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Introduction
Apart   from   thermal   and   extraction   methods   of separation, mechanical methods are most widely used for the separation of liquid suspensions and sludges into their different components. The basic processes of  mechanically  treating  liquids  are  sedimentation, decantation,  centrifugation,  straining,  filtering  and pressing. These processes can be classified according to the physical properties which they utilize and the forces arising from them.
Classification of Centrifuges
Any  attempt  systematically  to  classify  the  different centrifuges,  including  gas  centrifuges,  arrives  at  the following   main   definition   of   the   physical   forces occurring in the centrifuge: gas separation, demulsi- fication,   sedimentation   and   filtration   (Figure   1). Demulsification is the separation of a liquid mixture into two liquid phases with different densities, which also mutually emulsify. Classified here must be liquid- liquid  extraction  and  two-phase  separation.  Sedi- mentation  processes  take  place  during  decantation, but also  in combination with  separation  (i.e. solid- liquid-liquid  separation)  and  filtration  (liquid-solid separation). Filtration includes the filtration process and basket and filter centrifuges. Here, a combination with sedimentation is also possible.
Selection Criteria for Centrifuges
Separators  are  centrifuges  for  liquid-liquid  separa- tion, for liquid-liquid solid separation or for liquid- solid separation. They have tubular discs or angular chamber  bowls.  Separators  operate  continuously  in terms of discharges of the liquid phase. In respect of the solid discharge, they work either discontinuously (i.e. discontinuous disc-type centrifuges, which must be stopped, so that the collected solids can be removed by  hand),  semi-continuously  (self-discharging  disc- type  centrifuges  or self-cleaning  separators)  or fully continuously   (nozzle-type   separators).   Decanters usually have an unperforated bowl (with the excep- tion  of  the  screen  centrifuge  decanters,  which  are decanters with an added basket bowl) that operates continuously (see Figure 2).
General Field of Application
Discontinuous  separators  are  suitable  for  liquid- liquid extraction, separation of liquid mixes and clari- fication  of  liquids.  In  addition  to  this  self-cleaning separators can be used for the concentration of slur- ries and for wet classifications. The fields of applica- tion of nozzle-type separators are similar. These also cover   the   field   of   liquid-solid   extraction.   The decanter has the widest range of applications and, for this reason, is one of the most important centrifuges. As a  three-phase decanter,  it separates  liquid  mixes while simultaneously concentrating the solids and, as an  extraction  decanter,  it  is  used  for  continuous solid-liquid extraction. Basket and pusher centrifuges are dewatering centrifuges in which washing can be carried out. A knife centrifuge, like the decanter, has a  wide  range  of  applications  and  is  superior  to  all
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other   centrifuges,   particularly   in   respect   to   the attainable dry solids content.
The selection criteria for the particular separation duty  are  of  course  dependent  on  the  difference  in specific   weight   when   considering   a   liquid-liquid separation. One criterion for the solid part is particle size.  Another  important  factor  is  the  quantity  of solids  in  the  suspension.  In  Figure  3,  separators, decanters,  basket  and  filter  centrifuges  are  listed  in accordance  with  the  size  of  suspended  particles.  In Figure  4,  the  criteria  for  selection  based  on  solids content  in  the  feed  stock  are  illustrated.  It  is  again
shown  that  separators  are  liquid-orientated,  while decanter,  basket,  knife  and  pusher  centrifuges  are more suitable for solids.
Applications of Centrifuges in the Dairy Industry
Skimming
The dairy industry introduced centrifugal separation technology  in  the  late  nineteenth  century.  Starting from   hand-driven   machines,   the   development   of
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Figure 1    Systematic classiication of centrifuges. G, gas; L, liquid; S, solid.
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Figure 2
Functions of centrifuges according to technological applications.
Particle size in µm
Separator with clarifier bowl

Separator with self-cleaning bowl
Separator with nozzle bowl Decanter
Basket centrifuge Knife centrifuge Pusher centrifuge
1000
10 000    100 000
0.1
10
1


100
























































































Figure 3
Separating ability of centrifuges according to the size of suspended particles.
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Figure 4
Selection of type of centrifuge based on the solids content of the feedstock.
