detonation onset depend on stochastic flow patterns
created by accelerating turbulent flames thus making the wemram
transition processes nonreproducible in its detailed sequence of
events. In any case, it is hardly possible to vary the different
parameters independently in physical experiments. This empha-
sizes the importance of numerical modeling for investigating
the detonation initiation sensitivity to variations in the govern-
ing parameters. The numerical investigation of the transition
processes provides a unique possibility to vary each parameter
independently and incrementally.

Figures 1-4 present schlieren images of the detonation
onset, illustrating different scenarios of DDT in hydrocarbon—
air gaseous mixtures. They illustrate the types of flow structure
that exist at various distances from the initiating section in
tubes filled with stoichiometric hydrocarbon—air mixtures. The
flame is propagating from the left to the right, time increasing
from bottom to top. Thus the schlieren pictures give the x—
diagrams of the process. The x-axis gives the actual coordinate  gjgyre /.
along the axis of the tube. The f-axis provides only the  Onsetof
timescale, but not the actual point (the zero point is adjusted to ~ detonation in

.. . . the flame
the beginning of the registration).

Figure 2 shows the flow structure before the onset of detonation. The
presence of turbulizing chambers contributes to flow irregularity ahead of the
flame, which could promote the onset of detonation. The flame velocity is 950
m/s. The later shock waves overtake the primary ones until a strong shock wave
supported by the flame induced compression waves is formed ahead of the
flame (Figures 3 and 4).

The detonation wave occurs after ignition in local exothermic centers (“hot
spots”) either in the near proximity (Figure 1) or ahead of the flame (Figs. 3+4).
The transition scenario illustrated in Figure 3 is characterized by hot spot
formation in the high enthalpy zone on the contact surface resulting from the
interaction of two primary shock waves. Figure 4a illustrates the transition
scenario characterized by the formation of the secondary combustion zone
between the flame and the leading shock due to autoignition in a local
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exothermic center. The combustion zone expands in all directions and the onset
of detonation takes place 180 ps later. Figure 4b illustrates the transition
scenario under which ignition takes place subsequently in a number of hot spots
ahead of the flame. These ignitions do not lead directly to the formation of
detonation waves. Flames propagating in all directions from the ignition centers
expand in both directions leading to the formation of volume combustion and
further compression of the mixture behind the leading shock. The detonation
wave arises in one of the subsequent exothermic centers closer to the leading
shock beyond the limits of the photographic zone. The retonation wave moving
backward at a speed of 1,350 m/s in the upper part of Figure 4b testifies to this.
Analysis of the experiments shows that detonation onset takes place in one of
the exothermic centers (“hot spots”) originating stochastically in the
compressed gas between the leading shock and the flame zone. Depending on
the hot spot local structure, combustion can give rise to either a detonation or
deflagration wave propagating from the hot spot.

100 t, us
200 t, us

200 t,us

150
150

50
100
100

50

X X X
1550 1650 mm 1700 1800 1900 mm; 1700 1800  mm; 1700 1900 mm
Fig.2. Compression waves  Fig.3. The onset of detonation ~ Fig.4a. Auto-ignition in ~ Fig.4b. Auto-ignition
ahead of an accelerating ahead of turbulent flame ona  a hot spot ahead of the in a number of hot
turbulent flame. contact discontinuity. flame giving birth to a spots ahead of the
new flame zone. flame

3. Mathematical Model

Numerical investigations of the DDT processes have been performed using the
system of equations for the gaseous phase obtained by Favre-averaging of
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the system of equations for multicomponent multiphase media. The modified
k-epsilon model was used. To model temperature fluctuations the third equation
was added to the k-epsilon model to determine the mean-squared deviation

of temperature. The production and kinetic terms were modeled using the
Gaussian quadrature technique. With the term responsible for chemical trans-
formations, @, being very sensitive to temperature variations, as it is usually
the Arrhenius law type function for the rates of reactions, the third equation for
mean temperature deviation was added to the k-epsilon model.

The mathematical models for simulating chemically reacting turbulent flows
in heterogeneous mixtures were described in detail in'”"’.

Averaging by Favre with the ap weight, where « is the volumetric
fraction of the gas phase (& = 0 for homogeneous gaseous mixtures) and p is
the gas density, we obtain the following system for the gas phase in a
multiphase flow (the averaging bars are removed for simplicity):

o,(ap)+V -(api) =M (1)
O (apY ) +V -(apiiY) ==V -1 + M, +ay, @)
& (apii) +V - (apii ® i) = apg —aVp +V -1+ K 3)

O(apE)+V -(apiE)=apii-§ -V - pii=V -1, +V-(r-i)+E (4)

Equations (1-4) present the mass balance of the gas phase, the mass balance of
the kth component, the momentum balance and the energy balance, respectively
(p — pressure, u — fluid velocity vector, g — gravity acceleration vector, E —
specific energy, K — specific momentum flux to gas phase, M — specific mass
flux, E — specific energy flux, 7 — turbulent stress tensor). The following
relationships define the difference between Egs. (1) and (2):

The equations of state for the gaseous mixture are as follows:

—2

u
p=RpTY. YW, E:Z);(cva+h0k)+7+k. (5)
k k
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where & — turbulent kinetic energy, W, —molar mass of kth gas component,

hy, — specific chemical energy, ¢, ,c,, — specific heat capacity.

pk>
The gaseous phase was assumed to contain the following set of species: O,
C.Hu, CO, CO,, Hy, H2O, Na.

4. Results of Numerical Modeling

Numerical simulations have been undertaken for the purpose of comparing the
roles of various turbulizing elements in the promotion of DDT and the location
of those elements in the tube. The test vessel contained a detonation tube with a
number of chambers of a wider cross section placed at various locations along
the tube, filled with a combustible gaseous mixture at ambient pressure (Figure
5). Ignition of the mixture was performed by a concentrated energy release in
either the center of the first chamber or the center of the tube itself near the
closed end on the left-hand side. The number of chambers was varied from 1 to 20.

4.1 THE ROLE OF CHAMBERS IN THE IGNITION SECTION

U Numerical modeling of the
s J onset of detonation was
performed for a test vessel
containing a detonation tube
E#:ujw-_w—'_‘—'—\m with two chambers of a wider
cross section (Figure 5) filled
(b)  with a combustible gaseous
mixture at ambient pressure.
[ L1 Ignition of the mixture was
LT (©) performed by a concentrated
"~ energy release in the center of
the first chamber. The results
show that the flame accelerates and penetrates the bridge between the two
chambers due to a flow of gas caused by the expansion of the reaction products.
A high velocity jet penetrating the second chamber creates very fast flame
propagation due to both additional flow turbulization and the piston effect of
the expanding reaction products, supported by the continuing combustion in the
first chamber. Fast combustion in the second chamber pushes the flame further
into the tube. At some point detonation arises from a hot spot within the
combustion zone, which gives rise to strong detonation and retonation waves.

Figure 5. Geometry of the computational domain
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Figure 6. Variation of the mean flame front velocity with time for a fuel concentration
Ce=0.012: (a) tube incorporating two chambers in the ignition section, (b) tube without any
chambers

Figure 6 demonstrates the variation of mean flame front velocity with time
for two test cases; a tube incorporating two chambers in the ignition section
(Figure 6a), and a tube without any chambers (Figure 6b). It can be seen that
the onset of detonation in a tube without chambers is an unstable stochastic
process, and each pulsation of velocity, depending on some additional distur-
bance, could result in the onset of detonation. Increasing the number of chambers
makes the DDT more stable and reduces the predetonation length.

4.2 THE INFLUENCE OF FUEL CONCENTRATION

Analysis of the results presented in Figure 7 indicates that by decreasing the
fuel content the ability of the mixture to detonate decreases via DDT. The pre-
detonation time increases (Figure 7a and b), but once the onset of the detonation
takes place it propagates at a practically constant velocity. Decreasing the molar
concentration of the fuel below Cyge = 0.011 brings about the formation of
galloping combustion regimes.

4.3 THE ROLE OF CHAMBERS AT THE END OF THE TUBE.

In order to provide comparative data, the role of two chambers of a wider cross
section incorporated at the far end of the tube was investigated (Figure 5c).
Numerical results showed that after ignition in the narrow tube (ignition energy
was increased) acceleration of the flame zone, accompanied by a number of
oscillations, created a detonation wave propagating with a mean velocity of
1,850 m/s. On entering the first chamber, decoupling of the shock wave and the
reaction zone took place and the mean velocity of reaction zone propagation
decreased to 200 m/s. Subsequently, the flame accelerated to 400 m/s in the
narrow bridge, and slowed down in the second chamber to 100 m/s.
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Figure 7. Reaction front velocity for different fuel concentrations in a two-chamber device
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Figure 8. Flame velocity for fuel volumetric
concentration 0.012

Figure 8 illustrates the
trajectory of the reaction front
and the variation of velocity with
time for the onset of detonation
and degeneration in a tube with
two chambers at the end (fuel
concentration was 0.012). Thus,
similar chambers of wider cross
section incorporated at the end of
the detonation tube bring the
detonation wave to a halt.
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4.4 THE EFFECT OF CHAMBERS INCORPORATED IN THE TUBE ALONG
THE WHOLE LENGTH

The detonation tube was 2.95
m in length, incorporating 20
similar turbulizing chambers
uniformly distributed along the
axis. The results of numerical
simulations indicate that incre-
asing the number of turbulizing
chambers did not promote the
DDT for the present configu- Expansion ratio /3 gr = 0.96, fuel volume concentration
ration, but just the opposite; it ~ 0-012

prevented the onset of detonation and brought about the galloping combustion
mode. The effect was caused by very sharp jumps in the cross-sectional area of
the detonation tube and the periodical deceleration of the flame caused by
its expansion. (In the present numerical experiment the expansion ratio
Brer = (Spams =Suve) ! Schamy Was equal to 0.96).

Investigations of the sensitivity of self-sustaining combustion modes to the
expansion ratio indicate that at low expansion ratios low velocity galloping
detonation was established and at high expansion ratios self-sustained galloping
high speed combustion took place (Figure 11).

Figure 9. Density maps in the 6th—7th chambers.

500 Vr(t), m/s 2000 V. m/s

400 —
300 +
200

100

Figure 10. Reaction front position and Figure 11. Mean reaction front velocities in a
velocity in a multichamber tube multichamber tube: 1 — fuel content 0.012; 2 —
fuel content 0.015
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5. Conclusions

Extensive numerical simulations have permitted the investigation of the
peculiarities of DDT in gases in tubes incorporating cavities of a wider cross
section. The presence of cavities fundamentally affects the combustion modes
being established in the device and their dependence on the governing
parameters of the problem.

The influence of the confinement geometry and flow turbulization on the
onset of detonation and the influence of the temperature and fuel concentration
in the unburned mixture have been discussed. It has been demonstrated both
experimentally and theoretically that the presence of cavities of a wider cross
section in the ignition part of the tube promotes DDT and shortens the
predetonation length. At the same time cavities incorporated along the whole
length or in the far end section inhibit detonation and bring about the onset
of low velocity galloping detonation or galloping combustion modes. The
presence of cavities in the ignition section turns the increase of initial mixture
temperature into the DDT-promoting factor instead of the DDT-inhibiting
factor.
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THE TRAPPED VORTEX COMBUSTOR: AN ADVANCED
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Abstract. In the past, it has been demonstrated that combustion technology
based on premixing reactants with combustion products may improve both
combustion efficiency and emissions for some industrial applications. Work
currently in progress in the European Union aims at developing applications
to use this combustion strategy for gas turbines and aerospace applications.
The challenge is to provide a new class of combustors performing at a high
combustion efficiency and low emission indices, together with multifuel capa-
bility (gas and liquid fuels), and low pressure drop. The trapped vortex com-
bustor (TVC) may be considered a very promising form of technology for both
pollutant emissions and pressure drop reduction. This strategy is based on
mixing hot combustion products and reactants at a high rate. Turbulence
occurring in a TVC combustion chamber is “trapped” within a cavity where
reactants are injected and efficiently mixed. Since part of the combustion occurs
within the recirculation zone, a “typically” flameless regime can be achieved,
while a trapped turbulent vortex may provide significant pressure drop
reduction. The work presented in this paper is the result of having investigated
all of these aspects.

Keywords: trapped Vortex, flameless combustion, Rich-Quench-Lean combustion, low
pressure drop
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1. Introduction

Combustion stability is often achieved using recirculation zones to provide
continuous sources of ignition, by mixing the hot products and burning gases
with the incoming fuel and air. Cavities have been extensively investigated in
aerodynamics as a means of pressure recovery or drag reduction. Rules have
been investigated' for cavities formed between two axisymmetric disks spaced
along a central spindle. It has been shown that for the ratio of afterbody to
forebody disk diameters of <1, an optimal separation distance existed reducing
drag to its minimum. Furthermore, the minimum drag using two disks was
reportedly lower than using only the forebody disk alone. On the other hand,
there are separation distances raising drag dramatically above that of the
forebody alone. Somewhat intuitively, the minimum drag corresponds to a
stable recirculation zone in the cavity'>. Determined by disk separation distance
and the afterbody disk diameter, certain values of these parameters yield a
stable and locked (trapped) vortex. Further studies® were performed on low and
high drag regimes. Among these results, low-drag occurs when the cavity shear
layer stagnates at the downstream corner of the cavity: when this happens,
the vortex motion within the cavity is stable. Low drag conditions can be
considered as the main desirable result that can be collected when a vortex
rotates in a cavity: oscillations produced by an external (mainstream flow) self-
sustain the cavity flow through a feedback mechanism that keeps the posi-
tion of the stagnation zone locked to the downstream corner of the cavity.
This behavior occurs even when extra fluid is injected directly into the cavity.
Numerical simulations performed by Katta and Roquemore®” showed that a
vortex can be trapped within a cavity when the afterbody and the forebody disk
diameter are consistent with the rules established from experimental cor-
relations. Furthermore, according to Little and Whipkey?, a stable vortex condi-
tion produces the minimum drag for a given geometry.

When a vortex is trapped in a cavity, very little mainstream fluid can enter
into the cavity (~3% of the total vortex mass)’. When turbulent combustion
occurs inside this cavity, a turbulent flame is anchored by means of recircu-
lation zones where reactants can mix and eventually burn. In the TVC geometry,
because of the low entrainment of fluid into the recirculation area, reactants must
be directly injected into the cavity. This strategy provides both a very efficient
turbulent mixing of reactants and compensates for the lack of oxidizer due to a
low fluid exchange between the mainstream flow and vortex region. Furthermore,
the direct injection of reactants can strengthen the vortex itself, stabilizing it in a
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wide range of inlet airflow and fuel rates. This suggests that some form of
premixing between the fuel and air may take place inside the cavity to the effect
that so-called flameless combustion can be the combustion mode. This indeed is
what has been found in the following section, using different fuels. Since the
mode of operation of a TVC is found to be conducive to a lower pressure drop
than in conventional combustors, it seems possible it may become the next
combustor technology. This conjecture is also borne out by research work at
General Electric and NASA'"'?. It is for this reason TVC in the flameless
combustion mode is being examined here for gas turbine applications (GT): in
principle, low pressure drop and short combustion chambers enabled by such
TVC may result in compact overall engine designs with higher thermodynamic
efficiency.

2. The Trapped Vortex Combustor
The original TVC geometry presented in this work was proposed by Katta and

Roquemore™ and its performance was studied by Hsu et al.**'°. As shown in
Figure 1, the structure of the burner is very simple.

Fuel & Aie

Main Air

Figure 1. Sketch of the TVC strategy. (From'!'%)

The desgin consists of a forebody disk and an afterbody disk connected
along their centerline by means of a spindle (see Figure 1). Figure 2 shows an
afterbody tested at WPAFB, with details of the fuel and secondary air holes'"'*.
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The spindle is composed of two concentric tubes where air and fuel flow and
are eventually delivered into the cavity from injectors within the afterbody disk
facing the cavity itself. The forebody diameter in this example is 70 mm, while
the afterbody diameter is 50.8 mm. The annular duct which contains the TVC
has an 80 mm diameter. The blockage ratio, defined as the ratio of the area
of the forebody to the duct frontal area is 76%. Two series of injectors are
concentrically placed (8 injectors of 1.75 mm diameter and 24 injectors of 2.29
mm diameter).

Direct injection of reactants provides:

1. Direct control of the local equivalence ratio inside the recirculation zone
(flame stability control)

2. Enhanced mixing by increasing the mixing region through distributed fuel
and air jets

3. Some cooling of cavity walls

4. Reinforced vortex strength

Since good flame stability is very desirable, the length of the cavity (separation
distance between the disks) has been chosen according to the numerical results
already present in literature' >: 0.59 Drorevody 18 the length that provides the most
stable vortex flame (with gas propane fuel) and the minimum pressure drop (see
Figure 3). In order to increase combustion performance, a second cavity (hence
a second afterbody disk) can be added (see Figure 4). This operation does not
dramatically compromise pressure drop performance, if the second cavity is
designed following the rules given by Little and Whipkey”.
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Figure 2. Schematic diagrams of the TVC structure (leff) and the injection surface of the
afterbody (right). (Picture taken from”.)
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3. The Trapped Vortex Theory

The numerical simulations presented in this work are aimed to show the main
features of this low-pressure drop combustor. Literature has reported that the
TVC combustor can implement the Rich-Quench-Lean (RQL) strategy, but, it is
also true that its high hot combustion products recirculation enables, or may
enable, prior mixing between fuel/air and combustion products.

Flameless combustion (FLOX)" is in fact known to be essentially based on
a high recirculation level of hot products diluting the reactants, mixing them at
high temperature and eventually burning them without any visible flame front.
This strategy reduces the temperature peaks and lowers pollutant emission (NO,
in particular) as it occurs at a low oxidizer concentration.
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Similarly to a flameless burner, in a TVC the reactants are mixed at high
temperatures by mean of a vortex, and burn at low oxidizer concentration
regimes and at high recirculation factors (the vortex being locked within a
cavity).

However, there are two main differences between these two strategies (as
implemented so far):

1. In a flameless combustor, the entire streams injected into the combustion
chamber takes part in the combustion process whereas in a TVC only a
small amount of the mainstream flow is involved.

2. In a TVC, the combustion process is not completed within the cavity itself,
but it may continue downstream of the afterbody due to the mainstream
oxidizer. In a flameless burner the combustion process completes within its
combustion zone. In a TVC the cavities cannot be considered combustion
chambers as the TVC itself is inside the combustion chamber (see Figure 5).

Concerning the numerical simulations presented in this work, the results
show that the TVC can be considered a “hybrid” combustor since it seems to
work according to two different strategies at the same time. Actually, the TVC
could be considered a radial-axial-staged combustor, as flameless combustion
occurs within the cavity at low oxidizer levels and high recirculation factors,
while hot combustion products are quenched along the axis.

The main advantage that such combined combustion can provide is that it
can stably occur at high air speed and high pressure levels (at least up to 10
atm), reducing the pressure drop (because of its specific geometry) and also
pollutant emissions. In order to achieve all goals desired, the geometry
parameters, fluid dynamics and chemistry must be simultaneously coupled.

As reported in literature®, in a flameless combustion process the exhaust
gas recirculation plays an important role in the strategy. The recirculation
parameter K, is considered to be the key parameter to evaluate whether a
flameless regime is theoretically reached (or reachable) within a combustor.

