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0.1 The dairy and food industry ig ranked among £first three
industries from the angle of energy consumption. Considering the
present day energy crunch, every effort is made to use it in the

most prudential manner.

6.2 The potential of heat pumps in dairy gn& food industry has
since been realized with a view’péint of energy conservatiocn.
Progcess engiﬁeers freéuently come across situations of heét
transfer to viscous and ﬁeat gensitive products which are
normally treated using a special type of heat exchanger, known as

thin film scraped surface heat exchanger,

0.3 Concern about the increased energy costs and quality of the

" end product promoted thig study as one of the technigue.

8.4 In the present study, a concept of integrated heat pump -
thin film scraped surface heat exchanger system was evolved for
concentration of milk. The literature survey revealed many
inadeguacies regarding optimum engineering design of such a

system.

8.5 The present system consisted of a liguid councentratoer,

liguid copler, vapour condenser, vapour separator, condensate

— - -

collecting device, refrigerant compressor, vacuum rotary seal



with vacuum pump, along with other pumps, measuring instruments
and piping etc. The rotor was povided with variable clearanca
stagygered bladesg. The number of blades could be changed from two

to eight.

0.6 Two hundred thirty six (236} trials .were conducted for
evaporation of water, skim milk, and buffalo whele milk under
sub-atmospheric conditions. The data generated were analysed in
HCL-4 computer. Nuuselt tyvpe correlation was developed for
scraped f£ilm heat’ transfer coefficients. Box Wilson model
{polynomial' equation was applied Lo optimize the Process
variab;es fog' overall heat transfer coefficient and power
con;umpfion. on fhe-basis of observations, a concept was evolved
to explain the usefulness of staggering the blades in enbancing
heat <transfer and reducing power consubption. Staggering of
blades caused more turbulence due tc more freguent interception
of .fluiﬁ film and their overlaping at the centre of the rotor

shaft and also because of abrupt change in axial velocity of

fluid film when it covered half the effective length of heat

exchanger,

0.7 The thermal performance of heat pump was evaluated and the
coefficient of performance was found to be 3.5 under optimum

operating copnditions (number of blades = 6, rotor speed = 3,42

3

RPS, mass flow rate of buffalo whole milk = 16.67 x 10 ° kg/s.

0.8 En the present svstem, two processes, viz., evaporation of

S

wilk and cooling of concentrated milk are integrated. This



concept is very attractive from the point of view of energy
saving and other advantages. The integrated heat pump - thin
film scraped surfaée heat exchanger system appears toc have an
excellent potential for processing of milk and similar food
products due to its inbuilt characteristic of maintaining overall
heat transfer coefficient. Also it offers a scope of recovery of

flavours and other smclatile components.

0.9 The result of series of experiments should provide a
theoretical basgsis for design of integrated heat pump - thin film
SSHE system for concentrating milk and other similar food

.products,
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1. INTRODUCTION

1.1 In the wake of energy ¢runch, the industrial sector .is
increasingly becoming conscious of ‘energy conservation and
recovery. Many dairy and food processes are highly energy
intensive and, therefcore, the use of energy conservation

technology in these industries is gaining wide acceptance.

1.2 One -device which can make a significant contribution_ Eo
conserve energy Iin food industry is heap pump. It punps heat
energy from a source at low temperatufe and elevates it toc high
temperature. In the earlv 19th century, the idea of heat punp
was evolved from the Carnot cvcle. WwWilliam Thomscon {later knowd
Lord Kelvin), was the first to propose a practical heat pumﬁ
system. The heat pumps have been in commercial use iﬁ ‘United'r

States of America and United Kingdom since 1927.

1.3 A heat puﬁp is a thermal .amplifier which réises. tho
temperature of low grade heat energy to a more useful hjigher
level employing a relatively small amount of high grade energy.
It is primarily a refrigerating machine and works as a heat
extraction device at the evapofator and simultaneously as a heat
supplying device at the condenser. Thus a heat pump can be used
advantageously in a process which simultaneously regquires heating

and cooling. Fig. 1.1 shows layout of a mechanical vapour



HEAT SINK

CONDENSER

COMPRESSOR

THROTTLING X
VALVE

I

& EVAPORATOR

HEAT SOURCE

Fig. 1.1. LAYOUT oOF MECHANICAL VAPOUR COMPRESSION
CYCLE HEAT PUMP.
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compression cycle heat pump. The sources of low grade energy are

water, air, solar and waste heat from different processes.