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electrical   drives   and   the   overall   efficiency   and capacity was the main focus for decades. At the end of the 1970s automatic discharging separators  were introduced into the dairy industry with the capability of   operating   much   longer,   without   stopping   for cleaning.  Today,  skimming  centrifuges  can  handle throughputs of up to 60 000 l h-1 on a single machine. The  applications  for  skimming  centrifuges  in  the dairy industry are the separation of:
warm milk
cold milk
whey
buttermilk
butteroil
retentates.
Fat constitutes about 30% of total milk solids. For the separation of fat from milk, the following criteria of milk variables are of great importance:
Nutritive  value:  breed  of  cow,  lactation  time, climate and feeding.
Physical  properties:  mechanical  and  heat  treat- ment.
Chemical  properties:  enzyme  reaction,  bacterial influences.
The  above-mentioned  factors  vary  from  country  to country and must be considered on a local basis for the effective separation of milk. However, the effect of  separation  efficiency  depends  mainly  on  the  fat globule size distribution in the whole milk, which is influenced  by  the  factors  stated  in  point  1  above. Having covered the effects during the production of the  milk  within  the  udder  of  the  cow,  the  biggest effects  on the  quality  of the  milk  occurs  during  the process of milking and the transporting, storage and treatment of the milk prior to separation. Mechanical treatments,   such   as   pumping,   cooling,   agitating, heating and the introduction of air, influence separa- tion efficiency by damaging the fat globules.
Long cooling periods of, e.g. over 2-3 days, change the chemical properties of the fat globules because of the absorption of more water, which increases their density. This influences the skimming ability.

Separator design    If  the  separation  of  fat  globules from  its  carrier  liquid  (skim  milk)  in  the  separator bowl  is  considered  as  a  physical  process,  then  the sedimentation  speed  between  the  discs  is  subject  to Stokes's law:

vz  =  18
x
d2 x D.p
rJ   x g x (
where  vz = setting  speed  in  centrifugal  field  (m s-1);
d = diameter    of    fat    globule    (m);    D.p = p1 - p2;
p1 = density  of  fat  globule  (kg m-3);  p2 = density  of
skim milk (kg m-3); rJ = dynamic viscosity (kg m s-1);
g = acceleration   due   to   gravity   (9.81 m s-2);   ( =
centrifugation coefficient I( = (r x w  )/gl; r = radius
2
(m); w = angular velocity [1/S].
As the equation shows, the speed of sedimentation depends on the following factors:
difference  in  density  between  the  particles  to  be separated (e.g. fat globules)
particle size
viscosity of the liquid
bowl speed
bowl radius
settling area of the discs.
As the density and dynamic viscosity are functions of the temperature, warm milk separation is always more   efficient   than   cold   milk   separation.   The optimum  temperature  for  the  separation  of  milk  is about  55 oC.  At  temperatures  above  60 oC,  there  is some precipitation of proteins, which have a negative effect  on  separation  efficiency.  These  proteins  form a  thin  film  on  the  surface  of  the  discs,  and  with disc  interspaces  of  only  0.3-0.6 mm,  these  deposits have  a  detrimental  effect  on  the  conditions  of  flow (Figure 5).
A fat globule is considered to have been removed from the liquid when it reaches the upper surface of the disc below. Due to the negative value for D.p  in Stokes's equation for the sedimentation speed, the fat globules move inwards against the centrifugal field in the disc interspace towards the centre of the separator bowl (Figure 6). Because fat globules are not pure fat (they are covered with a fat globule membrane which contains  protein),  fat  globules  smaller  than  1 µm cannot be separated by centrifugal force because their
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Figure 5    Theoretical path of particle movement between two discs.
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specific weight is not sufficiently different from that of the carrier liquid.
A reduction in temperature from the optimum re- duces the separation efficiency due to the increase in viscosity until, at about 20-25 oC, a blockage of the cream  flow  occurs.  Therefore,  cold-milk  separators differ   from   warm-milk   separators   in   two   main respects; they have:
a larger disc interspace
an open or hermetic cream discharge.
Cold-milk separators usually operate at a temper- ature between 4 and 12 oC and, as a general rule, any long-term  mechanical  treatment  of  milk  should  be avoided  at  a  temperature  between  15  and  50 oC because increased lipase activity will result as an in- creased level of free fatty acids.