It is defined as: K, = L,

m, +m,

where m,is the mass flow rate of the exhausted gas and m, is the mass flow
rate of the reactants injected into the burner. When K, > 3.5—4, the total amount
of hot combustion products that recirculates represents about 75-80% of the
total amount of the gas in the combustion chamber. If the temperature in the
combustion zone is above the autoignition temperature, a stable and “frontless”
flame condition is achieved (see Figure 6). In a TVC K, is around 18-22 (95%
of recirculation means K, = 20), and the temperature within the cavity is above
the threshold temperature, as the hot combustion products recirculate at high
velocity rates.
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3.1 PROPANE NUMERICAL SIMULATIONS

3.1.1 Katta and Roquemore Geometry

Since propane was used in the experiments at WPAFB*® numerical simu-
lations with propane were performed first to validate the numerical models'>'°,
Experimental results were at atmospheric pressure (1 atm) and different power
settings (different equivalence ratio). The best combustion performance was at
35 kW, while pressure loss results seemed not to be strongly influenced by
power. This result confirmed what is stated in literature', i.e., that the pressure
drop is strongly influenced by the fluid dynamics and geometry of the cavity
(aspect ratio, blockage ratio, and length). Due to heat release, the pressure loss
worsens, but hot and cold cases maintain similar pressure trends. Simulations
were validated using radial temperature profiles collected at three different axial
locations, the pressure drop, combustion efficiency, unburned hydrocarbons and
CO and NO, emissions. Different combustion models (finite rate and/or eddy
dissipation model) as well as different kinetic reaction mechanisms (one-step
and two-step) were tested with FLUENT. With respect to computational costs,
a coarse grid was used as well as a very fine mesh grid. Models were validated
by means of RANS simulations. Using a fine mesh, the eddy dissipation model
in conjunction with the two-step kinetic reaction mechanism provided the best
results while, using a coarse mesh, the one-step mechanism yielded results in
better agreement with experimental data (see Figure 7). Eventually, LES
simulations were performed using a one-step kinetic model and the coarse grid.
The pressure drop results (see Tables 1 and 2) show that a properly
dimensioned TVC geometry can significantly lower the predicted pressure
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Figure 7. Temperature profile at axial location 5 mm (a), and 25 mm (b) from the forebody
(coarse grid)
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drop. It is instructive to highlight results when considering each cavities effect
separately as well as those for the entire combustor: the second cavity enhances
the combustion performance, reducing UHC and CO and increasing 77,, but
also raises by about 10% the total pressure drop. It is expected that for unstable
regimes (unlocked vortex or vortex fluctuations) the second cavity plays an
important role in stabilizing the fluid dynamics: as there are no reactants further
injected, the vortex trapped within takes its kinetic energy from the main
stream. If the main stream is affected by fluctuations, the vortex in the second
cavity dissipates them by transferring the turbulent kinetic energy collected
down to smaller turbulent scales. This mechanism is supposed to stabilize the
fluid motion, as the second vortex can be regarded as an inflatable pillow that
changes its shape depending on the fluid “load” received.

Concerning the NO and CO concentrations (not in good agreement with
experimental data), their behavior is justifiable based on the reduced kinetic
mechanism. The one- and two-step mechanisms overestimate temperature and,
since in the second cavity reactions occur and total residence time increases
because of the vortex trapped within the second cavity, the NO concentration is
overpredicted. Only the two-step mechanism can predict CO concentration, via
the reaction CO + %20, — CO,. As several other reaction paths are missing, this
further step is not sufficient to provide good estimates. For this reason, the CO
prediction worsens using a coarser mesh. The RANS simulation carried out at
10 atm does not show any significant disagreement when compared to the 1
atm simulations. This means that at pressures up to 10 atm, the TVC keeps its
performance without any change (see Figure 8a and b). Briefly results can be
summarized as follows:

1. Even though hot temperature zones seem to be located downstream in
respect of the first cavity, the temperature contours appear to be rather
uniform within the cavity and above the temperature ignition threshold
level.

2. Fuel is concentrated upstream of the cavity (in the area surrounding the
forebody). This means that most of the UHC are produced within this
region, since only a small fraction of the fuel is trapped within the second
cavity. This conclusion is clearer when looking at radial concentration
profiles as well as concentration contours (see Figure 9a—).

3. Oxidizer is missing within the first cavity. This fact can be explained since
only about 3% of the mainstream air is entrained into the cavity and mixes
with the fuel. The amount of oxidizer directly injected is barely sufficient to
let combustion occur completely within the cavity.
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4. The largest proportion of combustion products can be found in the first

cavity. High hot gases recirculation factors can be achieved within this
cavity.

TABLE 1. Results of the RANS simulation with two-step reaction mechanisms and experimental
data for a fine grid mesh. These results highlight the enhance in combustion performance
achieved using a two cavities TVC geometry

CsHs Only Only Entire Exp.
two-step Ist cavity 2nd cavity combustor data
(fine mesh)

7 0.824 0.315 0.88 0.92
APT()I 0
—9% 0.683 0.0978 0.781 0.8

PTot
NO ppys 2.10° - 3.86-10° <20
Elyo, 21.571% - 40.18-5—

g kg

COppyy 1.47-10° - 1.125-10%  <1,600
UHC ppy, 1.456-10° - 9.861-10° <1,400

In Figure 10 it can be noticed that the Cs;Hg outlet concentration has
decreased by one fourth when compared to the concentration reported at the
outlet of the first cavity. This result is in agreement with the TVC working
diagrams (see Figure 5a and b): it is reported that about 25% of the mainstream
flow quenches the combustion products burnt in the vortex.

TABLE 2. Comparison between one- and two-step reaction mechanisms andexperimental data
for a coarse grid (two cavities TVC geometry)

C;Hg One-step Two-step Exp.
(coarse mesh) (1 atm) (1 atm) data
g 0.7 0.85 0.92
AP
Tot o 0.8 0.83 0.8
PTat
co
PPM _
229.104 <1600

UHC ppy, 1.538-10° 7.07-10° <1400
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3.2 TVCIN A TYPICAL COMBUSTION CHAMBER

The aim of this section is to investigate a feasible integration of the TVC
strategy in a combustion chamber for gas turbine applications. Particular
importance is given to the integration in aircrafts, as the engine’s frontal area
and weight represent a critical issue. For this reason, in the present work a
typical aircraft configuration is investigated numerically: the external case is
given consideration and a new TVC geometry is set up within (see Figure 11).
The combustion chamber is composed of a primary turbulent mixing zone,
where reactants are injected, and the main reaction zone, within which the main
vortex is trapped.

Two single-can geometries have been extensively studied and hence
reported in this work. Works currently in progress at DMA show that it is
possible to convert a single-can TVC geometry into an annular geometry with
no significant effect on the combustor performance.
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Figure 11. Sketch of the proposed TVC: first configuration

3.2.1 First Single-can Geometry

As showed in Figure 11, this geometry is composed of a main recirculation
cavity, and a secondary region where reactants are injected by means of a set of
single injectors.

In Figure 12 the computational domain is shown. Since it has been
demonstrated that within the range of 1-10 atm the operating pressure does not
influence the TVC performance, the numerical simulation has been carried out
at 1 atm. Three different power conditions have been investigated: 32 kW (fuel
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velocity 10 m/s), 49 kW (fuel velocity 15 m/s) and 64 kW (fuel velocity 20
m/s), the primary air velocity is 25 m/s in the first and the second group while
in the third it is 30 m/s. The main air velocity is constant at 50 m/s. In Table 3
the performance of the TVC are compared. Rich combustion conditions have
been chosen as starting cases in order to evaluate the mixing capability of
the TVC, aiming towards lean combustion conditions. According to the
performance collected in Table 3, there are no relevant differences between the
investigated cases. Since the combustion efficiency 77, is extremely low and
the main vortex seems not to be trapped (see Figure 13), the geometrical ratios
need to be modified. The geometrical ratios used by Katta and Roquemore
cannot directly be applicable as the presence of a second cavity (turbulent
premixing zone) must be taken into account. The ratio between the afterbody
and the forebody diameter is hence decreased, as the surface where the vortex
can really anchor itself is decreased (see Figure 13). The vortex motion seems
to be driven by the reactants injected instead of by the main airflow. This effect
can occur as the afterbody surface is not sufficient to trap a vortex according to
the flow rates injected. As it appears in Figures 13a and 14a, the temperature
contour is rather not homogeneous: combustion mainly occurs along the
combustor length instead of in the main cavity, where the equivalence ratio
reaches unity (see Figure 13b).

i
-
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Figure 12. Sketch of the computational domain (90° 668,000 tetrahedral cells, 123,466 nodes)
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TABLE 3. Performance of the TVC in rich combustion

Power (kW) My (%) APy 0 Elxo  @pair Poveran
Tot

32 48 0.91 - 5.5 0.71

49 50 0.88 0.0418 8.25 1.06

64 50 0.87 0.04 9.16 1.35

Radial position

Axial Position

Figure 13. Temperature contour with streamlines (a) and reaction rate contour (b). RANS C;Hg
one step, power 64 kW, 1 atm

According to the contour profiles, this combustion strategy is closer to a
complete RQL configuration, that has been recently proposed by”' (see Figure
14b), rather than to a radial staged flameless-RQL.

In Figure 14a and b the simulated single-can geometry and the experimental
annular section of the TVC proposed by the American Air Force are compared.
At first glance, these geometries show a similar behavior. This result was
expected since both of the geometries are based on the same strategy.

The aim of this research is to move the TVC strategy as close as possible to a
fast flameless regime.

In Figure 13c, the secondary vortex structures are shown: these structures
are tilted along the radius. This mechanism drives the fuel directly to the main
chamber where it is mixed with the hot combustion products. The selected
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Temperature: 350 483 €15 748 861 1013 1146 1279 1411 1544 1677 1809 1942 2074 2207

Figure 14. Temperature contour. RANS C3;Hg one step, power 64 kW, 1 atm (a). TVC tripass
diffuser®' (b)

combustion regime results are too rich to assess whether these structures have a
positive contribution in combustion and pressure drop performance.

3.2.2 Second Single-can Geometry

As shown in Figure 15, this configuration essentially differs from the previous
one from the use of the second cavity: a self-standing vortex is created by
means of a secondary stream, which replaces the primary air injection devices.

Two independent and coherent vortices increase the combustor perfor-
mance, since the turbulent mixing rate is faster and more efficient compared to
the single vortex strategy.

As —reported, the main airstream is only of 3—5% of the total. Because of
this fact, neither the vortex momentum nor the oxidant concentrations are
sufficient to provide an efficient mixing of reactants and a complete combustion
process, unless primary air is correctly injected into the cavity. A critical issue
highlighted in the previous works is that the residence time within the cavity
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must be increased as well as oxidant concentration. Three possible paths can
and will be investigated:

1.

An increase in the amount of oxidant by means of a primary air
multiinjector. This strategy may lead to vortex instability, since the vortex
motion may no longer be driven by the main stream if the amount of primary
air injected into the cavity becomes of the same order of magnitude as that
of the main airstream.

. An increase in the amount of the main airstream entering into the cavity by

means of diffuser devices, placed upstream of the cavity. This strategy is
limited by the amount of air that can be turned into the main airstream.

. The addition of a second vortex trapped in a secondary cavity: this strategy

seems more promising, since two independent vortices reinforce each other,
increasing the mixing rate and the residence time within the combustor.

In this section, some preliminary results for the third strategy above are
presented.

Large eddy simulations performed on the first geometry (see Section 3.2.1)

show that the vortex structure generated by the primary air injectors is intrin-
sically unstable: the motion of each vortex becomes unsteady and a vortex is
periodically released from the cavity. This means that a single airstream does
not have sufficient momentum to generate and keep a secondary vortex in a
separate cavity. To prevent vortex shedding and motion instability, a secondary
(annular) airstream is hence added.
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Figure 15. Sketch of the proposed TVC: second configuration
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This configuration is, in essence, a combined staged combustion, since it
uses two trapped vortices working “in parallel” but not oriented either axially or
radially with respect to the combustion chamber. Such a geometry stabilizes the
vortex motion and increases effectively both the amount of oxidant in the
reaction zone (without increasing the total pressure drop) and the residence
time.

Figures 16 and 17 show the contours of temperature and O, concentration.
Most of the combustion process occurs within the main cavity, but because of
insufficient oxidizer (see Figure 17) combustion is not complete. The unburned
fuel is later oxidized along the path towards the combustor outlet, producing
most of the (thermal) NO, (see Figure 18).

As shown in Table 4, this TVC configuration increases both the combustion
efficiency and total pressure drop. Since combustion takes place downstream of
the cavity, the temperature peaks are found where the hot unburned fuel meets
the main airstream. NO, emission indices are about 100. Work currently in
progress at DMA investigating possible solutions of this important issue.

TABLE 4. Performance of the second configuration. Pressure 30 atm

Power (kW) 773 (%) APTot o Elxvo  Qoveran
— 0
Tot
340 99.15 0.7 99 0.6
450 99 0.7 105 0.7

Temperalure

2703
2484
2266
2047
Y 1829

l 1611
1392
X z 174
955
737
518

300

Figure 16. TVC geometry: second configuration. Temperature contour
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0.017

0.00617865
0.00566376

0.00514887

0.00463398
0.0041191
% 0.00360421

0.00308932
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Figure 18. TVC geometry: second configuration. NO, mass fraction contour
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4. Conclusions

Two new TVC geometries have been numerically investigated, besides the base-
line geometry proposed more than 10 years ago by Katta and Roquemore® .
The results of the original TVC geometry highlight the intrinsic flameless
combustion nature of the TVC, lowering the NO, emission as well as yielding a
very low pressure drop. These main features have driven a new TVC design.

The main task faced is to provide a set of geometrical ratios and fluid
dynamic ranges enabling the TVC strategy to replace the conventional GT
combustion strategy based on some type of pilot flame. In order to achieve this
goal, a typical aircraft engine case has been used to preliminarily investigate the
new TVC within. Preliminary results coming from new TVC configurations
show that the radial dimension is critical, leading to further developments
already under investigation. Using a premixing zone stages the combustion
process and makes the TVC technology much more flexible, but on the other
hand, could trigger combustion instability. This potential problem, found in the
first new TVC configuration explored, is solved in the second configuration
presented. The first geometry does not achieve complete combustion, as com-
bustion efficiency is around 50%, while in the second configuration it is 99.1%.
According to the numerical results, the NO emission index in the first case
dramatically decreases with respect to the baseline, due to the short residence
time; combustion is lean and at the same time somewhat incomplete, with part
of the combustion taking place in the main airstream. On the other hand, the
second configuration provides very good combustion efficiency, but also
excessive NO, emissions.

The pressure drop stays low, and seems not to be a critical issue in all of the
configurations here investigated. A serious issue is the relative scarcity of air in
the main combustion zone: increasing the primary air flow as well as the
turbulent mixing can be considered the critical issue in this context. The second
geometry investigated can only be considered as the first step toward TVC
integration in already existing GT facilities, providing a good compromise
among cost, emissions, and performance.
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THE ROLE OF FUEL CELLS IN GENERATING CLEAN POWER
AND REDUCING GREENHOUSE GAS EMISSIONS
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Abstract. The Kyoto Protocol and the Clear Skies Initiative of the USA are
both aimed to achieve significant global reductions in greenhouse gas
emissions, which is beneficial for the application of fuel cells. Fuel cell techno-
logy provides high thermal efficiency and is environmentally benign. Current
global fuel cell development is focused on mobile and stationary power
applications; PEM fuel cells are used as hybrid power sources in transportation;
auto manufacturers are offering PEM fuel cell-based hybrids combined with gas
engines; and solid oxide fuel cell (SOFC) technology is being developed
globally. The US Department of Energy (DOE) is sponsoring the Solid Oxide
Energy Conversion Alliance (SECA) program, and a multiyear project to
demonstrate coal-based SOFC. These systems aim to achieve 50% efficiency
from coal, capture 90% of CO, emissions, and cost $400/kw. The SOFC
technology is driven towards commercial deployment because of its high
thermal efficiency and environmentally superior characteristics.

Keywords: fuel cell, clean electro-chemical power, greenhouse emissions

1. Introduction

Fuel cells are electrochemical devices that convert chemical energy in fuels into
electrical energy directly. Although a fuel cell is similar to a typical battery in
many ways, it differs in several respects. The battery is an energy storage
device in which all the energy available is stored within the battery itself (at
least the reductant). The battery will cease to produce electrical energy when
the chemical reactants are consumed (i.e., discharged). A fuel cell, on the other
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hand, is an energy conversion device to which fuel and oxidant are supplied
continuously. In principle, the fuel cell produces power for as long as fuel is
supplied.'

Fuel cells are applicable for power generation with high efficiency and low
environmental impact. Since the intermediate steps of producing heat and
mechanical work typical of most conventional power generation methods are
avoided, fuel cells are not limited by the thermodynamic limitations of heat
engines such as the Carnot efficiency. In addition, since there is no combustion
in a fuel cell process, fuel cells produce power with minimal pollutants.
Although fuel cells could, in principle, process a wide variety of fuels and
oxidants, of most interest today are those fuel cells that use common fuels (or
their derivatives) or hydrogen as a reductant, and ambient air as the oxidant.
Most fuel cell power systems comprise a number of components:

e Unit cells, in which the electrochemical reactions take place

e Stacks, in which individual cells are modularly combined by electrically
connecting the cells to form units with the desired output capacity

¢ Balance of plant (BOP) which comprises components that provide process
conditioning (including a fuel processor if needed), thermal management,
and electric power conditioning among other ancillary and interface
functions

Fuel cell technology is described here with a brief review of the key potential
applications of fuel cells.

2. Basic Structure of Unit Cells

Unit cells form the core of a fuel cell. These devices convert the chemical
energy contained in a fuel electrochemically into electrical energy. The basic
physical structure of a fuel cell consists of an electrolyte layer in contact with
an anode and a cathode on either side. A schematic representation of a unit cell
with the reactant/product gases and the flow directions of ion conduction
through the cell is shown in Figure 1.

In a typical fuel cell, fuel is fed continuously to the anode (negative
electrode) and an oxidant (often oxygen from air) is fed continuously to the
cathode (positive electrode). The electrochemical reactions take place at the
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Figure 1. Schematic of an individual fuel cell

electrodes to produce an electric current through the electrolyte, while driving a
complementary electric current that performs work on the load.

Fuel cells are classified according to the choice of electrolyte and fuel,
which in turn determine the electrode reactions and the type of ions that carry
the current across the electrolyte. Some scientists have noted that, in theory, any
substance capable of chemical oxidation that can be supplied continuously (as a
fluid) can be burned galvanically as fuel at the anode of a fuel cell. Similarly,
the oxidant can be any fluid that can be reduced at a sufficient rate. Though the
direct use of conventional fuels in fuel cells would be desirable, most fuel cells
under development today use gaseous hydrogen, or a synthesis of gas rich in
hydrogen, as a fuel.

Hydrogen reacts readily at the anode. It can be produced chemically from a
wide range of fossil and renewable fuels, as well as through electrolysis. The
most common oxidant is gaseous oxygen, which is readily available from air.
For space applications, both hydrogen and oxygen are stored compactly in
cryogenic form, and the reaction product is water.
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3. Critical Functions of Cell Components

The electrochemical reactions take place where either electrode meets the
electrolyte. For a site or area to be active, it must be in electrical contact with
the electrode, in ionic contact with the electrolyte, and contain sufficient
electro-catalyst for the reaction to proceed at the desired rate. The density of
these regions and the nature of these interfaces play a critical role in the
electrochemical performance of both liquid and solid electrolyte fuel cells.

3.1 LIQUID ELECTROLYTE FUEL CELLS

The reactant gases diffuse through a thin electrolyte film that wets portions of
the porous electrode and react electrochemically on the surface of their
respective electrode. If the porous electrode contains an excessive amount of
electrolyte, the electrode may restrict the transport of gaseous species in the
electrolyte phase to the reaction sites. This reduces electrochemical perfor-
mance of the porous electrode. Thus, a delicate balance must be maintained
among the electrode, electrolyte, and gaseous phases in the porous electrode
structure.

3.2 SOLID ELECTROLYTE FUEL CELLS

The main challenge is bringing the catalyst sites into contact with the electric
and ionic interface between the electrode and the electrolyte, while keeping
them sufficiently exposed to the reactant gases. In most successful solid electro-
lyte fuel cells, a high-performance interface requires the use of an electrode
which, in the zone near the catalyst, has mixed conductivity (i.e., it conducts
both electrons and ions).

The continual development of fuel cell technologies has resulted in dramatic
improvements in unit cell performance. Improvements in the three-phase
boundary, reduced thickness of the electrolyte, and improved electrode and
electrolyte materials have broadened the temperature range over which the cells
can be operated.

In addition to facilitating electrochemical reactions, each of the unit cell
components has other critical functions. For example, the electrolyte transports
dissolved reactants to the electrode, and also conducts ionic charge between the
electrodes, thereby completing the cell electric circuit as illustrated in Figure 1.
It also provides a physical barrier to prevent the fuel and oxidant gas streams
from directly mixing.