1.4 Despite the availability of different thermodynamic cycles
such as mechanical vapour compression cycle (MvCcey, the
absorption cyclé,. three fluid vaﬁour absorption cycle and the
Stirling cycle, etec.,~the most common types of heat pump éycle is
MvVCC. The range of working fluids is very wide. Any fluid which
can be made to evaporate between 1 bar an@ 20 bar at useful

temperatures is useful.

1.8 The effectiveness of a machine is‘uéually‘exéressed in terme
of efficiency. The‘éffedtiveness of a refrigeration. cycle is
expressed as coefficient of performance (COP}., It is defined as
the ratio of desired effect to work required to produce that
effect, the effect and work both being expressed "in thermal
units. Since the puréose here is to utilize heat at condenser,
therefore, COP is the ratio of heat energy at condenser to work
input. The COP is considerably greater than unity, coften ranging
from  three to six. It means that energy output is three to’ sii

times the input.

1f6 The compressor is a critical component of the mechanical
vapour coméression heat pump. Numerous types of conpressors
suitable to | vapour compression cycle are rotary vane,
reciprocating, screw and centrifugal compressors. Selection of
compressor -depends upon the size, capagity of system. and the

working fluid.
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The  review of literature presents recent trends pertaining
to development and application of heat pumps. Also the heat
transfer and hydrodfhamic aspects of mechanically formed thin

film heat exchangers are delineated as under:

2.1 HEAT PUMPS

2.1.1 - Advent of heat pumps
2.1.2 Heat pump cvcles
2.1.3 ] .Heat soﬁrces

2.1.4 Heat pump c¢ircuits

2.1.5- Working fluids
2.1.6 Conpressors
2.1.7 Primemovers

2.2 HEAT TRANSFER AND HYDRODYNAMICS TN T3IN FIILM SSHE

-

2.2.1 Mechanisms of heat transfer with phase change
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2.2.2 Power reguirement

2.3 ENERGY ANALYSIS

2,4 APPLICATIONS OF HEAT PUMP IN DATRY AND FOOD INDUSTRIES

e

2.1 HEAT pPgMPSs

2.1.1 ADVENT OF HEAT PUMPS

‘Lord Kelvin was the first to propose a practical heat pump .
It was claimed that the heat pumé was able to produce heat using
only three per cent of the energy which would be needed for
ﬁirect heating. Haldane {1%30) reported on the installation and
tésts on a domestic heat pump in Scotland. This unit provided
hot water and space heating, using air as the heat source. The
first commercial heat pump was commissioned in Europe during
13938-39. This heat pump used river water as the heat source and
a rotary compressor with R-12 as working fluid ‘(Engle, 19781).
The first heat pump was installed in the United EKingdem for
heating & building (Sumner, 1953). The second heat purmp
installation was at Royal Festival Hall in the U.K. (Montagenand
ﬂﬁfgggi%’ Reay and Macmichael (1979) summerised the heat pump

installations all over the Switzerland and USA. The rapid growth

in uge of heat pump in USA started from 1971 onwards.



2.1.2 HEAT PUMP CYCLES

2.1.2.1 The mechanical vapéur conpression is commonly employed
in heat pumps. ~In 1824, Carnot was the first to use.a
thermodynamic cycle to describe a process. The cycle conceived
by him remained as the fundamental measufe,against which heat
pump performance 1is judged because it consists of reversible
processes. The term 'Rankine cvcle' is sometimes used to explain
both a power and mechanical vapour compression cycles. 1In case a.
Rankine cyéle heaf engine is used to drivé heat pump, one can be
termed ag a Rankine/Rankine cycle. This conbination - is
particularly intriguing when a common working fluid is used for

the two cvcles for economy.