Standardization
The  direct  automatic  standardization  systems  are designed for on-line standardization of the fat content for  standardized  milk  and  cream.  These  systems usually have two control loops: one for the cream fat content and one for the standardized milk fat content. The fat content of the cream is obtained by adjusting its throughput via signals from the mass flow meter installed  in  the  cream  line.  The  fat  content  of  the
standardized milk is obtained by dosing part of the cream to the skimmed milk.
Two flow transmitters and one mass flow meter are available for measuring the throughputs of:
cream from the centrifuge
cream to be incorporated
raw milk.
With this information, the computer can calculate the throughputs of other systems, namely:
standardized milk from the centrifuge
skim milk from the centrifuge
surplus standardized cream.
The  mass  flow meter  measures  the  cream  density and quantity. The computer transforms this density into fat content. Combining the information for fat content and throughput data, the computer regulates the system control valves for:
achieving  the  fat  content  required  for  the  stand- ardized cream
reincorporating  the  necessary  amount  of  stand- ardized   cream   in   the   skim   milk,   in   order   to obtain the required fat content of the standardized milk.
Clarification
In  order  to  meet  the  requirements  of  national  and international  regulations,  as  well  as  customer  ex- pectations,  milk  and  milk  products  should  undergo adequate clarification. Raw milk contains undesired constituents  such  as  particles  of  dirt  and  blood, somatic cells and, of course, bacteria.
The clarification of milk can take place at a cold or warm  temperature  (3-12 oC  or  52-58 oC).  A  tem- perature  in  the  range  15-50 oC  should  not  be  used because fat damage occurs due to mechanical strain and the activity of enzymes. In respect to clarification efficiency  of  non-milk  solids,  temperature  has  very little   influence.   However,   if   bacteria   are   to   be removed  at  the  same  time,  only  warm-milk  clari- fication is efficient. Clarification of whey prior to fat separation is more and more common in large whey treatment plants; it results in better skimming of the whey  and  also  in improved  quality  of the  skimmed whey and whey cream due to a reduced level of fines in  these  products.  The  advantage  of  proper  clari- fication also applies to other dairy products.
Separation of Whey
The  separation  of  whey  is  a  process  that  has  been performed  for  decades.  Today,  in  order  to  meet





























































































































































































































































































































































































































































































































































































































































































































1



 		2
3	 	
4
5
6
7


9
8














Figure  6    Cross-section  of  bowl  of  a  cream  concentrator.  1, Feed; 2, cream discharge; 3, skim milk discharge; 4, skim milk pump; 5, cream pump; 6, discs; 7, soft stream inlet; 8, sediment- holding space; 9, sediment ejection ports.