In addition to providing a surface for electrochemical reactions to take
place, the porous electrodes in fuel cells also serve these three functions:
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1. Conducting electrons away from or into the three-phase interface once
they are formed (so an electrode must be made of materials that have
good electrical conductance) and providing current collection and
connection with either the load or other cells

2. Ensuring that reactant gases are equally distributed over the cell

3. Ensuring that reaction products are efficiently led away to the bulk gas
phase

The electrodes are typically porous and made of an electrically conductive
material. At low temperatures, only a few relatively rare and expensive mate-
rials provide sufficient electrocatalytic activity. Such catalysts are deposited in
small quantities at the interface where they are needed. In high-temperature fuel
cells, the electrocatalytic activity of the bulk electrode material is often suffi-
cient. Most fuel cells currently under development are either planar (rectangular
or circular) or tubular (either single ended or double ended and cylindrical or
flattened).

4. Fuel Cell Stacking

Unit cells are combined into a cell stack to achieve the voltage and power
output level required for the application. Generally, the stacking involves
connecting multiple unit cells in series via electrically conductive interconnect-
tions. Various stacking arrangements have been developed, which are presented
here.

4.1 PLANAR-BIPOLAR STACKING

The most common fuel cell stack design is the planar/bipolar arrangement.
Individual unit cells are electrically connected with interconnections. Because
of the configuration of a flat plate cell, the interconnection becomes a separator
plate with two functions:

1. Provide an electrical series connection between adjacent cells, specifically
for flat plate cells

2. Provide a gas barrier that separates the fuel and oxidant of adjacent cells

In many planar-bipolar designs, the interconnection also includes channels that
distribute the gas flow over the cells. The planar—bipolar design is electrically
simple and leads to short electronic current paths (which helps to minimize cell
resistance).
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Planar-bipolar stacks can be further characterized according to the
arrangement of the gas flow:

e Cross-flow: air and fuel flow perpendicular to each other.

e Coflow: air and fuel flow parallel and in the same direction. In the case of
circular cells, this means the gases flow radially outward.

Counterflow: air and fuel flow parallel but in opposite directions. Again, in
the case of circular cells this means radial flow.

Serpentine flow: air or fuel follow a zigzag path.

Spiral flow: applies to circular cells.

The choice of gas-flow arrangement depends on the type of fuel cell and the
application. The channeling of gas streams to the cells in bipolar stacks can be
achieved in various ways:

¢ Internally: the manifolds run through the unit cells

e Integrated: the manifolds do not penetrate the unit cells but are integrated in
the interconnects

o External: the manifold is completely external to the cell, much like a wind-
box

4.2 STACKS WITH TUBULAR CELLS

For high-temperature fuel cells, stacks with tubular cells have been developed.
Tubular cells have significant advantages in terms of sealing and in their
structural integrity. However, they present a particular geometric challenge to
the stack designer when it comes to achieving high power density and short
current paths. In one of the earliest tubular designs the current is conducted
tangentially around the tube. Interconnections between the tubes are used to
form rectangular arrays of tubes. Alternatively, the current can be conducted
along the axis of the tube, in which case interconnection is done at the end of
the tubes. To minimize the length of electronic conduction paths for individual
cells, sequential series connected cells are being developed. The cell arrays can
be connected in series or in parallel. To avoid the packing density limitations
associated with cylindrical cells, some tubular stack designs use flattened tubes.



FUEL CELLS 391

5. Fuel Cell Systems

Fuel cell systems require several subsystems and components. These are
referred to as the BOP. Together with the stack, the BOP forms the fuel cell
system. The precise arrangement of the BOP depends heavily on the fuel cell
type, the fuel choice, and the application. Specific operating conditions and
requirements of cells and stack designs determine the BOP requirements.

Most fuel cell systems contain:

e Fuel preparation: except for fuels such as hydrogen, fuel preparation
requires the removal of impurities and thermal conditioning. Fuel reforming
is usually required, allowing the fuel to react with steam or air to form a
hydrogen-rich anode feed mixture.

e Air supply: including air compressors or blowers as well as air filters.

e Thermal management: all fuel cell systems require careful management of
the fuel cell stack temperature.

o Water management: water is needed in some parts of the fuel cell, while
overall water is also a reaction product. To avoid having to feed water in
addition to fuel and to ensure smooth operation, water management systems
are required.

e Power conditioning: fuel cell stacks provide a variable DC voltage output.
Power conditioning is typically required.

The BOP represents a significant fraction of the weight, volume, and cost of
most fuel cell systems.

Figure 2. Fuel cell system components
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6. Types of Fuel Cell

A variety of fuel cells are in different stages of development. The most common
classification of fuel cells is by the type of electrolyte used in the cells and
includes:

Polymer electrolyte fuel cell (PEFC)
Alkaline fuel cell (AFC)

Phosphoric acid fuel cell (PAFC)
Molten carbonate fuel cell (MCFC)
Solid oxide fuel cell

AN e

TABLE 1. A summary of the major differences between the fuel cell types
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The choice of electrolyte defines the operating temperature range of the fuel
cell. Both the operating temperature and useful life of a fuel cell determine the
physicochemical and thermomechanical properties of materials used in the cell
components (i.e., electrodes, electrolyte, interconnection, and current collector).
Aqueous electrolytes are limited to temperatures of about 200°C or lower
because of their high vapor pressure and rapid degradation at higher tempe-
ratures.

The operating temperature defines the extent of fuel processing required. In
low-temperature fuel cells, all the fuel must be converted to hydrogen prior to
entering the fuel cell. In addition, the anode catalyst in low-temperature fuel
cells (mainly platinum) is strongly poisoned by CO. In high-temperature fuel
cells, CO and even CH4 can be internally converted to hydrogen or even
directly oxidized electrochemically. Table 1 provides an overview of the key
characteristics of the main fuel cell types.

In parallel with the classification by electrolyte, some fuel cells are
classified by the type of fuel used:

6.1 DIRECT ALCOHOL FUEL CELLS

Direct alcohol fuel cells (DAFC) use alcohol without reforming.

6.2 DIRECT CARBON FUEL CELLS

In direct carbon fuel cells (DCFC), solid carbon is used directly in the anode,
without an intermediate gasification step. The thermodynamics of the reactions
in a DCFC allow very high-efficiency conversion. With technology develop-
ment into practical systems, it could have a significant impact on coal-based
power generation.

6.3 POLYMER ELECTROLYTE FUEL CELL

Polymer electrolyte fuel cells (PEFCs) are being pursued for fuel cell vehicles
(FCVs). As a consequence of the high interest in FCVs and hydrogen, the
investment in PEFC over the past decade exceeds all other types of fuel cells
combined.

The electrolyte in this fuel cell is an ion exchange membrane that is an
excellent proton conductor. The only liquid in this fuel cell is water; thus,
corrosion problems are minimal. Typically, carbon electrodes with platinum
electrocatalyst are used for both anode and cathode, with either carbon or metal
interconnections. Water management in the membrane is critical for efficient
performance. The fuel cell must operate under conditions where the by-product
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water does not evaporate faster than it is produced because the membrane must
be hydrated. Due to the limitation on the operating temperature imposed by the
polymer, and problems with water balance, a H,-rich gas with minimal or no
CO is used. High catalyst loading is required for both the anode and cathode.
Extensive fuel processing is required with other fuels, as the anode is easily
poisoned by even trace levels of CO, sulfur species, and halogens.

The PEFC has a solid electrolyte which provides excellent resistance to gas
crossover. The low operating temperature of the PEFC allows rapid start-up
and, with the absence of corrosive cell constituents, avoids the need for exotic
materials required in other fuel cell types. Test results have demonstrated that
PEFCs are capable of high current densities over 2 kW/l. The PEFC lends itself
particularly to situations where pure hydrogen can be used as a fuel.

However, the low and narrow operating temperature range makes thermal
management problematic. Similarly, the use of the rejected heat for cogene-
ration or in bottoming cycles is also made difficult. Water management is
another significant challenge. PEFCs are quite sensitive to poisoning by trace
levels of contaminants including CO, sulfur species, and ammonia. If hydro-
carbon fuels are used, the extensive fuel processing has negative impacts on
system size, complexity, efficiency, and system cost. For hydrogen PEFCs the
need for a hydrogen infrastructure to be developed poses a barrier to
commercialization.

6.4 ALKALINE FUEL CELL

The AFC was one of the first modern fuel cells to be developed, beginning in
1960. The application at that time was to provide on-board electric power for
the Apollo space vehicle. The AFC has enjoyed considerable success in space
applications, but its terrestrial application has been challenged by its sensitivity
to C02

The electrolyte in this fuel cell is either concentrated KOH in fuel cells
operated at high temperature (~250°C), or less concentrated KOH for lower
temperature (<120°C) operation. The electrolyte is retained in a matrix, and
a wide range of electrocatalysts can be used. The fuel supply is limited to
nonreactive constituents except for hydrogen. CO is a poison, and CO, will
react with the KOH to form K,COs, thus altering the electrolyte. Even the small
amount of CO, in air must be considered a potential poison for the alkaline cell.
Generally, hydrogen is considered as the preferred fuel, although some direct
carbon fuel cells use alkaline electrolytes.

Desirable attributes of the AFC include its excellent performance on
hydrogen and oxygen compared to other fuel cells. The sensitivity of the
electrolyte to CO, requires the use of pure H, as a fuel. As a consequence, the



FUEL CELLS 395

use of a reformer would require a highly effective CO and CO, removal system.
In addition, if ambient air is used as the oxidant, the CO, in the air must be
removed. This requirement imposes a significant impact on the size and cost of
the system.

6.5 PHOSPHORIC ACID FUEL CELL

Concentrated phosphoric acid is the electrolyte in this fuel cell, which typically
operates at 150-220°C. At lower temperatures, phosphoric acid is a poor ionic
conductor, and CO poisoning of the Pt electrocatalyst in the anode becomes
severe. The relative stability of concentrated phosphoric acid is high compared
to other common acids; consequently, the PAFC is capable of operating at the
high acid temperature range (100-220°C). In addition, the use of concentrated
acid minimizes the water vapor pressure, making water management relatively
simple. The matrix most commonly used to retain the acid is silicon carbide,
and the electrocatalyst in both the anode and cathode is Pt.

PAFC is mostly developed for stationary applications. Both in the USA and
Japan, hundreds of PAFC systems were produced, and used in field tests and
demonstrations. It remains one of the few fuel cell systems that are available for
purchase. Recently, however, development of PAFC had slowed down in favor
of PEFC, which is thought to have better cost potential.

PAFCs are less sensitive to CO than PEFCs and AFCs. The operating
temperature is still low enough to allow the use of common construction
materials, at least in the BOP components. The operating temperature also pro-
vides considerable design flexibility for thermal management. PAFCs have
demonstrated system efficiencies of 37-42% (based on LHV of natural gas
fuel), which is higher than most PEFC systems, but lower than many of the
SOFC and MCFC systems. The waste heat from PAFC can be used in most
commercial and industrial cogeneration applications, and would allow a
bottoming cycle. Cathode-side oxygen reduction is slow, and requires the use
of a Platinum catalyst. PAFCs require extensive fuel processing, typically
including a water gas shift reactor to achieve good performance. The highly
corrosive nature of phosphoric acid requires the use of expensive materials in
the stack.

6.6 MOLTEN CARBONATE FUEL CELL

The electrolyte in this fuel cell is usually a combination of alkali carbonates,
which is retained in a ceramic matrix of LiAlO,. The fuel cell operates at 600—
700°C where the alkali carbonates form a highly conductive molten salt, with
carbonate ions providing ionic conduction. At the high operating temperatures
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in MCFC, Ni (anode) and nickel oxide (cathode) are adequate to promote
reaction. Noble metals are not required for operation, and many common
hydrocarbon fuels can be reformed internally. The focus of MCFC development
has been stationary and marine applications, where the relatively large size and
weight of MCFC and slow start-up time are not an issue. MCFCs are under
development for use with a wide range of conventional and renewable fuels.
After the PAFC, MCFCs have been demonstrated most extensively in
stationary applications, with many demonstration projects either under way or
completed. While the number of MCFC developers and the amount of
investment has declined over the last decade,, development and demonstrations
continue.

The relatively high operating temperature of the MCFC (650°C) has several
benefits. No expensive electrocatalysts are needed as the nickel electrodes
provide sufficient activity, and both CO and certain hydrocarbons are fuels for
the MCFC, as they are converted to hydrogen within the stack, simplifying the
BOP and bringing the system efficiency up to the high 40s and low 50s. The
high-temperature waste heat allows the use of a bottoming cycle to further
boost the system efficiency.

The main challenge for MCFCs is the very corrosive and mobile electrolyte,
which requires the use of nickel and high-grade stainless steel as the cell
hardware. The higher temperatures promote material problems, impacting on
mechanical stability and stack life.

6.7 SOLID OXIDE FUEL CELL

The electrolyte in this fuel cell is a solid, nonporous metal oxide, usually Y,0s-
stabilized ZrO,. The cell operates at 600-1000°C where ionic conduction by
oxygen ions takes place. Typically, the anode is Co-ZrO2 or Ni-ZrO2 cermet,
and the cathode is Sr-doped LaMnO3. The recent development of thin-
electrolyte cells with improved cathodes has allowed a reduction in operating
temperature to 650-850°C. Some developers are attempting to push SOFC
operating temperatures even lower. Over the past decade, this has allowed the
development of compact and high-performance SOFCs, which utilize relatively
low-cost construction materials. Concerted stack development efforts through
the US DOE Solid State Energy Conversion Alliance (SECA) program, have
considerably advanced the knowledge and development of thin-electrolyte
planar SOFCs. SOFCs are now considered for a wide range of applications,
including stationary power generation, mobile power, auxiliary power for
vehicles, and specialty applications.

The SOFC has been in development for a long time. Because the electrolyte
is solid, the cell can be cast into various shapes, such as tubular, planar, or
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monolithic. The solid ceramic construction of the unit cell alleviates any
corrosion problems in the cell. The solid electrolyte also allows precise
engineering of the three-phase boundary and avoids electrolyte movement or
flooding in the electrodes. The kinetics of the cell is relatively fast, and CO is a
directly useable fuel as it is in the MCFC. There is no requirement for CO, at
the cathode as with the MCFC. The materials used in SOFC are modest in cost.
Thin-electrolyte planar SOFC unit cells have been demonstrated to be cable of
power densities close to those achieved with PEFC. As with the MCFC, the
high operating temperature allows use of most of the waste heat for
cogeneration or in bottoming cycles. Efficiencies ranging from around 40% for
a simple cycle, to over 50% for a hybrid system application have been
demonstrated, and the potential for over 60% efficiency exists as it does for
MCEFC.

The high temperature of the SOFC has its drawbacks. There are thermal
expansion mismatches among materials, and sealing between cells is difficult in
the flat plate configurations. The high operating temperature places severe
constraints on materials selection and results in difficult fabrication processes.
Corrosion of metal stack components, such as the interconnections, is a
challenge. These factors limit stack-level power density and thermal cycling
and stack life.

7. Fuel Cell Performance

This section contains a brief description of the chemical and thermodynamic
relations governing fuel cells and how operating conditions affect their
performance. Understanding the impacts of variables such as temperature,
pressure, and gas constituents on performance allows fuel cell developers to
optimize their design of the modular units and to maximize systems application
performance. To understand the operation of a fuel cell one needs to define its
ideal performance. Once the ideal performance is determined, losses arising
from nonideal behavior can be calculated and then deducted from the ideal
performance to describe the actual operation.

7.1 THE ROLE OF GIBBS FREE ENERGY AND NERNST POTENTIAL

The maximum electrical work (W,) obtainable in a fuel cell operating at
constant temperature and pressure is given by the change in Gibbs free energy
(AG) of the electrochemical reaction in Eq. (1):

W,=AG=-nFE (D
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where n is the number of electrons participating in the reaction, F is Faraday’s
constant (96,487 coulombs/g-mole electron), and E is the ideal potential of the
cell.

The Gibbs free energy change is also given by the following state function:

AG = AH— TAS )

where AH is the enthalpy change and AS is the entropy change. The total
thermal energy available is AH. The available free energy is equal to the
enthalpy change less the quantity TAS which represents the unavailable energy
resulting from the entropy change within the system.

The amount of heat that is produced by a fuel cell operating reversibly is
TAS. Reactions in fuel cells that have negative entropy change generate heat
(such as hydrogen oxidation), while those with positive entropy change (such as
direct solid carbon oxidation) may extract heat from their surroundings if the
irreversible generation of heat is smaller than the reversible absorption of heat.

The standard state Gibbs free energy change of reaction is a function of
partial molar Gibbs free energy at a given temperature. This potential can be
computed from the heat capacities as a function of temperature and from values
of changes in entropy and enthalpy at a reference temperature.

7.2 IDEAL PERFORMANCE

The Nernst potential £, gives the ideal open circuit cell potential. This potential
sets the upper limit or maximum performance achievable by a fuel cell.

The Nernst equation for a SOFC is presented here as an illustration in Egs.
(3-6):

Anode reaction: H,+O0~ — H,O +2¢e” 3)
CO+0™ - COy+2e 4)
CH4 +40™ — 2H,0 + CO, + 8¢~ (3)
Cathode reaction: %0y +2e — 0O (6)

The Nernst equation defines a relationship between the ideal standard
potential for the cell reaction and the ideal equilibrium potential at other partial
pressures of reactants and products. For the overall cell reaction, the cell
potential increases with an increase in the partial pressure of reactants and a
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decrease in the partial pressure of products. For example, for the hydrogen
reaction, the ideal cell potential at a given temperature can be increased by
operating at higher reactant pressures.

7.3 CELL ENERGY BALANCE

The energy balance around a fuel cell is based on the energy absorbing/
releasing processes that occur in the cell. The energy balance varies for the
different types of cells because of differences in reactions that occur according
to the cell type. The cell energy balance states that the enthalpy flow of
reactants entering the cell will equal the enthalpy flow of the products leaving
the cell plus the sum of the net heat generated by physical and chemical
processes within the cell, the DC power output from the cell and the heat loss
from the cell to its surroundings.

7.4 CELL EFFICIENCY

The thermal efficiency of a fuel conversion device is defined as the amount of
useful energy produced relative to the change in enthalpy between the product
and feed streams. Fuel cells convert chemical energy directly into electrical
energy. Theoretically, in a fuel cell the change in Gibbs free energy AG of the
reaction is available as useful electric energy at the temperature of conversion.
The ideal efficiency of a fuel cell is defined in Eq. (7):

AG
N ideal = E (7

The thermal energy of an ideal fuel cell operating reversibly on hydrogen
and oxygen at standard conditions is given in Eq. (8)

237.1
idest = —— = 0.83 8
M ideal 285.8 (8)

The actual cell potential is decreased due to irreversible losses. These losses
are caused by:

e Activation-related losses
e Ohmic losses
e Mass-transport related losses



400 S.A. ALI

7.5 FUEL CELL PERFORMANCE VARIABLES

The fuel cell performance is a function of temperature, pressure, gas
composition, reactant utilization, current density, cell design, impurities, and
cell life. Increasing current density influences activation, ohmic and concen-
tration losses which occur as current is changed. At high current densities,
diffusion of enough reactants to the reaction site is limited, resulting in a drop
in the performance through reactant starvation. Ohmic losses govern normal
fuel cell operation. Ohmic loss and voltage change are a direct function of
current, which is given by the current density multiplied by the cell area.
Figure 3 contains a simplified illustration of the voltage/power relationship.
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Figure 3. Voltage/power relationship

8. Worldwide Fuel Cell Programs

Fuel cells are being developed to deliver efficiencies above those achievable
from a Carnot cycle system. Global interest in achieving higher performance
from power systems, anticipated shortages of fossil fuels, and concerns about
greenhouse gas emissions have encouraged the USA, Europe, Japan, and other
countries to accelerate the development of fuel cells. In the USA, the Depart-
ment of Defense and National Aeronautics and Space Administration have
sponsored PFC and AFC fuel cells programs for space and classified appli-
cations. NASA is currently supporting the development of SOFC fuel cells for
auxiliary power unit applications”.
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The US Department of Energy (DOE) have initiated and sponsored MCFC
and SOFC programs to enhance efficiency and reduce pollution for stationary
and transportation applications. The SECA is currently in its 7th year. DOE
held its 6th SECA annual workshop® in April, 2005. This program has given the
go-ahead for selected industry projects in stationary and transportation
applications. In addition, concurrent core technology research is also being
sponsored by the DOE. In August 2005, DOE selected two industrial com-
panies to demonstrate coal-based SOFC systems at approximately 100 MW for
central power applications. These demonstrations are planned for 2012. The
Hydrogen Fuel Initiative project of DOE is focused on accelerating the deve-
lopment of fuel cells utilizing hydrogen as the fuel for the transportation
sector”. A simplified fuel cell hybrid system is presented in Figure 4°°.