2.1.2.2 The absorption refrigeration system (ARS) jis 5 heat
operated unit whereas mechanical vapour compression cycle (MVCC)
uses the energy in the form of meéhanical work. The MVCC
-requires a compressor where as 'aRS requires an absorber,
generator and a pump., The MVCC can be employed on a wide range

of capacity as compared to ARS.

2.1.2.3 Apart from these cycles, there are few other cycles for
example, Stirling cycle and Brayvton cycle. The scope and

application of these cycles is also unlimited.
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2.1.3 HEAT SOURCES

Heat pumps can make use of effective free heat sources and
their derived sources.
2.1.3.1 - Setty (197§;.reported a brief analysis on wutilization
temperature range for heat pumping. Utilization temperature
range is the optihum temperature range at which heat can be
absorbed or rejected fér providing heating ar caoling
simulténeously. The source in temperature range of 322° to 422°K
iis not economical for héat puﬁping_eVEn if it is avaiiable- free.
The: utilization temperature range of 283° teo 322°K is most

suitable for heat pumping.
2.1.3:1 Air

Most commercially available heat pumps use air as the heat
source., Alr source heat pumps werking on the MVCQ also.use air
as the heat sink. The variation in tenperature and the
possibility of formation of frost must be considered in degigning
air source heat pump. The fall in out-door temperature i
directly proportional to capacity of heat pump. However, the
out-door air is available in abundance and at low cost, but its
major draw back is that, it is normally coldest when maximum heat
has to be extracted from it and hottest when maximum heat has to

be rejected to it.
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2.1.,3.1.1 Beap (1975) reported that the COP reduces for a
typical air source heat pump, as-a function of the ’outside
ambient air temperature. The COP ranged from 1.8 to 2.8 with
ambient temperature cof 268°K to 293°K. MacDonald (1985) reportad
for air-to-air heat pump having average COP of 2.51. Machonald
{1986) also repartedhgér a dual heat pump system that average QP
was 1.2, ranging on a daily basis from 0.75 to 1.8. He also
proéoéed modification which included £fin spacing, orientation of
air flow over the barn evaporator coil and an improved heat

storaée gystem.

2.,1.3.1.2 Sasaki (1989) analysed the heating efficieneyl and
coefficient of performance of an éir type heat pump with a 7.5 KW
compressor used in a green house having 352 m2 in area. The air
temperature in the green housé was maidtgined at 13°-15°cC. The
maxinum difference between the;temperature inside the green house
and the ambient air tempefature was 17°C., When the ambient air
temperature decreased markedly, the heat pump was operated
frequently +to remove the frost covering the outer part of the
instrument. When the defrosting operations were carried out too
frequently, the air temperature in the'green house could not be
_maintained at 15°C, When the set point of the night temperature
was reduced from 16 to 13 to 10°C the air temperature in the
green house could easily be maintained at the set point.
Therefore, it was considered that the modification of the set
point of the night temperature was the most suitable method to

control the temperature by the air to air type heat pump. The
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values of the COP of the heat pump ranged from 2.4 to 3.2 and
there  was a high correlation between the values of the ambient
air temperature and the COP. Electricity charges were almost 40

per cent of the heavy 0il charges,
2.1,3.2 Water

2.1.3.2.1 Among'the various water sources, city mains would be
an - ideal as a heat source for a heat pump as it is continuously
available in a fixed fange of temperatures. The use of water as
a heat gource was tried by Sumner (1976). Slightiylwarm water is
more attractive. Ground wafer'also-ﬁsed as source of heat.
Fordsmand ilQ?B)'reported that the normal heat removal rate for
an evaparator coil located in the ground is between 20 to 25 w/m.
Values as low as 10 w/m were cbtained by Schar (1978}, the
maximum being 50-60 w/m, as reported by Von dcubq {1978} in
Germany. Biest et al. (1985) répéfted cor of 3.5 to 4 fof water

-~ water heat pump using cocled underground water.