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the   high   quality   standard   of   whey   required   for further  processing,  optimum  separation  is  essential. Therefore, in view of today's large whey volumes, the treatment processes must be designed so that the whey obtained  is  processed  efficiently  as  far  as  possible in   contained   process   lines   without   long   holding times. In the case of semi-hard and hard cheeses, the suspended  cheese  fines  content  of  the  raw  whey  is 0.05%  to  0.2%  and, in the  case  of soft cheese,  the value is up to 1.0%.
The large quantities of sediment can be handled by a  skimming  separator  with  only  limited  efficiency, even  with large disc  interspaces. Due to the greater distance  between  a  smaller  number  of  discs,  the separation efficiency is effectively lower. The separa- tion efficiency is further affected by the behaviour of cheese fines in the disc stack. Cheese fines normally have two unpleasant characteristics:
most show a tendency to stick on metal surfaces
a large portion are often so fine that they can be separated only under the action of high centrifugal force.
The  remaining  cheese  fines  in  the  whey  cause a  rapid  build-up  of  deposit  on  the  separator  discs, resulting   in   a   drastic   reduction   of   separation efficiency. In the past, the majority of whey separa- tion lines were equipped with only a screen to protect the separator. The screening technique, which is still used in some factories,  is capable of removing only 30-60% of the cheese fines in the raw whey.
In such an installation, it is quite often necessary to  incorporate  intermittent  cleaning  cycles  during a  production  run.  In  modern  whey  separation  in- stallations, a clarifier replaces the whey screen.
The raw whey silo must be equipped with  a spe- cially  designed  agitator,  which  helps  to  keep  the cheese fines in suspension, to ensure that the flow to the  centrifuge  is  constant.  The  whey  is  fed  to  the clarifier by means of a centrifugal pump. The feed rate is  indicated  on  a  flow  meter  and  kept  constant  by means of a regulating device. The clarifier reduces the cheese fines to values smaller than 30-50 mg kg-1  in the finished whey. With such an installation, constant separation efficiency over the whole production run is guaranteed.
Fresh Cheese
Large-scale   production   of   fresh   cheese   has   been made possible only with the aid of centrifuges. Both separator design and process development are equally important    for    the    efficiency    and    economical
production    of    fresh    cheese.    Fresh    cheese    is the  precipitated  and  concentrated  curd  from  cheese milk,   with   seasoning   and   other   additives.   Fresh cheese is not subject to a ripening process after pro- duction.  Typical  products  are  quark  (petit  suisse, fromage   frais),   cream   cheese   and   double   cream cheese.  Fresh  cheese  centrifuges  are  especially  de- signed for these products. A very high g force, which can  be  accomplished  with  special  nozzle-type  cent- rifuges,  also  ensures  that  the  denatured  (thermo- quark   process)   whey   proteins   are   separated   out efficiently with the cheese.
A high-fat cheese, like double cream cheese, can be separated  only  with  a  specially  designed  centrifuge, which separates the cheese towards the centre of the bowl  and  the  whey  to  the  periphery.  The  cheese  is lighter than the whey because of the high fat level and is discharged from the bowl by means of a centripetal pump.
Quark separators  Separators  of  types  KDA,  KDB and  KDC  are  equipped  with  a  disc-type  bowl  with nozzles  on  the  outer  rim  for  discharge  of  the  con- centrate (quark). The segment-holding insert, shown in Figure 7, is sealed against the cover and the bottom part of the bowl. The stainless-steel segments prevent the accumulation of protein particles inside the bowl (Figure 7).
All protein particles separated out in the bowl are guided to the nozzles and discharged as quark. This design prevents quark losses from forming residues in

Figure 7    Stainless-steel segment holding insert in bowl bottom to prevent formation of protein segments.
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the  bowl.  It  also  allows  longer  processing  times between clean-in-place (CIP) cleanings.
The  coagulated  skim  milk  enters  the  centre  of the  bowl  through  the  feed  tube  and  flows  over  the distributor into the rising channels of the disc stack, where it is separated into quark and whey. The whey flows inwards through the disc interspaces, while at the same time residual protein particles are separated out.  The  whey  is  then  discharged  by  a  centripetal pump  in  the  bowl  top.  A  sight  glass  is  fitted  in  the whey discharge line so that separation can be moni- tored.  If  the  whey  becomes  turbid,  then  all  para- meters   important   for   separation,   such   as   feed throughput,  separation  temperature,  treatment  of the  cheese  milk  and  the  dry  matter  content  of  the quark must be checked.