Solid Oxide Fuel Cell Hybrid

= r

Resipsratar

A simple hybrid system

Figure 4. A simplified solid oxide fuel cell hybrid system

Dr. Wolfgang Winkler of Germany provided the status information on fuel
cell programs in Europe’. He graciously agreed to provide the information
presented here. Dr. Winkler serves as the principal for the European Union
(EU) helping to establish solid oxide and MCFC systems, operating on coal,
biomass and other renewable energy derived fuels. The 3-year EU MCFC/MTG
Hybrid Power Plant project aims to provide low cost production systems. The
main objective of this project is to develop and demonstrate a small-sized
hybrid system with a combination of MCFC technology and Micro Gas
Turbines (MTG).

A similar 3-year demonstration project on pressurized IP-SOFC is also
being sponsored by the EU. The project’s main objectives are to develop a
pressurized 10 kWe fuel cell (FC) block with integral internal reforming and to
operate it with a hydrocarbon fuel representative of operation using natural gas.
The European Community support of fuel cell and hydrogen R&D programs



402 S.A. ALI

approached approximately €250 million in 2005. SOFC and PEFC systems are
being developed for transportation applications planned by the EU. Figure 5
presents a schematic of future SOFC hybrids and coal use.

Future SOFC hybrids and coal use
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Figure 5. Future SOFC Hybrids and Coal Programs at EU

Fuel cells are being used for distributed generation (DG) while reducing
greenhouse gas emissions. Currently, these are small-in-size for the commercial
and small-scale industrial sectors. A comparison of fuel cells with other power
sources in DG mode is presented in Table 2. Table 3* contains a comparison of
SO,, NO, and CO, emissions from various power generation systems.

TABLE 2. Performance comparisons of selected distributed generation systems

Type Size Efficiency (%)
SOFC 5SKW -3 MW 45-65
Proton exchange membrane <1 KW-1 MW 34-36
Reciprocating engines 50 KW-6 MW 33-37
Micro turbines 10 KW-00 KW 20-30
PAFC 50 KW-1 MW 40
Photovoltaics 1 KW-1 MW NA

Wind turbines 150 KW-500 KW NA
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TABLE 3. Comparison of fuel cell hybrids emissions with other systems

Type NO, SO, CO,
(LBS/MWH) (LBS/MWH) (LBS/MWH)

Fuel cell hybrids Negligible Negligible <750
Fuel cells Negligible Negligible <1250
Combined cycle gt <1 <1 <1000
Microturbine 1 1 <2000
US fossil fuel plant

(2000) >4 >8 >2000
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ACTIVE ELECTRIC CONTROL OF EMISSIONS FROM SWIRLING
COMBUSTION

I. BARMINA, A. DESNICKIS, A. MEIJERE, M. ZAKE"
Institute of Physics, University of Latvia, Salaspils-1, Miera 32,
LV-2169, Latvia

Abstract. The DC electric field effect on the nonpremixed swirling flame
dynamics, flame temperature and composition profiles is studied experi-
mentally with the aim of establishing the feasibility of electric control of
swirling combustion and formation of polluting emissions. The results testify
that the electric field-enhanced mass transfer inside the internal recirculation
zone disturbs the balance between the axial fuel flows and the reverse axial
motion of the combustion products. The DC field effect on the fuel/air mixing
rate and the residence time of reactions is responsible for soot growth and
carbon burnout, thereby providing electric control of swirling combustion and
formation of polluting emissions. The influence of applied voltage and polarity
of the axially inserted electrode on the swirling combustion and composition of
polluting emissions is shown and analyzed.

Keywords: swirling combustion, electric control, soot formation, carbon capture

1. Introduction

The emission of greenhouse gases results in global warming, which leads to an
increase in the average global surface temperature, a decrease in snow cover
and a rise in sea levels. .During the 20th century, human activities have
significantly increased the concentration of greenhouse gases, mainly, CO,
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released into the atmosphere through the combustion of fossil fuels (oil, natural
gas and coal). There are various methods of controlling carbon emissions
during the combustion of fossil fuels'”. One of them, the modification of
primary fuel, resulting in fuel decarbonization, is a very promising technique.
Both elemental carbon and hydrogen, produced by thermal decomposition of
hydrocarbons, have various technical applications® (e.g., the production of
paints, fuel cells, etc.). Therefore, electric control of the nonpremixed swirling
flame flow has intriguing consequences for industry®. The electric force can be
used to control the swirl-induced recirculation of the products, providing DC
field control of the mixing rate of the flame compounds and determining the
combustion dynamics, fuel burnout, the residence time of soot formation,
carbon capture and sequestration and composition of the products. Previous
investigations have shown that reducing the rate of fuel/air mixing downstream
of the nonpremixed strongly swirled flame flow can create favorable conditions
for soot nucleation and production of nanoparticles of elemental carbon,
whereas the electric field control enables the separation of carbon particles from
the fuel-rich flame core*. The lower the amount of carbon burnt, the lower the
greenhouse carbon emissions.

The observed field-induced variations of nonpremixed swirling combustion
and the composition of polluting emissions require minimal electric power
input (<1 W). However, they are very sensitive to variations in the applied
voltage, field configuration and polarity of the axially inserted electrode.
Therefore, detailed research into the primary mechanisms involved is necessary
to develop towards the stable and repeatable control of nonpremixed swirling
combustion, flame carbon and polluting NO, emissions.

2. Experimental Apparatus

In the present study we use a swirl burner® with an axial fuel supply of g¢~ 0.5—
0.7 I/min and constant tangential air supply of g.; = 17 1/min, providing fuel-
lean and stoichiometric combustion conditions at the burner outlet. For the
given burner geometry and stoichiometric propane/air supply into the burner,
the axial velocity of the swirling airflow (u) at the annular nozzle outlet does
not exceed u = 1 m/s, while the azimuthal velocity component approaches w =
5.9 m/s. Hence, the swirling airflow has a relatively high swirl number (S = 5),
determining the formation of low-temperature staged fuel combustion’ with a
reduced propane-air mixing rate downstream the swirling flame flow.
Downstream of the swirling flame flow, a steel electrode of 4 mm diameter
250 mm length is axially inserted. A high DC voltage source provides the
required voltage between the axially inserted electrode and the burner surface.
The bias voltage of the electrode can be varied in the range -3 to +3 kV. To
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restrict the effects of Joule dissipation and corona discharge on the combustion
dynamics, the ion current in the flame is limited to 0.5 mA in this study. The
field effect on the combustion dynamic is studied downstream the flame
channel flow, when a swirling flame flow at the burner outlet is injected into a
channel of diameter D = 40 mm and length L = 335 mm, composed of five
sections. The investigation of the electric field effect on the combustion
dynamics includes local measurements of the flame velocity, temperature and
composition, using a Pitot tube and Pt/Pt-Rh thermocouples, and flame
sampling, coupled with spectral analysis of the gaseous samples. The resulting
electric field effect on the formation of polluting emissions is estimated from
the measurements of the composition of the products. These measurements are
carried out using a gas analyzer Testo 350XL. The electric field effect on the
soot formation and carbon sequestration is valued from the gravimetric
measurements of the sequestered soot mass.

3. Results and Discussion

Previous investigations confirm® that for the given swirl burner geometry, the
nonpremixed swirling combustion develops at a reduced propane-air mixing
rate downstream of the flame channel flow. Under such conditions a typical
feature of the flame flow is the formation of low-temperature staged fuel
combustion, developing at a relatively large distance from the burner outlet; up
to L/D = 7. Local measurements of the flame temperature and composition have
shown that the swirling flame flow has a relatively cold (7= 1,000 K) fuel-rich
(a < 1) flame core (/R < 0.5) surrounded by the annular reaction zone, where
the peak value of the flame temperature approaches 7 =~ 1,500-1,750 K.
Downstream of the fuel-rich flame core (/R <0.5) the formation of hydro-
carbon species is detected, such as C,H,, CHy, C,H,4, etc., which play an
important role in the primary reactions as ingredients in the formation of
aromatics (PAH), soot nucleation and particle growth (Figure 1). The formation
of the main products (CO, CO,, and NO,) is revealed downstream of the
annular reaction zone and peaks at /R = 0.5-0.6.

The formation of nonpremixed swirling flame velocity profiles is
accompanied by recirculation of the products that counterbalances and
gradually slows down the axial fuel flow from the burner outlet. Under
undisturbed swirling flame conditions (U = 0) the balance between the axial
fuel flow and the reverse axial flow of the products is found at a distance of L =
40-50 mm from the burner outlet, where the axial fuel flow from the burner
outlet actually stops (stagnates). Since the residence time of soot growth is
highly influenced by the axial fuel flow rate (¢.; =~ u—1), the residence time of
soot growth rapidly increases, when the recirculation of the products slows
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down the axial fuel flow from the burner outlet. Hence, at this distance (L = 40—
50 mm) from the burner outlet, an intensive nucleation of the soot precursors is
observed through the increase of the luminous flame emission in the visible
spectrum range (550-600 nm), resulting in the formation and growth of primary
soot nanoparticles of diameter d = 20-30 nm. Thermophoretic effects control
the transport of primary soot nanoparticles to the surface of the central
electrode, resulting in a mass growth of sequestered soot in the undisturbed
(U = 0) swirling flame conditions.
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When the electric body force F is
applied to the swirling flame flow,
the field-enhanced heat and mass
transfer processes vary the swirling
flame flow field by enhancing or
counterbalancing the axial fuel flow
motion from the burner outlet and so
varying the shape of the flame
velocity profiles with transformation
between spiral and bubble type vortex
breakdown (Figure 2).

Figure 1. Typical shape of the relative mass
fraction profiles of the formation of hydro-
carbon fragments (C,H,) under the conditions
of nonpremixed swirling combustion (L = 30
mm).

Figure 2. The electric field effect on the flame shape and length: (a) U = 0; (b) U = +1.2 kV;
() U=+1.5kV; (d) U=+2.1kV; (e) U=+3 kV; () U=-0.9 kV.
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In fact, by increasing the positive bias voltage of the central electrode, the
field strengthens the reverse axial motion of the gaseous species and gradually
slows down the axial fuel flow motion from the burner outlet (Figure 3), so
increasing the residence time of soot formation and enhancing the growth and
coagulation of the primary soot nanoparticles. The reverse field effect on the

swirling flame flow is revealed for the

negative bias voltage of the central

electrode, when the field intensifies the
A axial fuel flow motion, decreasing the
residence time of soot growth (Figure 3).

As soon as a soot particle is in contact
with the weakly ionized flame flow (n. = ;
~ 10°-10" cm™), is acquires a charge
determined by the flux of either positively
or negatively charged species (mostly
electrons and positive ions) to the surface
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Figure 3. The electric field-enhanced relative
variations of the axial velocity at the burner outlet (L
Voltage (kV) =30 mm) at the varying polarity and bias voltage of
the central electrode.

of the particle. Once charged, the electric field promotes the electrophoretic
transport of the particle to the surface of the central electrode and the surface
growth of sequestered carbon particles proceeds (Figure 4a). Note that a
positive bias voltage of the central electrode produces a stronger field effect on
the carbon capture and sequestration than a negative bias voltage, when the
field-enhanced growth and the electrophoretic transport of soot nanoparticles to
the surface of the central electrode are the major mechanisms that determine the
mass growth of sequestered soot. A correlating decrease in mass fraction of the
main hydrocarbon species (C,H,, C;H,, CH,) inside the fuel-rich flame core in
a range of U < 1.2 kV shows that these species can be recognized as the main
soot precursors (Figure 1). The peak value of the sequestered soot mass is
registered at U = +0.9-1.2 kV — under conditions, when the field-enhanced
reverse axial motion of the products completely locks up the axial fuel flow
from the burner outlet.
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Figure 4. The effect of applied voltage and polarity of the central electrode on the mass growth of
sequestered soot (a) and local variations of the flame temperature (L = 30 mm) (b)

Since the flame temperature is very sensitive to the amount of carbon
burned, the field-enhanced mass growth of sequestered carbon results in a
correlating decrease in the temperature inside both the fuel-rich flame core and
the flame reaction zone (Figure 4b). As one can see, the minimum value of the
temperature corresponds to the peak value of the sequestered soot mass (Figure
4a and b) and starts to increase in strong fields (U > 1.2 kV), where the field-
enhanced recirculation actually discontinues the axial fuel flow from the burner
outlet and advances the radial mass transfer of the hydrocarbon species by
increasing the mass fraction of these species along the outside part of the flame
reaction zone (R > 10-12 mm) (Figure 1). The field-enhanced radial mass
transfer of the fuel compounds results in a more intensive fuel/air mixing,
completing the fuel burnout, thereby increasing the flame temperature and
efficiency of the fuel burnout. Conversely, it decreases the mass fraction of the
soot precursors inside the flame core by restricting soot formation with a
correlating decrease of the sequestered soot mass and visible flame length.

Measurements of the composition of the products, released during the
swirling propane/air combustion have shown that the field-enhanced carbon
capture and sequestration provide correlating variations in mass fraction of the
polluting emission. In fact, by increasing the mass of sequestered carbon, the
mass fraction of the greenhouse carbon emissions (CO;) in the products can be
decreased by 6-11% (Figure 5a), while the mass fraction of the free oxygen in
the products increases by 14% (Figure 5a), and a field-enhanced 2.5% decrease



ELECTRIC CONTROL OF EMISSIONS 411

in the fuel burnout efficiency is registered. This correlation testifies that the
field-enhanced carbon capture and sequestration can be used as a tool to control
the fuel burnout and the formation of greenhouse carbon emissions. Moreover,
the correlating field-enhanced decrease in temperature downstream of the flame
core and inside the flame reaction zone provides a corresponding decrease of
the NO production (Figure 5b) that finally brings about a 16-20% decrease in
the mass fraction of NO, emissions. In fact, by increasing the positive bias
voltage of the central electrode to U = 0.9-1.2 kV, the mass fraction of NO, in
the products can be lowered below 40 ppm at 7% CO; in the products (Figure
5a). Hence, cleaner fuel combustion can be achieved.
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Figure 5. The electric field effect on the mass fraction of free oxygen and carbon emissions in the
products (a) and the formation of polluting NO and NO, emissions (b).
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INFLUENCE OF GAS DISCHARGE PLASMA ON COMBUSTION
OF A HIGH-SPEED HYDROCARBON FLOW

V.M. SHIBKOV", V. G. GROMOV, R. S. KONSTANTINOVSKIJ
Physical Faculty of M.V.Lomonosov Moscow State University,
119992 Moscow, Russia

Abstract. A direct current discharge, a transversal in relation to the gas flow
pulse-periodic electrode discharge, a freely localized microwave discharge and
a surface microwave discharge under condition of a high-speed flow are
considered. It is shown, that all types of discharge result in a reliable ignition of
hydrocarbon fuel. In order to determine the influence of different channels of
energy transfer on the ignition of combustible mixtures in a high speed flow,
the kinetic model of ignition of hydrocarbon—air mixtures was developed,
taking into account the influence of the electric field on molecule dissociation
and the creation of active radicals i.e., excited and charged particles (electrons,
positive, and negative ions), under conditions of nonequilibrium plasma in the
gas discharge. Mathematical modeling has revealed the strong influence of the
reduced electric field on the induction period.

Keywords: ignition, combustion stabilization, high-speed hydrocarbon fuel flow, gas
discharge, low-temperature plasma, numerical modeling, diagnostics

1. Introduction

Advances in aviation technology call for research and development aimed at
creating new efficient means of reducing the ignition time and controlling the
combustion of a high speed fuel flow. A new solution to these problems is the
application of different gas discharges. This has given rise to a new field of
research in plasma physics and supersonic plasma aerodynamics, which is
currently progressing rapidly'”. Specifically, it is conjectured that the use of a
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nonequilibrium gas-discharge plasma will reduce the fuel ignition time in a
high speed stream.

The mechanism of gas-phase oxidation of various combustible gases,
including hydrocarbons and hydrogen, has been thoroughly investigated®'*
with the emphasis on their ignition mechanism. The great majority of publica-
tions in this field have dealt with factors determining the induction period
preceding the ignition event. In recent decades, there have been several
publications discussing the possibility of effectively controlling combustion
processes by various physical means. For example, Semenov'' studied the
broadening of the inflammability range of the hydrogen—oxygen mixture under
the action of short-wave radiation or oxygen atoms. Furthermore, it has been
experimentally demonstrated that under the action of ultraviolet radiation
(A = 175 nm), the inflammability “peninsula” broadens and shifts to lower
temperatures'”. A number of studies, have suggested initiating ion-molecule and
ion-atom reactions using low-temperature gas-discharge plasma'?. In the same
studies, plasma jets and laser radiation are discussed as possible ignitors for
supersonic hydrocarbon streams. Numerical analysis and experimental studies
of the ignition of H,—O,, H,—air, and CH4—O, mixtures with a nanosecond high-
voltage discharge have revealed marked distinctions between the equilibrium
and nonequilibrium excitations of the mixtures’’. The effects of the initial
concentration of free radicals (H and O atoms) and of the radiolysis rates of
dihydrogen and dioxygen on the ignition limits of the stoichiometric hydrogen—
oxygen mixture have been studied by numerical simulation'*. Numerical
simulation predicts that singlet oxygen Oz(alAg) will cause an increase in the
hydrogen—oxygen flame velocity'>. The ignition of various hydrocarbon-
containing combustible mixtures by laser heating or laser-induced breakdown
has been studied as a function of gas pressure and laser wavelength'®'®, The
ignition of a high-speed propane-air flow by microwave discharges has been
studied as a function of gas pressure, pulse duration, microwave power,
equivalent ratio, etc.'” .

A cursory survey of the literature has demonstrated that there are numerous
ways of intensifying the chain combustion of hydrocarbons. However, the
ignition kinetics are not completely understood, even for the rather simple
model system of hydrogen—oxygen under low-temperature gas-discharge
plasma conditions, which are established at large values of the reduced electric
field. The study of the ignition and combustion of hydrogen-containing
mixtures under low-temperature plasma conditions is of importance from
various standpoints: it is necessary to carry out both fundamental research in the
mechanism and kinetics of atom-molecule reactions in a strong electric field
and an analysis of a variety of applied problems, including the optimization of
plasma chemical processes. One practical challenge is the development of the
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physical principles of combustion of high speed hydrocarbon—air flows. In this
case, it is necessary to ensure a rapid space ignition of the high-velocity fuel
flow. To do this, it is necessary to minimize the induction period. It is known
that ignition of combustible gaseous mixtures can occur either through heating
of the gas to high temperature (thermal autoignition), or as a result of radicals
and active particles. Determining the mechanisms responsible for the ignition of
nonequilibrium low-temperature plasma of the gas discharge, at high values of
the reduced electric field, is one of the principal goals of the investigations.

The results of research into low-temperature nonequilibrium plasma in high-
speed streams of a hydrocarbon—air fuel, which have been conducted at the
Physical Faculty of the Moscow State University'>'*™! during the last several
years, are submitted in this paper.