2.1.3,2.2 Gfoote et al, (1985}'used'three water - water heat

pumps and achieved COP of gystem ranged from 3.4 - 4.4.
2.1.3.3 Solar

2.1.3.3.1 Solar energy may be harnessed by heat pump employing
solar collectors., Bridgers (1967! described heat pump with solar
cellectors and obtained a temperature of 260.8°K which was less

than the designed temperature. MeVeigh (1977} gave a



16

conprehansive treatment of solar ° collectors design and
applications. The use of solar collectors alongwith ground water
was studied by Fordsmand (1978). Thezconclusion was that it was
impractical to install a solar collector if the size was lesgs

2

than 3m“/KW loss of heat from the dwelling. For a collector area

of 30m2 and a ground coil area of only 100 mz, a COP of 3.4 was

—

achieved.

2.,1.3.3.2 Jardine (19768} reported that storage temperature had
significant influence on  the heat pump coefficient of
perqumanée; If variation in storage temperature was between 5
to 45°C, the influence on COP_was_foaﬁd te be in the range of \2

to 4. The relationship found was linear in nature.

2.1.3.3,3 Hanby (i9?7) indicated that air solar coilectors of
some considerable size are needed to be technically gffective.
He also reported thét the influence of heat storage,' both on
overall cOP and on system cost, is also a factor of prime
importance. |

2.1.3.3,4 Corman et al, (1974) studied a system using heat
storage, with the heat pump evaporator directly immersed in the
storage medium. This work was of particular interest as :egards
. the effect on COP with varying a number of parameters with solar
ccllectors and thermal storage. They noticed that the increase
in performance with storage was considerable. With a storage of
3400 kg with 2 plate collector COP improved from 2.3 to 5.5 with

an collector area of 25 to 150 m2.
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2.1.3.3.5 Cottingham (1979) studied heat pump with sclar energy
as heat source. He concluded that COP was higher than 4 at even
266.4°K evaporator temperature. Efficiency of collectors were
also studied and it was found to be almost constant over a good

range of intercept, that is, 0.0 to 0.16°C-m2(w.

2.1.3.3.6 Setty (1979) made economic study of solar assisted
heat: punp and found that for temperature range of 294°K to 322°K

cheéper flat plate collectors are necessary.

2.1.3.3.7  Andrews Ei978} reported the solar collector as having
a straight line performance characteristic relating efficiency .
and the AT{I ratio, where /\ T was the ambient to mean collector
temperature differeﬁce and I was the input incident solar

radiation.

2.1.3.4 Waste Heat

2.1.3,4.1 Smith f1976) and Ffeundz(lg?ﬁl ugsed heat pumps to
recover waste heat from several processes. Kolbusz {1874)
claimed the waste heat recovered from a condenser also served as
the heat pump evaporator and was used by the steam-driven heat
pump as the first stage in heating Qater. He showed that a Cop
of 6.6 was achieved. A heat source at 28°C in the system wés

able to supply water at 70°C via heat punp.
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2.1.3.5 Heat Recovery from Refrigeration Plant

2.1.3.5.1 Bowen (1976) tried to recover heat from condenser of
refrigeration plant. The headquarters of the Merseyride and
MANWEB possesses the first large scalé ful;y heat recoﬁery

system, Anon (1969).

2.1.4 HEAT POMP CIRCUITS

The basic heat pump circuits which are commeonly used are of

four designs,

In this system atmospheric air is used as a source of heat
and fqr absorbing heat from the condenser. The heat pump
performance decreases and the heating requirement increases as
the outside air temperature drops. Defrosting becomes a problem
at operating temperatures below freezing. If the air temperature
droétis kebt low, large guantities of air must Bbe handled. This
inval?es large. equipments and possible noise problems thereby

limiting its use as described by Jordon and Priestor (1973),

2.1.4.2 Water to air

This design is of two types:
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2.1.4.2.1 Water to air

Here the atmospheric water is used as a source of heat and

air is used to carry away this heat.

2.1.4.2,2 Air to water

Qutdoor air is used as the source of heat and water 1is used
.as the transferring medium between the air going to the

conditioned gpéce and refrigerant coming to water coil.