The  separated  quark  is  discharged  continuously through  nozzles  into  the  concentrate  catcher.  Once the  bowl  has  come  to  a  standstill,  the  nozzles  can be  changed  after  removal  of  a  locking  piece  on the hood.
The  quark  flowing  out  of  the  nozzles  runs  down
the chilled water cooled hood, over the chute into the quark hopper of the  separator. Level sensors in the quark  hopper  control  the  operation  of  the  quark pump.
Separator type KSA      For the production of double cream cheese, the coagulated, standardized milk is fed into  the  centre  of  the  bowl  through  the  feed  tube. From there, the milk is guided through the distributor into the rising channels of the disc stack, where it is separated  into  cheese  and  whey.  The  whey  flows outwards  through  the  disc  interspaces,  while  the residual   protein-fat   particles   are   simultaneously separated out.
The whey flows through the separating disc into the upper  pump  chamber  and  is  discharged  foam-free under pressure by the centripetal pump.
Because  of  its  high  fat  content,  the  cheese  forms the  light  phase  and  flows  inwards,  where  it  is  con- centrated. It then flows over a weir (regulating disc) into   the   lower   pump   chamber.   The   concentrate centripetal pump conveys the cheese to the outlet.
The  dry  matter  content  of  the  cheese  is  adjusted by  means  of  a  valve  in  the  whey  discharge.  If  the
discharge   pressure   is   increased,   more   cheese   is forced out of the bowl and the dry matter content is reduced.
If the dry matter content of the cheese is to be in- creased, the discharge pressure of the whey must be reduced.
During production, a small amount of free protein (inadequately weighted by fat) is separated out into
the  sediment-holding  space.  This  protein  is  ejected from  the  bowl  in partial  desludgings  at intervals of approximately 2 h.
A sight glass is fitted in the whey discharge line for monitoring separation. If the whey becomes cloudy, then a partial desludging should be carried out. If this does not improve the situation, then parameters such as separation temperature, cheese milk treatment and the  dry  matter  content  of  the  cheese  should  be checked.
Removal of Bacteria
The   first   steps   towards   centrifugal   removal   of bacteria  can  be  traced  back  to  the  1950s  but  suc- cessful industrial use of this technology was perfected only  in  the  1970s.  The  great  technological  break- through   made   in   the   1980s   increased   efficiency due  to  advanced  design  and  high  throughput  cap- acities,  which  were  the  factors  of  integrating  this technology  in  more  and  more  cheese  process  lines. A  further  development  of  this  technology  in  the 1990s,  involving  a  reduction  in  the  volume  of  con- centrate,  made  it  suitable  for  many  dairy  process lines  and  product  technologies.  The  bacteria  con- centrate being discharged has been reduced to a very low level.
The well-known pasteurization process (heating at
72-75 oC for 15-30 s) to kill pathogens has been used for  many  decades  in  dairy  plants.  Unfortunately, the  higher  temperature  needed  to  kill  thermophiles adversely  affects  the  flavour  of  milk  and  the  func- tionality of the milk components. Even with the use of   higher   temperatures,   as   described   above,   the heating  process  does  not  eliminate  all  undesirable bacteria.
The removal of bacteria from milk and milk prod- ucts can be seen as an important processing stage in today's  dairy  plants,  especially  when  taking  into account  that  milk  collection,  processing  and  distri- bution procedures have changed markedly during the last decade as a result of the amalgamation of large dairy  companies  with  24-h  operations.  Nowadays, milk is collected only every second or third day and is stored for up to 24 h in the dairy prior to processing. Also,  consumers  are  more  demanding  and  expect milk and milk products to last longer without deteri- oration of flavour and colour.
A further example is the liquid milk industry where without clarification to remove bacteria, it is neces- sary  to  process  milk  every  day  in  order  to  achieve a  shelf-life  of  up  to  2  weeks.  With  clarification,  an extension  of the  shelf-life by 25%  can be achieved, which can simplify processing and distribution of the
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product considerably. This is very important for the consumer.