2. Experimental Results

The experimental installation consisted of a vacuum chamber, a receiver of a
high pressure of air, a receiver of a high pressure of propane, a system for
mixing propane with air, a system for producing a high speed gas flow, two
magnetron generators, two systems for delivering microwave power to the
chamber, cylindrical and rectangular aerodynamic channels, two sources of
high-voltage pulses, a synchronization unit, and a diagnostic system. The basic
component of the experimental setup was an evacuated metal cylindrical
chamber, which enabled high speed flow creation, and contained the
combustion products. The inner diameter of the vacuum chamber was 1 m, and
its length was 3 m. A high speed flow was produced by filling the vacuum
chamber with air through a specially profiled Laval nozzle mounted on the
outlet tube of an electromechanical valve. In our experiments, we used
cylindrical and rectangular nozzles designed for a Mach number of M = 2.

The microwave source was a pulsed magnetron generator operating in the
centimeter wavelength range. The parameters of the magnetron generator were
as follows: the wavelength was A4 =2.4 cm, the pulsed microwave power was
W, <200 kW, the pulse duration was 7=1-100 ps, and the period-to-pulse
duration ratio was Q= 1,000. The magnetron was powered from a pulsed
modulator with a partial discharge of the capacitive storage. Microwave power
was delivered to the discharge chamber through a 9.5 x 19 mm?® rectangular
waveguide. The input microwave power was measured with the help of a
directional coupler installed in the waveguide so that a fraction of microwave
power was directed to the measuring arm containing an attenuator and a section
with a crystal detector. All the components of the microwave transmission line
were sealed. To avoid electric breakdowns inside the waveguide, it was filled
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with an insulating gas (SFs) at a pressure of 4 atm. The vacuum system of the
chamber enabled pressure variationover a wide range from 10~ to 10° torr.

The ignition of a high speed stream was detected as a glow in the
aerodynamic channel downstream of the discharge section. No glow was
observed either when a gas discharge was generated in an air flow, a high-speed
propane-air flow, although its properties (pulse duration, discharge current,
electric field strength in the plasma, and the electric power deposited into
discharge) were inappropriate for ignition, or when the mixture was far from
stoichiometric. Induction time was simultaneously derived from different
measurements: (1) the minimum microwave pulse duration, resulting in a
glowing flame in the aerodynamic channel downstream of the discharge
section; (2) the time taken by the intensity of the molecular band of the excited
CH’ radical (the (0;0) band of the A’A—>X " transition) with a wavelength of
A=431.5 nm, to achieve the maximum growth rate; (3) the time taken by the
signal from the double probe to achieve the maximum growth rate; and (4)
the time taken by the current through the plane capacitor at the outlet of the
aerodynamic channel to achieve the maximum growth rate. The ignition of a
high speed flow was also detected as an increasing output signal from an
acoustic noise meter, as a sharp change of general view of plasma radiation
spectrum and as a sharp increase of gas temperature.

In the overwhelming majority of experimental and theoretical research
devoted to the application of various types of gas discharges for ignition of fuel
mixtures, the gas discharge was considered only as a source of thermal energy
entered into system. But various gas ionization degrees are achieved for
different types of gas discharge at the same applied specific power. Hence, the
electric energy input is differently distributed according to the internal degrees
of freedom of molecular gas. This distribution is strongly dependent on the
reduced electric field which, in turn, is determined by the electrodynamics of
the discharge. A different result can be received at the same power of the
energy source. For example, for ignition of a high-speed propane-air flow with
Mach number M = 2 a DC electrode discharge pulse-periodic transversal
electrode discharge and freely localized and surface microwave discharges were
used. Figure 1 presents the induction period as a function of the reduced electric
field under these conditions. For example, the ignition of a propane-air mixture
with the help of the surface microwave discharge was took place after a pulse
duration of just 7= 5-20 pus, whereas at the same conditions the pulse-periodic
transversal electrode discharge only resulted in ignition for 7> 150-200 us.
This indicates that there are more charged and active particles in a microwave
discharge plasma than in a pulse-periodic electrode discharge plasma. Therefore
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from our point of view it is necessary to investigate in detail the influence of the
charged and active particles on reducing the ignition delay and increasing the
completeness of propane—air mixture combustion.

10F
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@ 10°F
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107(’0 55 160 1;0 260
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Figure 1. Induction period as a function of reduced electric field under conditions of a high-speed
propane-airstream with Mach number M =2. DC — direct current electrode discharge; TPPED —
transversal pulse-periodic electrode discharge; FLMWD - freely localized microwave discharge;
SMWD - surface microwave discharge
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Figure 2. Time history of wall temperature distribution. ¢, us: 1-25, 2-50, 3-75, 4-100, 5-150,
6-200, 7-250, 8-300, 9-350, 10-400, 11-450, 12-500
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Figure 3. Time history of wall C3Hg mole fraction distribution. #, us: 1-25, 2-50, 3-75, 4-100,
5-150, 6-200, 7-250, 8-300, 9-350, 10-400, 11-450, 12-500
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Figure 4. Time history of wall CQ mole fraction distribution. ¢, pus: 1-25, 2-50, 3-75, 4-100,
5-150, 6-200, 7-250, 8-300, 9-350, 10-400, 11-450, 12-500

3. Mathematical Modeling

A numerical model has been developed to study C;Hg—air thermal autoignition
by near wall heat deposition. Computations have been performed for supersonic
flow of stoichiometric propane—air mixtures over a blunted flat plate 15 cm
long and 0.02 cm thick for a free stream velocity of 519 m/s, pressure of
98 torr, and temperature of 167 K. The gas phase model, capable of dealing
with 30 species (C3Hg, O, H, Oz, Nz, Hz, CO, OH, HQO, HOZ, HzOz, HCO, COQ,
CH, CHQ, CH3, CH4, CQH, C2H2, C2H3, C2H4, C2H5, C2H6, C3H5, C3H6, i-C3H7,
n-C;H;, CH,0, CH,OH, CH3;0H) and 70 chemical reactions, was employed to
describe the ignition process. Adiabatic, full noncatalytic modeling of gas-wall
thermal and chemical interactions was used. Calculations were carried out for
conditions similar to experimental conditions created by a surface microwave
discharge. It was assumed that heat is transferred uniformly during a time
period of 100 pus with constant total power Py=2.5 kW/cm into a near wall
region of dimensions 0.5 cm <x <15 cm, 0 cm <y < 0.1 cm. The heat supply is
inserted into an initially steady-state turbulent stream. Time history of predicted
gas temperature and wall C;Hg and CO, mole fraction distributions along the
plate surface are shown in Figure 2—4. The data presented indicate that for the
considered conditions, ignition of the fuel mixture occurs post heat supply pulse
at a distance of about 4 cm from the plate heading. Up until this time, the gas
temperature near the wall reaches ~3,000 K. Subsequently, ignition front
burning moves downstream at a rate of about 300 m/s. The temperature of the
gas decreases and completeness of the combustion increases. In the gas mixture
behind the front, the fraction of final combustion products H,O and CO, rise,
whereas the fraction of oxygen and the intermediate products of combustion
drop. Numerical analysis has also shown that for a shorter heating pulse or a
lower heating power, when the temperature does not reach ~3,000 K ignition
does not occur. These results contradict the experimental data (executed at the
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same initial conditions) which show (see Figure 1), that ignition of a supersonic
propane-airstream occurs much faster (z = 5-25 us) and at a lower temperature
(T, ~ 1,000 K). This is connected to the fact that in calculations the surface
microwave discharge was considered as the source of thermal energy inserted
into the boundary layer, and plasma effects were not examined.

The kinetic model was developed to determine the influence of different
channels on the ignition of combustible mixtures. As an example, mathematical
modeling was performed for a motionless hydrogen—oxygen mixture. The
model has been developed to define the influence of various channels on the
ignition of a gas mixture, including 29 components and 241 direct and reverse
reactions®*. Such components as stable particles H,, O,, H, O, OH, HO,, H,0,,
H,0, O;, the excited molecules of oxygen O,(a), O,(b), positive ions O", O,",
0,,H", H,",H;", Hs", OH', H,0", H;0", O3H,", negative ions O, O,", O3, O,
H, OH and electrons (e) were considered during modeling. The system of
equations describing the process of oxidation in such mixtures, including the
equation for energy, the equation for concentration of particles and the equation
of state have been combined to form the basis of the model, Eq. (1) and (2)

dH M, i dy, g
——=0. H=N-Y 5| hy[ly]+ [CpdT |- =75=Gi=7: 2 Gy » (1
dt “ dt —
i=1 Ty k=1
ot
Sl g} el ) Dorda. o
G =S4 %4 \pr p-|  RE_jE N;/ij, L _NYG, .
1 q:1 N q q q q]:1 njq dt il

where 7 — mole fraction of corresponding component i#; N [mol/cm ] — total
concentration, c¢,; — molar heat capacity of species i at p = const, /,[7] — molar
enthalpy of formation of species i at 7o = 298K, M; — full number of
components, k,” — rate constant with participation of species i, M, — full number
of such reactions, oziq+ and ¢, — stoichiometric coefficients. Constants for the rate
of reactions are presented by Konstantinovskii et al.** and in the references
quoted within.

Ignition of a hydrogen—oxygen mixture under conditions of nonequilibrium
low-temperature plasma was modeled, taking into account dissociation of
molecules and creation of active radicals and charged particles. Since the gas
temperature increases at a rate of about 10 K/us under discharge conditions, it
was considered that at power-up the gas temperature instantly increases up to
some initial value 7;. Calculations were carried out without considering losses
of energy and diffusion of active particles in surrounding space. Calculations
have been performed at an initial pressure p =0.1 MPa for Hy-O, mixture
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for a range of initial gas (7p=800-1,200 K) and electron (7. =0.1-1.6 eV)
temperatures and stoichiometric fractions @. The stoichiometric fraction ¢ is the
ratio of consumption of hydrogen in mixture to its share in stoichiometric
mixture. Modeling of the kinetics of autoignition of a hydrogen—oxygen
mixture demonstrated that the ignition occurs at time ~1 ms at 75 =900 K At
the initial stage (¢ = 0—1 ms), the gas temperature rises very slowly and then
during the moment of ignition suddenly increases to its final value ~3,000 K.

The dependence of the ignition time of a hydrogen—oxygen mixture on
hydrogen consumption was evaluated. It was shown, that the induction time
depends on both the mixture ratio, and the initial gas temperature. At that, the
ignition time decreases with increasing temperature for any ratio of components
in a mixture. At the same time, the ignition time of a mixture grows at any
temperature for both an increase and a reduction in the fraction of hydrogen in a
mixture compared to ¢= 1.

The time dependence of the mole fraction at ignition of a stochiometric Hy—
0O, = 2—1 mixture under conditions of nonequilibrium gas discharge plasma is
represented in Figure 5. The mechanism of ignition represented in Figure 5 is
distinct from the mechanism of autoignition of the hydrogen—oxygen mixture.
So, for example, the creation of radicals and active particles is essentially
accelerated in the presence of the discharge due to quantitative and qualitative
changes from the simple formation of active radicals as a result of the
interaction of stable particles, to the creation of active radicals as a result of
interaction with charged particles. As a consequence of this fact, the mechanism
of ignition varies also. In this case the creation of active components occurs
generally due to the discharge.

The rate of creation of radicals and charged particles increases with the
growth of the reduced electric field E/n at electron temperature 7.. This
essentially results in the reduction of the induction time. It was shown too, that
with increase in electronic temperature, i.e., the reduced electric field, the
ionization frequency sharply grows. At 7, = 900 K the delay time of avalanche
development also decreases from ~200pus at 7.=1.35eV to ~0.5pus at
T.=1.6eV. At T.=1.35eV the concentration of metastable molecules
Oz(alAg), Oz(b12g+), atoms H and O, and also radicals at stages of avalanche
development increase by one order of magnitude, whereas at 7.= 1.6 eV the
increase in the concentration of these particles reaches 5—6 orders of magnitude.
Naturally, this results in the significant reduction of the induction period.
Recombination and recharged collisions of ions, processes of attachment and
detachment result in the establishment of a balance of concentration of the
charged particles. Thus at a stage prior to ignition of a hydrogen—oxygen
mixture, the Hs" and O, ions are the basic positive ions in the discharge, and
the ion O4 is the basic negative ion.



INFLUENCE OF GAS DISCHARGE PLASMA ON COMBUSTION 421

10"

Figure 5. Time dependence of mole fractions of ignition of stochiometric H)—0,=2—1 mixture
under condition of nonequilibrium plasma of gas discharge at electron temperature 7, = 1.4 eV,
Ty =900 K, Ny = 4.4-10° mole/cm ™. 1 —H, 2~ 0, 3 - H,, 4 — 05, 5 — OH, 6 — H,0, 7 — HO,,
8 —H,0,,9— 05,10 —¢, 11 —H', 12— H,", 13— H;", 14— Hs", 15— 07, 16 - O, 17— Ox(a'A,),
18- 0,7, 19-05,20 - 04, 21 —H, 22 - 0y(b'E,), 23 — 0,7, 24 — 0,7, 25 — OH", 26 — H,0",
27-0H, 28 — H;0", 29 — O;H,".

C " " 1 "
0,0 0,2 1,3 1,4 1,5 1,6
T,eV

&

Figure 6. Ignition time of H,—O, stoichiometric (67-33%) mixture vs electron temperature at p =
1 atm and at instant gas heating to various initial gas temperatures 7y, K: 1 — 800; 2 — 900; 3 —
1000; 4 — 1100; 5 — 1200.

The influence of gas discharge on the induction period of a stoichiometric
(67-33%) mixture of H,—O, is shown in Figure 6. The duration of the ignition
delay, under conditions of the gas discharge, decreased to of the order of value
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associated with low gas temperature. Calculations have also shown that
increasing the percentage of hydrogen in a H,—O, mixture, causes a greater
decrease in the ignition delay time compared to a stoichiometric mixture,
whereas the influence of the gas discharge on the ignition of poor mixtures is
less significant.
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VARIABLE FUEL PLACEMENT INJECTOR DEVELOPMENT

K. D. BRUNDISH", M. N. MILLER
QinetiQ, Cody Technology Park, Farnborough, Hants, GU14
OLX, UK

L. C. MORGAN, A.J. WHEATLEY
Smiths Aerospace Components Burnley Ltd, Burnley, 1 Bentley
Wood Way, Network 65 Business Park, Burnley, BB11 5TG, UK

Abstract. The operational uncertainty of lean premixed prevaporized
technology coupled with the weight and complexity penalties associated with
double annular aerocombustors has led to the emergence of the single annular,
lean-burn variable fuel placement fuel injector. QinetiQ, in partnership with
Smiths Aerospace, are involved in the development of an in-burner-staged
airblast fuel injector, which produces two autonomous recirculation zones
allowing for low NO, control over a wide turndown range. Various prototype
fuel injectors have been tested in an angled effusion cooled combustor liner at
up to 13 bar and 900 K. An idle power efficiency of over 99.5% was achieved
with less than 10 EINO, at scaled climb-out power. In addition, smoke numbers
were consistently below 5 SAE, although further optimization for idle blow-out
stability and traverse quality is required.

Keywords: variable fuel placement, low NO,, lean burn, single annular, in-burner
staging, airblast, fuel injector, turndown, aero, combustor, stability, efficiency, fuel-air
ratio

1. Introduction

Emission legislation coupled with the need for increased thrust has forced gas
turbine manufactures to move from traditional designs of combustion systems.
Single annular systems are still desired to save weight, however the fuel
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injector must accept as much as 70% of the combustor air to ensure adequate
high power emissions. New technology is required to ensure the operating
envelope is preserved with current safety margins whilst meeting these emis-
sions targets. One such technology is variable fuel placement injectors.

The variable fuel placement injector described here features four concentric
coswirling air swirlers and two concentric coswirling “airblast” fuel filmers
(pilot and main). Atomizer aerodynamics have been developed that produce
two different airflow recirculating regions within the combustor (Figure 1). A
concentric fuel filmer feeds each of these. By staging the fuel into each flame
recirculation zone the variation of local “fuel-air ratio” can be more accurately
controlled. In a similar manner to a double annular system one zone can be
configured to meet low power stability, whilst the other is optimized for high
power emissions performance.

PILOT RECIRCULATION ZONE

WMAIN RECIRCULATION ZONE

Figure 1. Desired flowfield

Target performance data for the design has been derived from anticipated
future engine cycles, and translates into:
e Acceptable fuel injector stability limit (250:1 AFR at flight idle)

e Over 99.5% idle efficiency
e EINO, values of less than 10 at full power

e Smoke levels less than 10 at full power
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This paper describes continued development of the variable fuel placement
injector. A combination of experimental and CFD methods has been used to
study two potential designs.

2. Nomenclature

AFR  Air/fuel ratio

ACd  Effective area

CO Carbon monoxide

CO, Carbon dioxide

EINO, NO, emissions index
FAR  Fuel/air ratio

HC Unburnt hydrocarbons
LTO  Landing and take-off

NO Nitrogen monoxide

NO, Oxides of nitrogen

SFC Specific fuel consumption
SN SAE smoke number density

0 Swirler blade angle

3. Fuel Injector Configurations

The fuel injectors have been designed to accept 70% of the total combustion air
based on a 32:1 pressure ratio engine cycle. The cycle is representative of a
future medium thrust engine of approximately 29,000 lbs thrust. Each fuel
injector is designed to have an overall effective area (ACd) of 700 mm?®.

Figure 2 shows the two fuel injector configurations examined. These
devices are a development of an injector configuration (shown in Figure 1)
detailed in a previous paper (Morgan et al., 2001).
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Device | Device 2

Figure 2. Devices 1 and 2 configuration

Four axial air passages are configured radially, namely the inner, axial
curtain, outer and the dome. The inner swirler provides the core flow for the
main zone. Limited in swirl, and hence recirculation, it is surrounded by the air
curtain which contains no swirl but provides a barrier between the pilot and
main zones. The highly aerated low swirl main provides a lean, low residence
time zone aimed at low emissions at high power.

The outer and dome swirlers make up the pilot zone. Highly swirled, they
provide an outer recirculation zone aimed at low power stability. The configu-
rations were developed from a combination of bench testing and CFD modeling
(Morgan et al., 2001). In all cases, the swirlers are corotating, although counter
rotating swirlers have been examined.

The difference between the two devices is that the main zone geometry of
device 2 is nozzled whereas the main zone geometry of device 1 is open and
divergent. Table 1 below shows the measured airflow distribution between the
four air passages. Swirl number is included and was calculated in accordance
with the Beer and Chigier method (1972).

TABLE 1. Measured fuel injector airflow distribution

Fuel nozzle  Inner swirler Axial air Middle Outer swirler Combined

type swirler

ACp SN ACp Sn ACp SN ACp SN ACp
(MM?) (MM?) (MM?) (MM?)

Device 1 217 0.7 288 - 86 2.5 91 2.5 723
Device 2 134 0.7 323 - 91 2.5 100 2.5 644




VARIABLE FUEL PLACEMENT INJECTOR 429

4. CFD Evaluation

Insight to airflow visualization was provided by constructing a three-
dimensional (3D)-axisymmetric model of each of the fuel nozzles configured to
a simplified cylindrical combustor primary zone. In order to model the near fuel
injector region and accurately predict separation of the two flow fields, a sector
of the fuel injector was taken which includes the air swirler blades.

The CFD code used in this study was CFX 5.5, a commercial code supplied
and developed by AEA Harwell. Boundary conditions were set by calculating
the ACd of each air swirler passageway and then setting flow velocities
upstream to give a peak blade passage exit velocity in accordance with the
combustor pressure drop at atmospheric conditions. It is intended in future
to use pressure boundary conditions. CFD predictions were based on a 3D,
cylindrical coordinate system and the k—¢ RNG turbulence model set with
incompressible flow and no heat transfer. Neither reacting flow nor liquid fuel
interactions were considered in these models, the analysis consisted solely of
airflow pattern within a simple cylindrical combustor. The grid system used
was an unstructured tetrahedral/prismatic volume mesh and comprised
approximately 1,000,000 computational cells for each model.

The two concepts were examined isothermally to determine the aero-
dynamic distribution. Figures 3 and 4 show the results for devices 1 and 2,
respectively.

Figure 3. Device 1 CFD flowfield prediction
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It is clear from Figure 3 that device 1 forms two separate zones in the
upstream section of the combustor, although there is some mixing between
zones at downstream locations. A good recirculation zone exists in the pilot
whilst a small recirculation is present in the main. The presence of the two
separate zones was further proven in bench testing (Morgan et al., 2001).
Device 1 was configured to give approximately 26% of the fuel injector airflow
into the pilot zone.