2.1.4.3 Water to water

In this system, water is used as a source of heat and =also

as a medium of heat transfer.

2.1.4.3.1 The air to air and wa%er to air circuit arrangeménts
are most simple in construction and economical in operation.
Dunn and Reay (1978) described the heat pipe as a device which,
'usiné . an evaparation - gondensation cycle, transfers heat

isothermally.,

2.1.4.3.2 In water to water and air teo liquid circuits have a
fixed refrigerént circuit in which refrigerant flows in one
direction only. This arrangement reduces the leakages and also
problem of oil return to the compreésor. Simplicity in equipment

design is achieved in these two cases because the condenser and
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the evaporator are not required to serve the dual purpose

(Domkuqdwar, 19801} .
2.1.59 WORKING FLUIDS

2.1.5.1 Any substance capable of absorbing heat can be used as
working fiuid for he;E'pump. Jordon and Priestor (1973) reported
that desirable refrigerants are those which possess chemical,
physical and thermodynamic éroperties that permit their efficient
application and service in praétical design. The comnmon
refrigerants éuch as air, ammonia, carbon dioxide and the freon
group étc. can be compéred on.the bésis .of above prcperiieé.
Effect on perishable material is also an important .factor in
Dairvy and Food Industry. Freon vapours have no effect on dairy
products, meats, vegetables, flowers and plant life etc. Many
foods when exposed to ammonia become unplatable, Freon ' group
refrigerants are non-flamable and oil miscible. The freon
refrigerants can be used with practically all metals without
danger of corrosion and ammoqia can be used only with ferrous

materials.

2.1.5.2 Holland et al. (1982) compiled an exhaustive work

derived from thermodynamic design data for 21 working fluids.

2.1.5.3 Cole and Pietach (1973) ohserved that the system
performance  could be optimized with a precise amount of
refrigerant charge. Overcharge or under-charge - would damage the

system. Jebson and Lascelles (1977) used F-12 for pasteurization
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of milk. Milk Marketing Board's dairy at Bamber Bridge Lane,
U.K. utilised R-12 and R-114. The systems were used for
producing hot water from waste heat at temperatures between 300°K
and 350°K upgrading it to 333°K and 383°Kf- For the lower
temperature 1lifts R-12 and for higher temperatures R-114 were

used {(Anon, 1981).

2.1.5.4 Grooves (1981) studied coefficient of performance of R~
11, R-12 and R-22 and found the range of COP as 4.4 to 5.3, the
higheét for R~11 and the lowest for R-22., But R-11 is used ‘only
in centrifugal compressors because of its large specific volume.
The R-12 is used in hﬁgh ambient temperatures where ébndensing
pressure must be kept low enough to prevent overheating of the

compressor, R~22 is used in the low ambient temperatures.

2.1.5.5 q}iswold and Hellickson (1984) used R-22 for milk
cooling. fhey sized the components for R-12 and R-22 because of
their superiority Ffor high temperature applications. Performance
data iﬁdicated that in-series operation of a desuperheater energy
recoVery system and water-to-water heat pump had excellent energy
conservation ..potential on dairy farms. Electrical enérgy
consumption for tempering low and high grade process hot water
decregsed from 110.90 to 51.3 kwh/1000 litre of water, an qverall
reduction of 53 per cent Pay back period was 12.5 years.
Combining energy savings with system cost reduction was able to

make pay back period of 5 vears.
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2.1.5.6 Ewert {1985) used R-22 for a single unit dJdual-scurce
(SUDS)} heat pump evaporator. The SUDS combines two separate
evaporators into a single evaporator. The system showed that the

uncertainity in the evaporator loading to be + 15 per cent.

2.1.5.7 Hama and Tani (1984) used heat pump with a two-stage
cascade refrigeration system with two different refrigerants

{R~12 and R-22}, They obtained hot water at 353°K.

2.1.5.8 Balakumar et al. (1985) also used a cascade heat -pump:
using R-11 and R-12 refrigerants with vapour compression system.

