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CHAPTER SIX

Steady state laminar flow film condensation on vertical plane

Condensation: happen when vapor comes in contact with a surface which is at lower

temperature than the saturation temperature of the vapor.
Two types of condensation:

1. Film condensation
2. Drop wise condensation

v’ If the condensate tends to wet the surface and then forms a liquid film the process is
called film condensation.

v' If the condensate doesn’t wet the surface but instead collects in growing droplets on the
cooled surface the process is called Drop wise condensation.

v" Most type of condensation in heat transfer mechanism is film condensation

v Heat transfer mode in the liquid film is assumed as conduction because the flow is
laminar.

v Flow parameter that best describe the film-wise condensation process along the flow

direction are:

i. Flow velocity at each layer(Node)

il. Temperature distribution along the film thickness T(y)
iii.  The film thickness and

iv. The condensation mass growth

Analytical approach to solve film condensation parameters on vertical plate
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The Newton’s second law of motion (summation of force) for the volume element in vertical
x- direction can be written as:

YE =ma, =0 [Acceleration a, assumed to be zero] [1]

% Faownward =2 Fupward T

Weight = shear force +Bouncy force

p1g(8 = y)(bdx) = p3" (bdx) + pug(8 —y)(bx) [2]

1. Velocity profile

Rearranging equation [2] and solving for Z—; we get:

0
uﬁ = pg(&—y)—p,g(—y)

ou _ (pi—py)g(8-y)
ay U

Integrating from y=0 where u=0 (due to no slip condition) to y=y where u = u(y)

u(y) _ Y (p1=pr)g(E-y)
o ou= Jy T ——dy

u(y) = foy[(m—zv)gé‘ _ (m—zv)gy]dy

(pz-pv)g<5y—§)
u

u(y) = [3]

2. Mass flow rate of condensate
The mass flow rate of the condensate at a location x where the boundary layer thickness is §

is determined from:
. . )
m(x) = [, pu(y)dA = [_ pu()(bdy)

. é — Py 2
th(x) = [ SR8 (8y — %) bdy
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: _ pulpi—py)gb (8y* y*\ 6
m(x) - u ( 2 6 ) 0

—-p,)ghs3
Pi(Pi1—Pv)9 [4]

m(x) = o

3. Film thickness

Derivate equation [4] with respect to x we get:

di(x) _ d (pz(pz—pv)gb63)

dx dx 3u
dm _ pi(pi=py)gbd* dé [5]
dx n dx

The rate of heat transfer from the vapor to plate through the liquid film is simply equal to
the heat release as the vapor is condensed and expressed as:
Tsat_ TS
6
Rearranging the equation we get:

dQ = hyydm = k;(bdx)

@ klb(Tsat_ Ts)

= b 1) [6]

dx h f95
Equating equation [5] and [6] and rearranging:

kib(Tsqt— Ts) — pl(pl_pv)gb62 d_5
hfgb u dx

63d6 — kibu(Tsar— Ts)
hegpi1(P1—pv)gb

Integrating from x =0 where § = 0 to x = x where § = §(x):

6(x) o3 x kibu(Tsqe—Ts)
0°dé =
fO fO hegpi(p1—pv)gb

4k bpu(Tsq:— Ts)
hegpi(p1—pv)gb

5(x) = ( x)'/a [7]
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4. Temperature distribution along the film thickness
Assuming linear temperature distribution across the condensate film

T=ay+b
And from boundary conditions:
T=Teeaty= 26
T=TyauorTy aty=0
Applying boundary condition and solving for a and b we get:

Tsa - Tw
T = tTy + Tywau [8]

Energy Equation

Energy equation for 2D steady laminar condensation is

or _oT o°T 0T

ﬂ:p Uu—+VvV—- :kx_2+ky_2 ............................................................. (17)

ox oy X oy

Heat conduction is the flow direction along the plate is nearly zero. Thus, we can assume

that the first term after equality is zero. Hence the equation becomes

or ar o°T
oC, u&+v— =k, Y

We can rewrite this equation in the following manner

Sy _xdy oy
ot ot ox OX

or oyoT o°T
U—+u——|=k,—
pcp( ox ' ox 8yj Y oy?
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And rearranging

ﬂ=L82T oy oT
X pc,u oy’ ox oy

Numerical analysis

Discretizing energy, and momentum equation using explicit finite difference scheme as

shown below

a. Mass conservation

Referring back to the analytical forms, we obtain that

—ka—de
dm _ (0 =p,) 5299 dre_ O
™ v Ly h
AM Amy
e =0, T e (19)
AX (o = p,))95?

As density of vapor is much less than liquid condensate (p, < p,)

n+1 = 5n + Amvz
£199,
O
1 T Y o e b e s 20
yl +1 yl m _ 1 ( )
Where m is number of nodes in the y- direction

n is the number of steps in the x-direction
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From heat equation, the condensate mass in terms of interface temperature difference on

the liquid and vapor side is

dm _k(T, -T.) 4,
dx  dyh,,
Am — k(Tm _Tm_l)AX
Ay.hg
anr1 = m+MAX
Ay.hg,

Momentum equation

From the force balance on the fluid element it was found that velocity is parabolic in the

form of an equation

u n+l _ (Bj [5 — y_'zj
- g n+1'yi
y7, 2

C. Energy equation

2
From the energy equation 86_T = L S B L (18)

pe,u dy”  ox oy

T T _ k (T -2T,"+T., B yit =y [T =T
AX ,OCPU n (Ay)2 AX 2Ay

k
Let o =——

Py

= AXa yrt—yn IAX AXQ yml oy
T = + 2 I L T, LY Dl )
| (Uin (ay) 24y J . ( uy (AV)ZJ I {ui“ (Ay)? 2Ay JT'” (19)
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Empirical relations for the following properties

p, =3.6%10°(T, - T, )’ —0.0037(T, - T, ) —0.08(T, - T,,)+1000
k, =-1.1¥10"°(T, -T,)* +7.8*10°°(T, - T,,)° —=2.15*10°(T, - T, )* + 0.0029T, - T, )+ 0.55
v, =54*107°(T, -T,)" +2.7*10*(T, - T, )’ +5.1%10°(T, - T,,)* —4.4*10°(T, - T,,) +1.7*10°°

Solution algorithm

As the system could not start from zero certain values are also assumed for starting. Besides

the boundary condition

ANMANAY ?
AN
\\\\\
RN

|

T=T,aty=0

T=T,aty=0 and u=0aty=0

1. Assume small &,Am,u discretize J iny direction in to m-1 divisions

2. Approximate the temperature at each node using equation 19
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n+1 n n+l n
T = Axa =+ i 7V T +|1- 2Axa2 T" + Axa =+ i Y - fori=2to
u'(ay)” 24y u’ (ay) u'(ay)® 24y

3. Solve the condensate mass

= m+MAX

n+l Ay.h fg
4. Solve the boundary thickness
N Amv
" £199, n2

5. Solve the velocity at each node

un+1_[pj (5 _ylzj
=l — 19| Ona-Yi —
Y7, 2

6. Update the coordinates using

0,

n+l =

Vg =Y+ 5"+11, for i =1to m-1
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