Figure 4. Device 2 CFD flowfield prediction

Figure 4 shows that device 2 also forms two separate zones. The highly
recirculating pilot zone is completely separated from the main zone compared
to device 1. No recirculation is present in the main zone for device 2 and there
is little evidence of downstream mixing. Device 2 was configured to give
approximately 29% of the fuel injector airflow into the pilot zone.

From the initial development work, device 1 was thought to be more
promising as it offered better mixing and some recirculation for the main zone.
The two devices were evaluated experimentally for low power stability/
efficiency and high power emissions performance.

5. Experimental Evaluation

5.1 ATMOSPHERIC PRESSURE TEST RIG HARDWARE CONFIGURATION

Combustion stability was measured in an atmospheric pressure test facility at
AIT. The hardware configuration is shown in Figure 5 below, and comprises a
simple airbox arrangement with quartz tube to confine the flame and simulate
an injector/combustor system.
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Figure 5. Fuel injector stability test rig

The stability test rig was fed from a compressed air supply. Kerosene fuel
was fed to the injector and metered using calibrated rotameters. Airbox pressure
differential was measured with a calibrated digital manometer.

5.2 HIGH-PRESSURE TEST RIG HARDWARE CONFIGURATION

The combustion facility at QinetiQ was used for the test program. Separate
control over temperature (up to 900 K, nonvitiated), mass flow (up to 5 kg/s)
and pressure (up to 16 bar) is available, allowing a wide variation of combustor
inlet conditions to be achieved. An outline of the experimental rig, designed
and manufacture at AIT is given in Figure 6.

The test combustor was cylindrical and designed with 70% air through the fuel
injector and 30% through an angled effusion cooled combustor liner.
Calibrated instrumentation was utilized to measure inlet air and fuel mass
flows, inlet air temperature and inlet air pressure. The associated error with
mass flow measurement is £5%, whilst the error with pressure and temperature
measurements is £2%. The combustion system was instrumented with surface
thermocouples to determine heat loading to the combustor wall during
operation. Additionally, dynamic pressure measurements were made to
determine if any onset of combustion driven oscillations occurred.
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Figure 6. Experimental setup

Traverse
' 1

Figure 7. Gas analysis probe

An intrusive emissions measurement probe is included as part of the
configuration (Figure 7). The probe has inlet ports aligned on radii of equal area
to give a single diametrical traverse. Measurements reported were made for
each individual inlet port of the probe to determine traverse data (with traverse
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location identified at 1-7, Figure 7), and with the individual ports gauged to
give averaged data. The sample probe orifice is very small and designed so that
the sample enters at a high velocity and is quenched as it enters the relatively
cool environment. It is important that condensation does not take place at any
point in the system as species of interest may be condensed out and lost on the
walls of the sample line. Conditioning water not only provides cooling to
enable survival in the harsh environment, but also ensures that the sample does
not condense whilst within the probe.

Additional instrumentation was present during the testing, such as surface
thermocouples and acoustic pressure measurements. No significant acoustic
pressures were detected. Wall temperature limitations occurred when pilot fuel
flows were high, and limited the split between pilot and main fuel.

5.3 GAS ANALYSIS CONFIGURATION AND FUNCTIONALITY

A heated stainless steel sample line maintained at a temperature of 423 = 15 K
was connected to the sample probe which was used to convey the sample from
the combustor to the gas analysis system. This sample acquisition system
incorporates high-pressure back purge air, which can be maintained at a
pressure of 1,500 Pa. This air is used to stop fuel flowing down the sample line
at light-up.

At a short distance from the probe, the sample line is split into two separate
channels. One of the sample lines leads to the smoke analysis equipment, which
consists of both a filter stain, and an optical measuring technique. The other
sample line conveys the sample to a filter oven to remove any particulate matter
and then to the gas analysis suite.

Gas analysis instrumentation contained within the facility was used to
determine the concentration of CO, CO,, NO, NO,, total hydrocarbons, and
0,. CO; and CO was measured using heated nondispersive infrared (NDIR)
analyzers and O, by a heated paramagnetic detector. NO and NO, were
measured using the chemiluminescent technique, which relies on the reaction
between nitric oxide (NO) and ozone (O;). NO, is measured after converting
NO; to NO in a converter built into the analyzer. Thus two measurements are
made, NO and NO,. The NO/NO, analyzer is a dual channel system that allows
both species to be measured simultaneously. As is typical in such analyzers, the
converter not only converts NO,, but also any other higher oxides of nitrogen
(e.g., N,Os) or acids (e.g., HNO,, HNO;) and therefore actually makes a
measurement of NO,. Total unburned hydrocarbons were measured by a heated
flame ionization detector (FID). This measurement is reported as a carbon
equivalent volume fraction i.e., ppmC (methane equivalent). The total error
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associated with the gas analysis measurements is about £2% of reading with the
exception of smoke, which is £3 SAE.

The NO/NO, analyzer, and the total hydrocarbon analyzer measure the
species concentration using a wet sample, whilst for the rest of the analyzers the
sample is dried. The dew point of the inlet air is measured so as to determine
the concentration of ambient water, and the dried sample dew point is also
measured so that volume corrections may be applied.

The measurements performed conformed to ARP 1256 for gaseous species
and ARP 1179 for smoke. The raw data was post-processed to ARP 1533. This
includes corrections for inlet air humidity, cross interference effects and dried
sample corrections. The post processing also includes calculations of AFR,
combustion efficiency and gas temperature.

5.4 TEST CONDITIONS

The atmospheric testing was performed over a range of combustor pressure
drops, vented to atmosphere. The airflow was at ambient conditions with an
inlet temperature of approximately 293 K.

The test conditions for high power were scaled by MNT/P from a future
medium thrust engine cycle (29,000 Ibs). Two conditions representing idle and
climbout were tested. The test conditions are shown in Table 2.

TABLE 2. Test conditions

Idle (7%) Climb-out (85%)
Temperature (K) 526 793
Pressure (bar) 5.67 13.7
AP/P (%) 3 3
AFR 52 28

6. Experimental Results and Discussion

6.1 COMBUSTION STABILITY PERFORMANCE

The main aim of the atmospheric testing tests was to examine weak stability
characteristics. Optimization of ignition characteristics has not been performed,
although the data is reported for completeness. Further work would be required
in order to improve ignition characteristics, such as optimization of igniter
location.
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Figure 8 shows the stability results for device 1 plotted as extinction FAR
against fuel injector pressure drop. Figure 8 shows that the injector has the
potential to achieve 0.01 Fuel injector FAR, or 100:1 AFR, prior to extinction.
The area within the loop shows where successful ignition was achieved.
Ignition performance is clearly poor as the system has a very narrow operating
envelope.
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Figure 8. Fuel injector stability performance, device 1

The results for device 2 can be seen in Figure 9. Device 2 has significantly
improved operability with stability results better that 0.01 fuel injector FAR
(100:1 AFR) and blowout limit better that 12% AP/P. Ignition has also
improved, with a larger loop showing increased regions where ignition could be
achieved.
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Figure 9. Fuel injector stability performance, device 2
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With a fuel injector AFR of 100:1, at 70% of the combustion air, this
translates to a combustor AFR of approximately 143:1. With cold airflow and
atmospheric pressure this result was considered adequate.

6.2 HIGH-PRESSURE RESULTS DEVICE 1

Results for the idle condition can be seen in Table 3 for 100% pilot fuel flow. It
is clear that the efficiency was unacceptable. Lean stability limits were also
poor at idle with extinction at approximately 80:1 combustor AFR at idle
pressures and temperatures. This was not apparent in the atmospheric testing,
and there was some concern that the flowfield had altered with the elevated
pressure.

TABLE 3. Idle performance data

CO (ppm) 1,328
HC (ppm) 1,270
Efficiency (%) 93
NO, (ppm) 32

Figure 10 shows EINO, values against main fuel flow split for the scaled
climb-out power condition. It was anticipated that minimum NO, values would
occur at a similar fuel split to the airflow split, that being 26% pilot and 74%
main. However, it is clear that the minimum NO, occurs with a main fuel of
around 30%. With further fuel added to the main zone the NOx emissions
increased. It was clearly evident that the design airflow splits had not been
achieved at elevated pressure. It was probable that some of the main air had
attached itself to the pilot zone airflow thus explaining the poor idle
efficiency/stability and the unexpected NOx emissions results. Lower main
zone fuel splits could not be achieved due to temperature limitation when pilot
fuel was increased.

25

20

EINOx

0 10 20 30 40 50 60 70
Main Fuel Flow Split (%)

Figure 10. EINO, vs Main Zone fuel split at scaled climb-out conditions, device 1
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To examine this possibility further, individual traverse points were taken.
This allowed the NO, emissions to be measured at different radial positions,
and so identify where the NO, production zones were located. Figure 11 shows
EINO, values against traverse location for a range of main zone fuel splits.

® 60% Main
m 50% Main

254 4 40% Main
20 J | W 30% Main
. 4
x 15 4 ]
w10 | ' *
5 4
0 . . . . T T ]
0 1 2 3 4 5 6 7

Traverse Location
Figure 11. EINO, vs traverse location at scaled climb-out conditions, device 1

When considering the 30% main fuel split result, it can be seen that the
profile is fairly flat indicating an equal contribution from both zones. With
respect to the 40% main, a degree of asymmetry is present which could indicate
a poor distribution of fuel on the prefilmer at this condition but may also be as a
result of the aerodynamic flowfield. With 50% main zone fuel flow, NO,
emissions are shown to be high at traverse location 3 and 6 suggesting an equal
contribution from both zones. These two locations also show the greatest NO,
concentrations. At 60% main zone fuel the NO, emissions are seen to reduce at
these two locations. Overall the maximum amounts of NO, are found in the
center rather than at the outer extremities, suggesting the main zone is the
dominant NO, production zone. This supports the suggestion that the airflow
splits have not remained as designed.

The optimum NO, result was 15 EINO, at scaled climb-out power condi-
tions. Figure 12 shows that the NO, emissions were achieved with efficiencies
over 99.9%. Although it did not meet the target EINO, value of 10, it was a
promising result at such an early stage in the development program. Target
smoke levels were achieved with less that 10 SAE at the same main zone fuel
split as the minimum NO, result (Figure 13).

It was clear from the results that the design airflow splits had not been
achieved at high pressure. However, CFD prediction for device 2 had shown a
clearer separation of the two zones. Device 2 was therefore also tested at idle
and scaled climb-out power conditions.
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Figure 12. Efficiency vs main zone fuel split at scaled climb-out conditions, device 1
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Figure 13. Smoke number vs main zone fuel split at scaled climb-out conditions, device 1

6.3 HIGH PRESSURE RESUL B DEVICE 2

The idle results for device 2 are shown in Table 4 for 100% pilot fuel flow split.
The target of over 99.5% efficiency was achieved at the idle condition.

TABLE 4. Idle performance data

CO (ppm) 53
HC (ppm) 5
Efficiency (%) 99.87
NO, (ppm) 54

EINO, emissions against main zone fuel flow split for scaled climb-out
power conditions are shown in Figure 14. NO, emissions were minimum at
80% main zone fuel for device 2. Higher main zone fuel splits were not
achieved as the flame extinguished probably due to the lean pilot zone.
However, EINO; results were close to the target values although it is recognized
that these will increase at take-off power conditions due to the increased inlet
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Figure 14. EINO, vs main zone fuel split at scaled climb-out conditions, device 2

temperature and pressure. Main zone fuel splits lower than 50% could not be
achieved due to temperature limitation when pilot fuel was increased.

Figure 15 shows the EINO, values at each individual traverse location, for a
range of main zone fuel splits. With 50% and 60% main zone fuel, the pilot
zone can be seen as the dominant contribution to the NO, emissions. EINO,
values are relatively even for both zones at 70% main zone fuel, but the main
zone is clearly dominant at 80% main zone fuel split.
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Figure 15. EINO, vs traverse location at scaled climb-out conditions, device 2

In all cases, the efficiency was above 99% as shown in Figure 16. Although
not ideal, as 99.99% would be desirable at such high operating powers, the
results were promising at such an early stage in the development program.
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Figure 16. Efficiency vs main zone fuel split at scaled climb-out conditions, device 2

Smoke levels were below the target value for all fuel flow splits, as shown
in Figure 17. The measured levels are within the error for smoke measurements
(£3 SAE) and hence no further interpretation of the data is reported.
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Figure 17. Smoke number vs main zone fuel split at scaled climb-out conditions, device 2

6.4 COMPARISON OF TEMPERATURE TRAVERSE

Although emissions performance has been assessed for each design, another
important feature is combustor exit traverse. With the presence of two separate
zones there is a risk of temperature traverse distortion. Figure 18 shows the
temperature traverse where the temperature at each location has been
nondimensionalized to the mean temperature. The data shown is for the point at
which minimum NO, emissions were measured, 40% main zone fuel for device
1 and 80% main zone fuel flow for device 2.
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Figure 18. Temperature exit traverse, scaled climb-out conditions

When considering device 1, the temperature increased from the outboard
pilot to the main zone. Examination of the temperature traverse was performed
using an RTDF type factor defined by Eq. (1). The RTDF for device 1 was
20%, which although high, was acceptable.

(T max—Tmean) (1)

RTDF = -
(T'mean — Tinlet)

When examining the traverse for device 2, again peaks in the temperature
occurred in the main zone. The RTDF for device 2 is 30%, somewhat higher
than acceptable. The mixing process between the main zone and the pilot zone
is insufficient at this stage. Figure 4 suggested that the temperature traverse
may be problematic, as the two zones are distinctly separate and little expansion
of the main zone occurs. In order to improve traverse, a higher degree of swirl
is required for the main zone. This will expand the main zone and promote inter
zone mixing as well as improve the mixing within the main zone mixture.

7. Summary

In summary, device 1 did not meet the target values for low power efficiency or
high power emissions. The flowfield structure altered at high pressure, leading
to a merging of the air curtain with the pilot zone.
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Device 2 met target efficiency performance at low power, although emissions
were slightly higher than target values at high power. Exit traverse was also
unacceptable at high power. Although the design has shown promising
performance at such an early stage in the development, some design
improvement is required. The percentage of air through the main zone should
be increased to further reduce emissions. Additionally increasing the swirl in
the main zone is required to promote better mixing and reduce exit temperature
traverse.

8. Conclusions and Recommendations

Two fuel injector configurations have been identified which create a pilot zone
optimized for stability, and a main zone optimized for high-power emissions. In
addition to atmospheric pressure evaluations the two fuel injector configu-
rations were examined at two conditions: idle and climbout (scaled).

Although device 1 showed good stability at atmospheric pressure, its
performance at elevated pressures was poor. Further evaluation suggested that
the airflow split between the pilot and main zones changed at elevated pressures
and performance was affected.

Device 2 achieved 10 EINO, at scaled climb-out power and over 99.5%
efficiency at idle power.

Although the target values were not met, device 2 performed better than
device 1 and the results were encouraging at such an early stage in the
development program.

The potential of the concept as part of a low emissions combustion system
for future cycles has been proven.

The airflow splits between the pilot and main for device 2 need to be further
optimized in order to achieve target emissions values. Additionally the main
zone swirl requires further optimization to improve combustor exit traverse.

Further CFD will be performed, at more representative conditions.

Development testing at simulated take-off power conditions is required,
followed by validation tests at 32 bar to fully prove the fuel injector
performance at take-off power.
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Abstract. Combustion performances and emissions are mainly influenced by
atomization, evaporation of fuel droplets and mixing of fuel and air. In particular,
vaporization is often the rate-controlling process and is directly related to the
specific fuel consumption of the engine and to pollutant formation. The present
work focuses on two competing factors, which strongly influence the
vaporization process, specifically: drop—drop interactions and high-pressure
effects. Numerical predictions from equilibrium and nonequilibrium vaporization
models are compared with the experimentally determined evaporation rate of
droplet arrays at high-pressure conditions. The objective is to improve the
predictive capabilities of spray models by introducing drop interaction effects in
the modeling and by verifying which formulation of heat and mass transfer is
able to model adequately their mutual interdependence at high-pressure.
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1. Introduction

Liquid droplet vaporization in a high-pressure/temperature environment is of
relevance to combustion science and technology, due to the need for develop-
ing high-pressure combustion devices such as liquid-propellant rockets, gas
turbines and diesel engines. In order to calculate the evaporation rate of such
droplets, equations are required to describe the mass, momentum and energy
transfer between the droplet and its surroundings. Theoretical analysis is
difficult because the equations must take into account drop—drop interaction and
nonequilibrium effects. The latter have become increasingly important in
modern propulsion systems due to the fact that vaporization occurs under
conditions of large departure from equilibrium, measured in terms of
temperature and/or pressure difference between the droplet and the carrier gas.
The literature in this area is now extensive, addressing these problems at
various levels of complexity (Imaoka and Sirignano, 2005; Leiroz and Rangel,
1995; Wong and Lin, 1992; Sangiovanni and Labowsky, 1982). However, as
yet no conclusive evidence has been achieved due to a lack of reliable
experimental data. This paucity of experimental data is attributable to the
difficulties of performing controlled experiments on free droplets of micrometer
size in a high pressure/high-temperature environment. As a first step in the
solution of this challenging problem, the vaporization rate of droplet arrays of
micrometer size under high-pressure conditions has been derived experi-
mentally (Sun, 2006). From these measurements, an empirical correlation for
the drag coefficient of interacting droplets was obtained. The latter is of rele-
vance for the development of semiempirical models, aimed at providing an
accurate and comprehensive prediction of the individual droplet drag, Nusselt
and Sherwood numbers for the case of interacting vaporizing droplets. These
global parameters together with the instantaneous droplet locations, size, and
speed are important for less computer-intensive spray simulations.

Due to the complexity of spray calculations, the traditional modeling
approach consists of specifying the governing equations for a single, isolated
droplet including drag, convective heat, and mass transfer. The derived
equations, corrected for drop—drop interaction effects, are then used for a subset
of statistically representative droplets in various forms of computational spray
models (Crowe et al., 1996). Concerning the vaporization of an isolated droplet,
the classical approach uses an equilibrium evaporation model, which leads to
the so-called d>-law. Over the years, significant advances have been made to the
classical method to include the effects of variable thermophysical properties
(Yuen and Chen, 1976), transient liquid heating (Law and Sirignano, 1977) and
gas-phase convection (Ranz and Marshall, 1952). Despite the noteworthy pro-
gress, the above-mentioned models cannot overcome the limitations inherent in
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the approach based on equilibrium thermodynamics. Alternatively, more advan-
ced evaporation models have been developed based on the Langmuir—Knudsen
approach, where nonequilibrium effects can be relatively easily incorporated by
specifying an appropriate molecular velocity distribution function within the
Knudsen layer. Different formulations of nonequilibrium evaporation models
have been proposed in literature (Bellan and Summerfield, 1978; Bellan and
Hardstad, 1987; Young, 1993), characterized by a different degree of comple-
xity in the choice of the molecular velocity distribution function.

This paper presents the preliminary results of an ongoing systematic
evaluation of evaporation models capable of describing the vaporization of
small hydrocarbon droplets in a high-temperature/pressure environment, as
found in modern propulsion systems. The models considered here include three
versions of the heat-mass transfer analogy models and two nonequilibrium
models based on the Langmuir—Knudsen approach. The models are evaluated
through comparison with experiments. First, isolated hydrocarbon droplets
vaporizing in low and high-temperature environments are considered.
Subsequently, the comparison is extended to droplet arrays vaporizing in high-
pressure convective surroundings.

2. Model Description

The set of governing equations describing the temporal evolution of a single
droplet embedded in a carrier gas is reported below. In order to facilitate model
comparison, the system of equations is cast in a very general form and the
model dependency is incorporated into the specific expressions employed for
the momentum F, mass M and thermal energy Q) transfers between the droplet
and the carrier gas:

ax = Av,
dt
dAv, F
— — __g
dt m, )
dr .
drrip, —4 = —M
d Pa dt
dT . .
m,C., 7: = Q+ML-0Q,,

where m, is the droplet mass, ¢,, the liquid heat capacity, p, the liquid density, g
the gravitational acceleration, L the latent heat of evaporation, and QOur
represents any additional term used to incorporate nonuniform internal
temperature effects (e.g., finite liquid thermal conductivity). These equations
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represent a system of first-order ordinary differential equations for the droplet
position x, relative velocity Av, droplet radius r;, and temperature 7, As
starting conditions for the time integration, the initial droplet radius, position,
temperature, and relative velocity are assigned. A real gas equation of state and
generalized multiparameter estimation methods are employed for the deter-
mination of the thermophysical properties of the liquid droplet, vapor phase,
and ambient gas (Sun, 2006).