Their e#periments showed that R-~11 candensing témperaturES'in the
‘range of 338°K to 368°K could be achieved. Corresponding vwvalues
for R-12 varied from 271°K to 281°K. Overall COP of 1.2 to 1.7

was obtained.

2.1.5.9 Patwafdhan (1987) derived and tested a criterian for
determining whether the iséntrapic compressicon of sgaturated
vapours led to superheat or condensation., This criterian needed
only values of critical temperature, the iseﬁtric factor and
liquid specific heat. This criterian could be used :for
evaluating a heat pump working fluid when detailed thermodynamic

data are not available.

2.1.5.10 Patwardhan and Patwardhan (1987} alsc studied COP of
the heat pumps with eight different working fluids and evolved a

simplified procedure for estimatiqgngf COP The results indicated
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that the procedure could predict COP values within three to four

per cent,

2.1.5.11 Patwardhan et al. (1987) reported the use , of
nonzaeotropic mixtures of R-11, R~12 and R-114., It was found
that R-11/R-12 mixture .is better than pure R-11. The improvement
in COP was found to be more pronounced for R-11/R-12 mixture than

for the R-12/R~-114 pixture.

2.1.5.12 Devotta (1988) described the factors for selecting a
working f£fluid with reference to thermodynamic, thermophyvsical and
safety aspects. Properties with reference to heat  pump

applications for a few halocarbons were also described.

2.1.5.13 The operating temperatures for different refrigerants
are described by Reay and Macmichael (1979) and Devotta (1988).

' The data are useful for proper selection of refrigerants.

2.1.6 COMPRESSOHS

Fellowing compressors are ceommonly used in heat punps

depending upon the refrigerant;

{1} Rotary vane
(2} Reciprocating
{3) Screw

{4y - Centrifugal
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2.1.6.1 The compressors mentioned above are well tried and
universally accepted in domestic and industrial refrigeration.
Reay and Macmichael (1979} described certain cperational
differences between the refrigerator and the heat punp. These
were: |

(a) Heat punmps négéally operate at the higher condensing
temperatures and greater pressure ratics than refrigerators.

This puts more stress on both refrigerant and compressdr.

(b) Heat pumps geﬁerally operate for many more hours per annum
at their maximum duty than refrigerators or air-conditioning
units (except in domestic applications} and this also tests the

compressors capabilities.

(c) ; Because heat pumps must. compete commerciélly‘ with other
heating systems such as direct gas or electric heating, on
rackaged boilers, there.is great pressure to reduce the initial
cost of the system.

The combined effect of these three requirements set a
daunting task for the manufacturers-because of high condensing

temperatures.

2.1.6.2 Hodgett (1988) gave classification of compressors for
working fluids wviz,, NH3, R-12, R-22, R-500 and  R-114,

evaporating and condensing limiting temperatures, and refrigerant
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2.1.7.3 Reay and Macmichael (1979} described th&t internal
combustion engines are used in remote areas where electric supply
is not available. Other power sources such as wind mill, direct-
water power, and animal power could also be utilized depending
upon feasibility.

2.1.7.4 Hodgett (1988) reported that the efficiency of the prime
mover was of fundamental importance to the overall efficiency of
the heat pu&p‘. He described that nofmal starting torque motors
fitted with the appropriate starter units can be used for -large
centrifugal_compreésors‘ Most of the other types of compréssors
can be drivenlby normal'starting torgue motors although they are

usually started in an unloaded conditions.

2.2 HEAT TRANSFER AND HYDRODYNAMICS TN THIN FILM SCRAPED SURFACE

HEAT EXCHANGERS (SSHE)

Design of heat exchangers for heat pumps is a major subject.
The design should be such that optimum heat exchange  conditions

are achieved.

Heat transfer to visc&us and heat sensitive milk products is
a problem for process engineers‘in dairy industry, Due to
scaling and foaming tendencies of these products, severe fouling
results when they are processed in ceonventional heat exchangers.
This impoges restriction on Qperational'temperatures and time.

~I% 1is thus essential to remove the scale rapidly from heating
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surface., The thin film-scraped surface heat exchangers (SSBE} is

an ideal choice for such applications.