For some processes, such as cheesemaking, it is very valuable  to  be  able  to  process  milk  in  which  the bacterial  count  is  very  low  or  has  been  greatly  re- duced.  In  some  cases,  it  is  necessary  to  reduce  the numbers of bacteria or spores by as much as 99% to ensure a cheese with good quality. It is normally not possible to heat milk to such a degree that spores can be  killed  because  such   heat   treatment  may   give a lower yield of cheese and can also adversely influ- ence  the  rennet  coagulation  time.  Conventionally, additives  have  been  used  to  reduce  this  problem. However, in most cases today, it is desirable to avoid the use of such additives.
Summarizing, it can be stated that the conventional systems   (pasteurization,   cooling,   additives,   steam injection,  etc.)  do  not  completely  kill  the  spores  of Clostridium  and  Bacillus  species  and,  in  addition, most  treatments  have  side  effects.  It  should  also  be mentioned that, generally, milk has higher contents of spores during the winter months when cows are fed on silage.
Bacillus  cereus  is often the predominant bacterial species in conventionally processed milk of advanced age,  as  it  survives  the  pasteurization  process  and grows  at  low  temperature,  causing  spoilage  of  the milk.
The damage that spores can cause to the industry can be considerable and the following examples are
affected:
fluid  milk:  reduction  of  shelf-life  due  to  sweet (nonacid) precipitation
milk powder: aerobic and anaerobic spores (Bac. cereus,  Clostridium  perfringens)  can  cause  dam- age, especially to low-heat milk powder
cheese:    lactate-fermenting    bacteria    (anaerobic
spores) can cause late blowing of cheese.
The   process   with   integrated   bacterial   centrifuge (bactofuge)    Before the end of the 1980s, approxim- ately 3% by volume of feed was ejected as bacterial concentrate. In order to reduce the loss of product this secondary  stream  was  sterilized  and  added  back  to the main stream. In some applications, and depending on the request, this process is still used today. At the end of the 1980s, the method of recycling a large part of  the  bacterial   concentrate  was  introduced   and widely accepted by the dairy industry. Design changes in  the  bowl  resulted  in  the  flow  of  a  second  liquid stream, the so-called 'carrier liquid', via the separa- tion disc, through nozzles, into the upper centripetal pump  chamber  where   it  is  discharged   foam-free under pressure from the separator.
By  means  of  the  latest  technology,  a  large  con- tinuous  flow  of  carrier  liquid  conveys  the  bacteria into a high g force area in the clarifier. This process was developed and patented by Westfalia Separator. The amount of carrier liquid to be recirculated must be regulated according to the composition of the raw milk.  Our  experience  has  shown  that  3-5%  of  the feed to the centrifuge should be recycled.
The  above-mentioned  system  has  the  following advantages:
gentle  handling  of  the  product  via  the  so-called soft  stream  feed  system  means  that  disruption of  the  bacterial  colonies  does  not  occur  in  the inlet
stagnation  points  are  avoided  and  at  the  same
time   flow   velocities   greater   than   1.5 ms-1    are assured
the separating disc is designed to be positioned in the sediment-holding space of the bowl
the adjustable volume of the carrier liquid can be
set so that the bacterial count is roughly the same as  in  the  untreated  milk  or,  at  maximum,  twice as high
a   precise   ejection   system   is   provided   by   an
optimized   hydraulic   system   for   fast   opening and  closing  of  the  bowl  (moving  of  the  sliding piston).
With  the  above-mentioned  system,  only  the  ejected concentrate  (by  partial  discharges)  needs  to  be  sep- arately treated. This volume is only 0.1-0.3% of the feed  to  the  centrifuge,  which  in  most  cases  is  dis- regarded.  The  small  volume  does  not  economically justify the recovery of this secondary stream.
See   also:   Liquid   Milk   Products:   Pasteurized   Milk. Membrane  Separation.  Process  and  Plant  Design. Whey Processing: Utilization and Products.
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Renner  E  (1988)  Lexikon  der  Milch.  Munich,  Germany: VV-GmbH Volkwirtschaftlicher Verlag.
Sienkiewicz  T  and  Riedel  C-L  (1990)  Whey  and  Whey Utilization,  2nd  rev.  edn.  Gelsenkivoken,  Germany:
Verlag Th. Mann.
Westfalia   Separator   (1991)   Processing   Lines   for   the Production  of  Soft  Cheese, 3rd edn.   Oelde, Germany:
Westfalia Separator Co.
Westfalia   Separator   (2000)   Separators   for   the   Dairy Industry,   5th   rev.   edn.   Oelde,   Germany:   Westfalia Separator Co.
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