2.1 MODELING OF TRANSFER RATES

The equations describing the quasisteady mass, momentum, and energy transfer
between a single droplet and a carrier gas can be written as follows:

M = 2ar,D,p,Shf,

O = 2wk, (T, -T, )Nuf, )
F = n-rdzp m AV; CD

where D is the diffusion coefficient, £ the thermal conductivity, ¢p is the drag
coefficient, Nu and Sh, represent the Nusselt and Sherwood numbers,
respectively and are empirically modified to account for convective effects. The
subscript m refers to the reference state, which uses free stream conditions for
the gas density and the so-called “1/3 rule” for all other properties. The factor f3,
is directly related to the driving potential for mass transfer; f, represents, the
correction to heat transfer due to the complementary role between heat and
mass transfer. Their specific expressions can be found in Table 1, which
identifies each evaporation model.

Five different models are selected for comparison. Among the three
equilibrium formulations (termed MA1, MA2, and MA3, respectively), MA3
incorporates a correction for mass transfer accounting for higher departures
from equilibrium. When the temperature difference between the drop and its
surroundings is considerable, the rate of vaporization is a logarithmic function
of the difference in vapor pressure at the drop surface and at infinite distance
(Godsave, 1953). Additionally, models MA3 and MAT1 also contain a correction
for heat transfer (i.e., fp # 1) derived on the basis of film theory (Spalding,
1953), which accounts for the cross-influence of mass transfer on heat transfer.
As nonequilibrium formulations, two versions of Bellan’s Langmuir—Knudsen
model are considered: LK1 simulates heat transfer inside the droplet using the
infinite liquid conductivity hypothesis; LK2 includes finite liquid conductivity
effects. Detailed descriptions of the models can be found in Bellan and Harstad
(1987) and Miller et al. (1998) and hence, they are not repeated here.
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TABLE 1. Expressions for the evaporation corrections fp, internal temperature gradient O,y and
mass transfer potential fj, from various models

Model Name fu Jfo Oar

MA1 Mass analogy | By In (1 + By)/By 0

MA2 Mass analogy 11 By 1 0

MA3 Mass analogy II1 In (1 + By) In (1 + By)/By 0

LK1 Langmuir-Knudsen In(1+Byng) G 0

LK2 Langmuir-Knudsen In(1+Byuy) G (266,13 7,Pr) (Ty,—T4)

Nomenclature is as follows: Y, is the vapor mass fraction at the droplet
surface (the subscript oo refers to free steam conditions), &, is the ratio of gas
heat capacity to that of the liquid phase &, = ¢, /c,4, Pr is the gas phase Prandtl
number, 7; is defined as 7; = p;D*/18u,, the subsripts dr and di refer to
conditions at the droplet surface and inside, respectively. The nonequilibrium
Spalding transfer numbers for mass (B),) and energy (B7) are defined as

BM e — Yvr ,(n)eq _Yvoo , BT — cpm (Tw _Tdr) (3)
’ 1 Kzr ,(n)eq L

where L is the latent heat of vaporization. For the calculation of the parameters
(Yireq> Yorneqs Busegs Buneq) and for the definition of the function G, the reader is
referred to the work of Miller et al. (1998). Here, we simply recall that the
function G provides an analytical expression for heat transfer derived from the
quasisteady solution of the gas field and contains explicitly the dependency on
mass transfer. Essentially, this implies that for models LK1 and LK2 it is not
necessary to employ empirical correlations to simulate the cross-influence
between heat and mass transfer. However, the same consideration does not hold
for the mass analogy models, where empirical correlations are required for the
Nusselt and Sherwood numbers to reintroduce the mutual interdependency
between heat and mass transfer into the modeling. For the present work, the
Renksizbulut and Yuen (1983) correlations have been used

Nu=(2+0.57Re,Pr}*)(1+ B, )"
Sh=(2+0.87Re)Sc*)(1+ B, )"’ (4)
¢, =c(Re,)(1+B,) ™"

where Re is the Reynolds number (Re,, = 2 p, ¥4 Va/thy), Sc the Schmidt number
(Scr= thw | pw Dyy) and Pr the Prandtl (Pry= cpm 4w / k»n). The drag coefficient of
an isolated droplet is estimated using the correlation proposed by Virepinte et
al. (1999). Note that, for models LK1 and LK2, the factor (1 + B)”in Eq. (4) is
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retained only in the correlation for the drag coefficient, as the two models were
initially developed for droplets evaporating in a stagnant environment and thus
do not take into account the influence of heat transfer on momentum transfer.

Interaction effects are modeled by means of empirical correlations, expres-
sing the reduction of mass transfer and drag coefficient in terms of the
nondimensional interdroplet distance (As/Dy). For the mass transfer, the
correlation proposed by Atthasit et al. (2005) is employed:

1— 6—0413(A5/D0’6)
ShPE — Sh{l - 057(1 N 6_0'13(AS/D0 ~6) ]:| (5)

The latter is valid for 2 < As/Dy < 16 and 12 < Re < 25. For the drag coefficient,
instead, the correlation proposed by these authors is used. For a discussion on
its derivation and accuracy, the reader is referred to Sun (2006)

et =cy) [1 —aexp(-b %)} (6)

where

a=-0.9139+0.2955exp(~0.0244 Re)

7
b=-0.0302-0.0634exp(-0.0132Re) ™

3. Results and Discussion

The predictive capabilities of the different models are best evaluated through
comparison with droplet vaporization experiments occurring in high-
temperature/pressure convective environments, as those are more representative
of the conditions normally encountered in modern propulsion systems. In an
attempt to evaluate separately the accuracy of the models in capturing correctly
both nonequilibrium and interaction effects, isolated droplet experiments are
considered first followed by monodisperse droplet streams. Although the extent
of experimental data is too limited to draw definite conclusions on model
quality, it was possible to identify some specific trends.

3.1 ISOLATED DROPLET EXPERIMENTS

Figure 1a shows the temporal evolution of the relative surface area for a single
water droplet (Do = 1.1 mm and 7, = 282 K) evaporating in stagnant air at 7.,
=298 K. As can be immediately seen, all models predict identical evaporation
histories and agree with the experiments. The temperature evolutions are also
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basically identical for all models and approximately equal to the wet-bulb
temperature, predicted by Miller’s formula (1998). As expected, for a small
departure from equilibrium, all mass analogy models perform rather well. This
result contradicts those of Miller et al. (1998), who still observed some slight
differences in the temperature evolutions when employing the Ranz and
Marshall (1952) correlation. In the present work, however, Renksizbulut and
Yuen’s (1983) correlation is used, where the Nu and S/ numbers are nonlinear
functions of the respective transfer numbers. This indicates that the latter is
more capable of capturing the mutual interdependency between heat and mass
transfer for low evaporation rates.
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Figure 1. Numerical predictions of the nondimensional droplet surface area compared to the
experimental results from (a) Ranz and Marshall (1952). Initial conditions: T,,= 298 K, T, = 282
K, Dy = 1.1 mm and Re,; = 0; (b) Wong and Lin (1992). Initial conditions: 7., = 1000 K, T, =
315K, Dy=2.0 mm and Re;= 17
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Variations among the model predictions start to appear as soon as the
evaporation process occurs under conditions of high departure from equilibrium
as in the experiments by Wong and Lin (1992). Their experiments consisted of
a decane droplet with initial size Dy = 2.0 mm and temperature 7,0 = 315 K
evaporating in a convective airstream at 7, = 1,000 K. Figure 1b clearly reveals
that in the initial phase of the vaporization process, corresponding to the heat up
transient stage, the @?-law is invalid. The results shown in Figure 1b suggest
that the droplet size evolution is best modeled using either of the two nonequili-
brium models. However, the mass analogy models clearly overestimate the
droplet size. This is due to the fact that the droplet temperature is largely under-
estimated. The heat transfer reduction through the factor (1 + B7)*” in Eq. (4)
provides a relatively strong contribution, thus resulting in an underestimation of
the droplet temperature. In model MA1 and MA?2, the size prediction is
somewhat improved by the stronger mass potential B, (when compared to In (1
+ By) of model MA3), which compensates somewhat for the reduced heat
transfer, thus resulting in a faster evaporation rate.

3.2 INTERACTING DROPLET EXPERIMENTS

As a final verification, the numerical predictions from the various models are
compared with our own experimental results (Sun, 2006). The objective is
twofold. First, we intend to determine the accuracy and range of validity of
each model with respect to high pressure effects. Second, we want to verify
whether the proposed empirical correlations for SA”™™ and ¢y’ are indeed
capable of simulating proximity effects among the droplets correctly. The
results can be summarized as follows. Except for model MA3, the numerical
results agree fairly well with the experiments as the chamber pressure is raised
from 5 to 40 bar. For example, Figure 2 shows the temporal evolution of the
nondimensional droplet surface area for two different chamber pressures. At
low pressure, the larger deviations observed for model MA3 are due to the
concomitant effect of the factors f, = In (1 + By and fp = In (1 + By,)/By, which
results in a higher quenching of the mass transfer. For models MA2 and MA3,
this effect is counterbalanced by the stronger mass potential f; = By,. At higher
pressures (i.e., higher droplet Reynolds number), convective heat transfer
becomes the dominant effect in controlling the rate of vaporization, thus
overshadowing completely the role of the correction factor fy. The macroscopic
result is no difference in the model predictions, as shown in Figure 2b. Both
LK1 and LK2 perform very well at all chamber pressures without the need to
employ any correction factors for the heat and mass transfer.

Figure 3 depicts the nondimensional droplet speed for the same experi-
mental conditions shown in Figure 2. The results clearly show that its temporal
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evolution is well captured by all models at all pressure levels. This indicates
that the proposed correlation for the drag coefficient (Eq. (6)) together with the
correction for the vaporizing case (Eq. (4)) is indeed able to model correctly the
momentum transfer process in vaporizing arrays. The same conclusion holds
for the proximity correction, proposed by Atthasit et al. (2005), for mass
transfer, since it is demonstrated that the good performance of the correlation is
independent from the specific vaporization model chosen.
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Figure 2. Temporal evolution of the nondimensional droplet diameter squared: comparison
between experimental results and numerical predictions for different chamber pressure (a) P, =
10 bar and (b) P, = 40 bar. Experimental conditions: Dy = 88 pm T,,= T, =315 K, As/Dy = 3.2,
and 36 < Re;, <236
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Figure 3. Temporal evolution of the nondimensional droplet speed: comparison between
experimental results and numerical predictions for different chamber pressure (a) P, = 10 bar and
(b) P, = 40 bar. Experimental conditions: Dy = 88 um T, = T, = 315 K, As/Dy, = 3.2, and 36
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Abstract. Provision of an environmental friendliness is an important global
challenge. This is why the improvement of the environmental characteristics
have involved the development of the gas turbine engines (GTE) applied to the
gas pipelines as a natural gas blower drive. Stationary GTEs have been run on
gas pipelines for some decades. During this time, the environmental norms have
become much more demanding. In connection with this, an environmental
update of the operated gas-pumping units becomes necessary. Tasks of the
environmental update as applied to the existing gas-pumping units are, in
principle, different from those confronting the engineers involved in develop-
ment of improved machines. The paper presents some engineering approaches
developed at the NPP “EST” (Russia) and put into effect as a result of joint
efforts undertaken by the “EKOL” (Czech Republic), including solutions of the
research-engineering concepts, combustor designs and test findings for the
updated gas-pumping units of the following types:: GTK-10 («Nevsky Worksy,
10 MW), GT-750-6 («Nevsky Works», 6 MW), MS-3002 (General Electric, 10
MW), KWU VR-438 (Siemens, 10 MW). The experience of the environmental
retrofit for over 500 GPUs on the compressor stations of Russia, Ukraine,
Kazakhstan, Czech Republic, Slovak Republic, Germany, and Hungary is
described.
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1. Introduction

A main environmental challenge encountered with the operation of the gas
turbine plants is the atmospheric pollution by the toxic hydrocarbon fuel
combustion products. First and foremost, it concerns the nitrogen oxides as
having the highest toxicity and the greatest volume of exhaust. Next are the
carbon oxides and heavy hydrocarbons. The sustained and ISO supported trend
towards making the environmental legislation tougher in time puts limits to the
admissible level of toxic emissions into atmosphere. Improvement of the
environmental values has assumed lately a status of a main trend in develop-
ments and update of the gas turbine engines, especially those applied as drives
for the natural gas blowers on the gas pipelines.

On the basis of the analysis carried out in the reference', it emerges that
only in Russia there are over 3,000 stationary gas turbines, the bulk of which
have been operated for more than 15 years. As it is shown in this reference,
their environmental characteristics are notably below the current environmental
norms. Despite a sustained activity in terms of update of the gas turbine stock,
many units will operate dozens of years longer. Therefore, along with develop-
ments of new generation low-toxic GTUs it is necessary as well to carry out a
regular environmental update of the existing stock. The task of environmental
update of turbine combustion chambers for the operated gas turbines is
principally different from that of development of novel low-toxic machines.
Considering that the life of these units is more or less depleted, expenses on the
update of the older GTUs must be minimum; otherwise, the update will be
economically unjustified.

First, to make the environmental update economically viable , the expenses
on the update must be as low as possible. Therefore, there must be no changes
introduced into the shroud and the combustor’s main systems design:

e Solid shroud
e Fuel supply—discharge systems, automatic control systems

e Governing and control system

Furthermore, the operation properties of units, i.e., the main characteristics of
the updated combustor (combustion completeness, hydraulic resistance, tempe-
rature pattern nonuniformity for gases downstream of the combustor, the
maximum temperature of the hot elements metal, reliability of ignition of the
fuel-air mixture at startups, limits for the “lean” and “rich” blowouts) must be
close to the characteristics of a conventional design combustor.
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Then, the unit outage at retrofit must be minimum. To ensure this, simpli-
city of the updated design must be available as well as technological capabi-
lities to carry out the retrofit on site.

The authors accumulated a vast expertise in the solution of these tasks. The
present paper gives an insight into some results of activities dedicated to the
environmental retrofit of the stationary gas turbine combustion chambers on the
basis of application of developed and commercialized low-toxic hydrocarbon
fuel combustion techniques.

2. The Air Blow-in Local Dosing Technique
2.1 THE TECHNIQUE’S RATIONALE

The combustors of the gas turbine engines (GTE) operated for over 15-20 years
have been developed on the basis of design concepts used in the 1970s when
there had been no norms that would regulate the toxic components concen-
trations in the exhaust gases. The main task of a combustor design was to
ensure the maximum possible combustion completeness, the latter achieved at
the expense of reducing the excess-air coefficient inside the primary combustor
up to 1.2—1.3 at the rated conditions of the GTE operation with the relevant
mean-mass temperature of the flame being 1,700—-1,800°C. Therefore, the NO,
emissions amounted to 600—1,000 mg/Nm® and higher.

It is natural that the highest NO, generation occurred within high-
temperature zones of the flame whose location was dependent on the
hydrodynamic flow patterns in the combustor.

The core of the technique of the local dosed blow-in, as described in detail
in the patent, is to lower the flame temperature within the highest temperature
zones of the flame through a jet supply of the cold air into them. It means a
reduction of the dwell time for the burning particulates at very high
temperatures with the subsequent suppression of the CO emissions at the
minimum operation duties of a GTE.

The examples of a concrete engineering implementation of the local dosed
blow-in technique as applied to different combustor designs are provided
below.

3. Retrofit of GT-750-6 Combustion Chamber

The GT-750-6 combustor (Figure 1) is the typical large size-type combustor
with a separate cylindrical shroud connected at the bottom to the turbine casing.
The combustor dome contains seven register burners, six thereof constitute a
circular row, while one burner is the pilot one placed along the chamber axis.
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Figure 1. Design scheme of seven-burner combustor. Designations: 1 — shroud, 2 — dome, 3 —
liner, 4 — mixer, 5 — screen, 6 — main burner, 7 — pilot burner, 8 — swirler, 9 — annular mixer
passage, 10 — mixer opening, 11 — mixer guide vanes, 12 — output section shell, 13 — circular slot,
14 — main fuel manifold, 15 — fuel supply to pilot burner, 16 — fuel supply to igniter, 17 —
combustion products discharge to turbine.

Outside, the circular row of burners is embraced by the vane swirler of a
large diameter intended to cool the liner. The mixer is an annular passage
formed by the liner and the screen closed on one end and communicated with
the combustion space by two mixer openings located one against another in the
liner.

The combustion zone structure (configuration and sizes, fuel burnout
behavior and the temperature pattern, sizes, and form of the back streams) are
determined, primarily, by the interaction of the burner flames one with another
and, also, by the interaction of the burger flames with the annular airstream of
the opposite twist that flows from the large size swirler.

On the basis of the gas temperature patterns within the combustor fire space
(Figure 2) and the accurate three-dimensional localization of the high-tempe-
rature zones, the jet directions for the additional air to reduce the NO, emissions
were identified.

Figure 2. Gas temperature pattern within the fire space of seven-burner combustion chamber
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The combustor retrofit included the mounting of two rows of air-guide pipe
branches of various diameter on the dome; their aim was to supply the air jets
into the maximum temperature zones and, also, to reduce the flow area of the
annular passage in the mixer. The scheme and the general view of the retrofitted

dome is shown in Figure 3.

Figure 3. Scheme and general view of retrofitted dome for GT-750-6 combustor. Designations:

1, 2 — first and second row nozzles.

2

TABLE 1. The main characteristics of the GT-750-6 combustor

Characteristics Numerical value

1 GTE GT-750-6 GTK-10 KWH VR- MS

438 3002

2 Diameter of liner (mm) 1,000 1,195

3 Number of liners (pc) 1 1 1 6

4 Temperature of air at 665(392) 676(403) 541(268) 543
combustor inlet, K(°C) (270)

5 Combustion products 1,023(750)  1,053(780) 1,053 1,216
temperature upstream of (780) (943)
HPT, K(°C)

6 Air pressure at combustor 0.475 0.440 0.76 0.72
inlet (MPa)

7 Air flow across combustor 56.75 83.33 33.84 51.00
(kg/s)

8 Total excess-air coefficient 6.78 6.50 4.77 3.60

9 Reduced concentration of 800 580 340 232
NO, at 15% O, (mg/Nm®) 135 15 140 150

10 Reduced CO concentration 0 0 218 58
at 15% O, (mg/Nm”) 35 60 27 58

11 Number of retrofitted units 150 353 1 6

(Czech Republic, Slovak
Republic)
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Figure 4. Test results for standard (1,2,3) and retrofitted (4,5) GT-750-6 combustor as a function
of: a — relative emission NOx on the relative primary air coefficient & ;; b — CO emission
(mg/m3) on the excess-air coefficient &

In the process of the experimental development of the retrofitted combustor,
the diameters and the number of the air-guide pipe branches protruding into the
fire space of the pipe branch areas, their cooling systems and other design
details were derived.

As follows from references™, the test results for the retrofitted GT-750-6
combustor showed that the nitrogen oxide emissions decreased by as much as
6-8 times (Figure 4a), from 620-1,050 mg/Nm® to 105-30 mg/Nm’ with no
substantial carbon oxide emissions increase ( Figure 4b). The graph below
shows the average NO, and CO emissions values for all updated GT-750-6
units. Other operation characteristics of the updated combustors, not related
with the exhaust toxicity, are not inferior to those of the conventional design
combustors. The main characteristics of the GT-750-6 combustor are summed
up in the Table 1.

This retrofit was relatively simple, inexpensive and easily realized at the
compressor station conditions. The CO content in the combustion products did
not exceed standard levels valid in Russia (300 mg/Nm’ at 15% O,).

At a,>2.6, an intensive CO emissions increase takes place with the excess-
air coefficient rise. This is due to differences in the actual state of separate
elements and devices of the GTU, whose guaranteed life is, mainly, depleted
and, also, because of a difference in the individual flow characteristics for the
combustor paths as well as for the compressor air heaters, etc.

The environmental update of 150 GPUs was mainly carried out on the gas
pipelines “Tranzit” (Czech Republic) and “Slavtransgaz” (Slovak Republic).
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4. Retrofitting of GTK-10 Combustor

Over 3700 GPUs are in service on the territory of the former USSR (C.LS.
countries) with the total power nearing 40 million KW, almost 25% of these are
the “Nevsky Works” production GTK-10 plants of the 10 MW power range
with the NO, concentration at 15% O, in the exhaust gases up to 670 mg/Nm’.
As it is stressed in the reference’, this is thrice exceeding the specified level
from the GTK-10 unit and is virtually identical to that of the GT-750-6 unit
combustor (Figure 1). Its main parameters are presented in Table 1.

The results presented in this paper were obtained on the basis of the analysis
relative to velocity, temperature and concentration patterns during the tests of
the full-scale combustors. The maximum temperature areas (Figure 2) are
placed opposite to the axis of the main burners at the distance 1-3 times as
much as the swirler diameter. The effect of the air supplied through the
peripheral swirler is expressed as a deviation from the high-temperature end
areas in the direction of twist of the swirler.

NO, CO T
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Figure 5. Comparison of NO, and CO emissions at 15% O, for conventional and retrofitted GTK-
10 combustors Designations: 1, 2 — NO, and CO emissions for conventional combustor; 3, 4 —
the same for retrofitted combustor; 5, 6 — the same in compliance with norms valid at present in
Russia; 7 — design duties; « — total excess-air coefficient

The NO, content in the combustion products (Figure 5) compared with a
conventional combustor decreased by nearly five times; the CO emissions,
though increased somewhat, remains still at a relatively low level, namely close
to 60 mg/ Nm’ which gives the combustion completeness of 99.9%.
Comparison of the temperature patterns for both the conventional and
retrofitted combustors indicates that the maximum peripheral nonuniformity
decreased from 116°C to 85°C. Due to this, the power and efficiency of GTU
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tends to increase since the mean-mass temperature of the working media at the
high pressure turbine inlet is almost 15°C higher with the reliability maintained.

The NO, concentration scatter in the combustion products of the first series
units with conventional combustors under design conditions and at 15% O, was
635-1,230 mg/ Nm’. So high a spectrum of the NO, concentration scatter
shows a need for an individual approach at the update of each combustor.
Thanks to such updates, the NO,, concentration decreased by 4-5 times
amounting to (160 = 29) mg/Nm3. The CO concentration in all combustors
used was low and did not exceed 60 mg/Nm3 at 15% O,.

For the gas-pumping compressor stations of the “Tyumentransgaz”
enterprise, over 350 GPUs were thus retrofitted.

5. Retrofitting of KWU VR-438 Combustor

The KWU VR-438 combustor installed at the compressor station «Emsburen»
(Ruhrgas) includes two sections on the either side of the turbo unit. The general
view of the KWU VR-438 combustor is shown in Figure 6.

The liner and burner (1) are mounted inside the solid shroud.

Figure 6. General view of the KWU VR-438 combustor installed at the compressor station
“Emsburen” (Ruhrgas): a — conventional; b — retrofitted
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The liner includes three sections: upper section — dome (2), middle high-
temperature section (3) and bottom section — mixer (4). The inner surface of the
middle high-temperature section of the liner is lined with ceramic plates.

The mixer section has nine holes to supply air to the mixing zone. Three of
these are equipped with special valves (5) that allow variation of the mixer flow
area without dismantling the combustor. The valve transfer is carried out
outside using the thread spindle. The air valves enable the adjustment of the
mixer direction aimed to provide the maximum possible uniform temperature
pattern upstream of the turbine. Such adjustment is typically carried during the
scheduled overhauls.

The burner has rather an original design. Here, to stabilize the flame, the
airstream twist is applied using the radial blade swirler (6) as well as the conical
perforated flame holder of a large diameter (7).

The following features of the operation process inside the VR-438
combustor should be singled out:

e A complex air supply scheme in the burner which hinders an accurate
identification of the air flow to the burner by a computational technique

e A relatively high diameter of the conic flame holder in combination with a
weakly twisted jet that flows around it generating a lengthy and large
volume counterflow zone

e Compared with the diameter of the conic flame holder, width of the annular
twisted jet cannot sustain the turbulent exchange conditions within the
counterflow zone at a sufficiently high intensity level

¢ A consequence of the above is a lengthy and “feeble” flame, a long dwell of
the combustion products within the high-temperature zone, increased
nitrogen oxide emissions

e An insufficient intensity of the turbulent mixing processes within the
combustion zone is likely to be a cause of a relatively high carbon
monoxide emission: due to a longer process of the fuel mixing with air, the
combustion reactions fail to be completely accomplished in the high-
temperature liner section and the combustion products are “frozen” by the
cold air jets in the mixer.

On the basis of the operation analysis as applied to the conventional VR-438
combustor, an environmental update technique was worked out including as
follows (Figure 6b):



466 A. SOUDAREYV ET AL.

800 1 L
[ mNOx-stand
‘ OCO-stand |
® NOx-update |
e

600 + O\
i \i |_OCOupdate |

:LVRJ

200 +— N A3

— v.;:

0 1

600 650 700 750 800
Gas temperature,°C

NOx, CO [mg/nm’, at 15%0,]

Figure 7. Test results for conventional and retrofitted KC VR-438

e Replacement of the conic perforated flame holder with the axial vane air
swirler (1)
e Mounting of four air-guide pipe branches (2) on the dome cone

e Diminishing of the flow area for the mixer (3)
The results presented in references™ give rise to the following conclusions.

Through minimum variations of the conventional design combustor with
use of the local dosing air blow-in technique, the toxic emissions at the rating
could be decreased by as much as:

— 2.5 times for nitrogen oxides

— 8.1 times for carbon oxide

Thus, the GT-750-6 combustor, the essential reduction in the emissions of
both NO, and CO was, thus, achieved. This evidently paradoxical result was
obtained due to intensification of the fuel/air mixing process. The intensification
was achieved by replacement of the conical flame holder with a register burner
which gave notably changes to the temperature within the combustion zone and
the aerodynamic flow pattern; at the same time, with the update of the GT-750-6
combustor, the flow hydrodynamics changes were insignificant though the
temperature within the combustor notably decreased.

The other operation characteristics of the retrofitted combustor are not
inferior to those featured by a conventional design combustor.
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6. Retrofitting of General Electric MS3002 Combustor

The General Electric MS3002 gas turbine, known also as Frame-3, is distin-
guished by its excellent reliability and good operation qualities. No wonder that
it is widely applied all over the world. There are over 1,000 machines of this
series that are being operated, mostly as a part of the electricity generation
stations to drive the electric generators.

At the same time, the environmental records of these machines especially
the nitrogen oxide emissions, do not meet the current norms. Bearing in mind
that the Frame-3 life is essentially over 100,000 h, a need arises to reduce the
NO, emissions for the machines with a sufficiently high life to the levels
admissible for the currently valid environmental norms.

The low-toxic fuel combustion techniques, e.g., DLN, proposed by General
Electric, based mainly on burning of the premix lean fuel/air mixture, is too
complicated for its control and too costly (about $1 million per one unit). For
the units, which have been in service for a long time and for which life is
partially depleted, the application of such costly technique does not seem to be
economically justified. So, there must be cheaper and simpler engineering
approaches available.

The development of techniques included the following stages:

— Analysis of design and operation process for a conventional combustor

— Design and manufacture of versions of full-scale prototypes for low-
toxic combustors

— Bed tests of prototypes and options for an optimum version
— Design and manufacture of a full-scale combustor

— Tests of updated combustor as a part of a unit at the compressor station
aiming to identify its main characteristics

— Trial-industrial operation of the updated combustor aiming to verify its
reliability

The MS3002 combustor includes tubular sections placed in separate parallel
shrouds, three on each side of the machine normal to its axis.

The air for combustion is supplied via the annular channel formed by the
liner and shroud, by the counterflow scheme. The liner design is typical for the
combustors with staged air supply into the combustion zone (ref. Figure 8). The
liner sleeve has five rows of holes (two rows for primary air supply, two rows
of afterburn holes and one row of the mixer holes) placed at different distances
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from the dome. The dome is a cone with a developed perforation as scale-
shaped stamp-outs — louvers for cooling. A similar cooling system was applied
on the liner sleeve at the area from the dome to the mixer holes.

The gas burner is secured on the shroud cover and has gas distribution jet-
type head pieces located along the dome axis. The operation process in the
combustors with the staged air supply is well studied and it has some special
features. The combustion process intensity and the fuel burn-out length in the
combustors of this type are mainly determined by the diameter and location of
the primary air supply holes and the afterburn holes in the liner.

As for the combustor under examination, it features low stream velocity and
small, close to the unit, excess-air coefficients in the head area and a larger
counterflow zone volume; all these result in a longer time of dwell for the
combustion products within the high-temperature zone and cause higher nitrogen
oxide emissions.

Figure 8. The MS-3002 combustor: a — conventional; b - updated. Designations: 1 — air, 2 — fuel
gas, 3 — combustion products, 4 — burner with varied geometry of the burner head piece, 5 — air

blow-in nozzles, 6 — holes with reduced flow area

As was stressed earlier, the main factors that determine the formation of the
nitrogen oxides are the combustion zone temperature and the dwell time of the
combustion products within the high-temperature zone. It is also known that
these factors affect the CO emissions though with an opposite effect. So, a
straightforward approach that would pursue a simple increase of the excess-air
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coefficient inside the primary zone at the expense of variation of the number
and diameter of the holes within the liner looks to be leading to nowhere since
it causes the CO emissions increase and, also, can aggravate the combustion
stability, causes pressure fluctuations, reduction in the ignition reliability and
other disturbances. The air blow-in local dosing technique was used as the
basis for designing experimental versions of the MS-3002 low-toxic com-
bustor. An optimal version, based on the experimental results, is shown in
Figure 8b.

The distinguishing features of the newly developed combustor (Figure 8b)
are an increased flow for the air supplied to the primary zone, its accurate
dosing and a strict orientation of the air jets to supply it to the local high-
temperature zones. This was achieved using a special system that includes the
air-guide pipe branches welded to the liner (Figure 8c). Along with this, some
changes were introduced into the air distribution system and the angle of the
gas outflow from the burner was also changed.

The above changes introduced into the liner design result in the formation of
the highly turbulent toroidal vortex within the primary zone which promotes as
follows:

— A faster fuel/air mixing
— A reduction in the average temperature of the flame

— An increase in the stream velocity within the recirculation zone and,
therefore, a decrease in the time of dwell for the combustion products
within the high-temperature zones

— An intensification of the fuel combustion process

Totally, eight different models of low-toxic combustors were designed, manu-
factured and tested on the test bed. They differed one from another by their
mounting seat, direction, number and configuration of the air-guide pipe
branches, the angle of the fuel jet outflow from the burner holes, diameters of
the afterburn and mixing holes.

On the basis of the test results of the combustor models, an optimum
low-toxic combustor design was selected (Figure 8b) that allows reduction
in the NO, emissions by as much as 1.8 time compared with a conventional
design combustor. The CO emissions at the rated load remained close to 0
(Figure 9).

The complex tests of the combustor as a part of the unit confirmed the
conclusions made on the basis of results of the test bed refinement of the
combustor, in particular:
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e 100% ignition reliability and functioning of the cross-fire tubes at
startups

e High stability of the flame and a reliable functioning of the flame
detectors over the entire operating condition range

e High-fuel combustion completeness which as in the base-line combustor
exceeded 99.9%

e Absence of the working media pressure fluctuations

e A considerable decrease of the pressure losses within the combustor
which leads to a reduction in the fuel consumption

Comparison of emissions from a conventional design combustor with that from
a retrofitted low-toxic combustor is shown in Figure 9.

The tests performed demonstrated that the nitrogen oxides from the updated
combustor is 1.6 times lower that from the conventional design combustor and
does not exceed 140 mg/Nm’. These characteristics meet the requirements of
the environmental norms of Germany TA Luft.
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Figure 9. Cogeneration of NO, and CO in the combustion products vs relative GPU load

The complex test results analysis for the lox-toxic combustor revealed that
its main operation characteristics are not inferior to those of the conventional
design combustor or even superior to them.

After the short-term complex tests were over, the trial-industrial operation
of the low-toxic combustor was launched, its operation time is now over 5 years
of successful operation. To this date, the environmental update was conducted
on more than four «Frame3» units operated in Germany and Hungary.
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7. Summary

On the basis of the available environmental update experience, the following
conclusions could be made:

e The local dosing air blow-in technique is an effective means of toxic
emissions reduction that allows the lowering of the emissions to the level
that would be admissible for the current environmental norms and
regulations valid in the industrially developed countries.

e The local air blow-in technique is sufficiently universal and applicable to
the combustors of essentially different designs.

e Use of this technique at the environmental update of combustors does not
need the introduction of any changes into the solid shroud, fuel system
design and the automatic control system.

e Thanks to the inherent simplicity and adaptability to manufacture for the
examined updated designs, they differ advantageously from the
engineering approached used by the original manufacturers in terms of
their low cost, high reliability and a short outage at retrofit.
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APPLICATION OF ADVANCED TECHNOLOGIES IN PRODUCTION
OF LOW-EMISSION COMBUSTORS AND TURBINE COMPONENTS

N. TUROFF”
President of Advanced EDM Automation, Inc., San Diego, USA

Abstract. This chapter focuses on the advanced manufacturing methods used in
the fabrication of gas turbine fuel injectors, combustor liners, and turbine
nozzles. Uniform distribution and proper mixture of the air and fuel is essential
for effective combustion process. High-precision sizing of the multiple cooling
holes in combustor liners and turbine nozzles is critical for engine emission
performance and durability of these components. These requirements led to
increased industry standards for significantly tighter tolerances. This chapter
describes the newest machinery and manufacturing processes developed for
fabrication of hot section components, reviews actual examples of such
components and describes some concepts for advanced technological fixtures.

Keywords: advanced fabrication methods, fixtures, combustor liners, injectors, turbine
nozzles

1. Discussion

Most advanced low-emission combustors rely heavily on advancements in
manufacturing processes with particular emphasis on tight manufacturing
tolerances. This is true for both fuel injectors and combustor liners. The precise
ratio of the fuel-to-air mixture supplied by the multiple fuel injectors within a
single combustor determines the flame temperature variation and corresponding
combustion emission levels. For this reason, high-precision fuel and air supply
orifices are required with consistent dimensions throughout all of the injectors.
The same requirement extends to the cooling holes in the combustor liners since
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their durability depends on uniform distribution and precision of the dimen-
sions. The following sections focus on the advanced manufacturing techniques
and processes that help in meeting these requirements. The chapter is structured
around examples of the actual combustor hardware for advanced industrial gas
turbines.

Many of the fuel and air passages in turbine components are relatively deep
and have small diameters, often at an acute angle to the surface where they
begin (see examples in Figures 1 and 2). Conventional drilling of such holes is
often impossible without spot facing. Moreover, the required accuracy usually
precludes conventional drilling altogether, gun drilling being the only accurate
enough conventional method.

Figure 1. Typical examples of combustor fuel injectors

Precision is only one of the manufacturing challenges presented by
advanced turbine components. Accessibility of features for conventional
machining is another. Advanced design requirements often necessitate features
that are simply not accessible by conventional machine tools. Cleanliness is yet
another one. Air and fuel passages in the turbine components often take the
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shape of an intricate labyrinth consisting of both cast and machined sections.
During conventional machining, chips inevitably accumulate in this labyrinth
and are virtually impossible to completely remove. Just one such chip, carried
by the air or fuel flow of the fully assembled operational turbine and lodged in
one of the precision orifices downstream can mean an extensive overhaul and
associated downtime.

Figure 2. Steep-angled holes in fuel injector and turbine nozzle

These challenges are made even tougher by the materials typically used in
the combustor and injector components. Machinability of stainless steels and
high-temperature alloys by conventional methods leaves much to be desired.

All these issues are being addressed by electrical discharge machining
(EDM). The only fundamental limitation of the EDM process is the requirement
that the material machined be electrically conductive. Regular steels, aluminum,
stainless steels, and high-temperature alloys are machined at comparable
speeds. Only parts manufactured by powder metallurgy require significantly
slower speeds due to variations in the material conductivity inherent in the
porous powder metal.

Since no cutting forces (or high temperatures in the case of laser machining)
are applied to the machined components, the stresses introduced to them by
EDM process are minimal. So is the warping after machining, provided that the
part did not have residual stresses from prior machining operations.

Since no force is applied to the tool (electrode) in the process of machining,
the creation of holes at acute angles to starting surface is simplified and their
accuracy is tremendously improved.
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For the same reason, part holding fixtures for EDM machining can be
significantly less expensive than their conventional counterparts: they need to
be just as accurate, but only sturdy enough to hold the part in place. They do not
need to accommodate the cutting forces of a conventional machine tool.

EDM machines do not leave any chips inside the part: the by-products of
the electrical discharge erosion are microscopic and easily washed away by
water or oil circulating through the machined area. Thus, the cleanliness is
always assured.

EDM machines fall into one of the three general types.

Wire EDM machines allow feature accuracy of £0.0001” (2.5 um). They
are, however, mostly limited to two- or three-axis machining.

Sinker EDM machines achieve similar accuracy and are capable of three or
more axis machining. They also allow access to hard-to-reach features. In any
conventional drilling or milling machine, the cutting tool itself is a direct
extension of the machine’s spindle. This severely limits the ability of such
machine tools to “reach around the corner.” A sinker EDM machine, on the
other hand, is able to reach around such corners and machine features at an
arbitrary angle to any of the machine’s axes of motion (Figure 3). Naturally,
this requires custom designed electrodes and electrode holders. In the case of
several parallel holes, a sinker EDM machine is able to make all these holes in
one setup with a group of electrodes held in a custom holder. Figure 3 provides
an example of a part with multiple small-diameter, high length-to-diameter ratio
holes, which are inaccessible by a conventional machine tool. A sinker EDM
machine creates all five holes in one “5-up” operation using simple cylindrical
electrodes in a custom holder.

Figure 3. Application of a sinker EDM
machine for a multihole machining
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Figure 4. Fabrication of nozzle cooling holes

Figure 4 illustrates a nozzle setup in a sinker EDM machine. A pattern of
small-diameter holes entering the nozzle’s vane at an acute angle is being made
in one setup.

EDM drills, also known in the industry as hole pop machines, provide an
alternative to conventional and laser drilling. Depending on the type of material
and depth of the hole, they can achieve accuracy from +£0.002" (£50 um) to
+0.0005"” (£12.7 um). While not as accurate as wire or sinker EDM machines,
EDM drills are much faster. Unfortunately, they do not allow for simultaneous
drilling of several holes, which limits their speed advantage to “one-up” drilling
operations. On the other hand, many groups of holes in combustor and injector
components have their axes arranged in some sort of a circular, rather than
parallel, pattern. This makes “multiple-up” machining impossible anyway. In
such situations EDM drill equipped with an indexing table is clearly the best
choice (Figure 5).

A few examples of practical application of this equipment are presented in
Figures 6 and 7.
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Figure 6. A Typical EDM drilling setup
for a low-emission fuel injector
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Figure 7. A Combustor liner being
drilled on a customized EDM drilling
machine

EDM drilling also has several advantages over the method of laser drilling.
One major drawback of laser drilling is the fact that it is limited to through
holes. Even a hole that is technically through but with some feature of the part
behind (like a through hole in one wall of a tube) is impossible for the laser
drill. An EDM drill, on the other hand, has no problems with blind holes. Holes
produced by EDM drills typically have much better repeatability than holes
produced by laser drilling. Also, for holes of any significant depth, the
cylindrical shape of an EDM drill-produced hole is much more consistent than a
laser drill-produced hole.

These features make EDM process uniquely suited to the needs of designers
and manufacturers of the highly sophisticated modern day turbines.
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