Fischer (1965) described the applications of agitated thin-
film heat exchangers. The processes like coneantration,

distillation, fractionation, stripping and decdorization can be

effectively carried in these type of heat exchangers.

Skoczylas (1970} ciaimad-that a thin film scraped surface’
heaf' exchariger Qith rotor haviné swinéing blades has wider
application compared-to one with fixed blades. Swinging blade
type of SSHE was reported.to be capable of delivering final

product in the form of solid as reported by Hauschild (1969}.

Arlidge {1983} reported about a wiped £ilm evaporator with
slotted-blade rotor, The blades, with their regularly spaced
slots,” push a bow wave of fluid ahead, and thus are continuously
encounteriﬁg fluid fed from - feed weir and fluid left by
éreceeding blade. Average film thicknegs ig a function of glot
width, depth and spacing. It has been stressed that this
evaporator is an ideal one for specialized evaporation processes
where the product is heat sensitive and/or viscous. Freeze and
Glover (1979) summarized several unique performance characteri-

stics of mechanically agitated thin film evaperators. -—-—-
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2.2.1 MECHANISMS OF HEAT TRANSFER WITH PHASE CHANGE {(EVAPORATION)

2.2,1,1 Two different types of mechanism of heat transfer have
been suggested for a flowing, boiling and mechanically agita?ed
" filn. According to first mechanism which occurs at low values.of
specific heat flux; conduction heat transfer plafs a major role
across a vapour film combined with evaporation of more volatile
component at the surface. The internal friction, force of
gravity and peripherial forées created by the effect of rotation :
are the main cause of flow of this £ilm as reported by Kramers e;.

al. (1855),

2.2.1.2 The second mechanism describes that heat transfer takes
place because of vapour bubbles formed at the heat transfer
surface or at overheated‘spots in-side the film, Higher values
of specific heat flux and turbulent flow of film contribute to
this mechanism, The flow.of the £ilm may be regérded as the
resultant of the forces of internal ~ friction, the force of
gravity and the peripherial_forge affected also by the formatiqn

and rélease of vapour bubbles (Ziolkowskl and Skoczylas, 1965).

2.2.1.3 ‘Dieter (1960}, Krischbaum and Dieter (1938}, Leniger and
Veldslra (1959) and Schneider (1955) made studies oﬁ dynamically
loaded wiper (Samby! and fixed clearance wiper fluwa)
evapcrators. They observed, in general, that the temperature
difference (Z& T) between heating medium.and working fluid, and

axial flow rate of working fluid had little effect on heat



29

transfer coefficient. Following correlation resulted f£from the

observations of Krischbaum and Dieter (1958):

Their study also showed that scraped surface heat transfer
coefficient decreased with increasingZ} T at constant rotor

speed, low flow rates and high values of [& T.

2.2.1.4 Bressler {1958) reported an optimum speed bevond which
‘an increase in rotor'speed had negligible effect upon heat

transfer coefficient.

2.2.1.5 ﬁeay {1963) carried out experiments to study the .
relationship between blade clearance and the thermal. performance
in thin film heat exchanger with yarioﬁs fized clearance blades.
He observed that heat transfer coefficient reduced by 20 per cent
when c¢learance was doubled and when clearance was Qecreased bv B0
per cént, heat transfer vcoefficient increased by 20 per centf
When tip clearance ig reduced to a specific value, however,
higher fiuid flow does not have any effect on heat transfer

coefficient, after the whole surface becomes wetted.

2.2.1.6 Bott and Sheikh (1966} conducted experiments on scraped
surface vertical heat exchanger using mixture of boiling water
and glycerol. The feed was maintained at or near to boiling

temperature. The water trials showed that a=s rotor speed was



30

increased, heat transfer coefficient had lesgs effect of filﬁ
Reynolds number. Also film coefficient was nearly independent of
temperature difference, at higher rotor speeds. The scraped
surface film coefficient for boiling water increases with speed

'0of rotor in accordance with the following correlation:

N e L (2.2)

which is in agreement with Dieter and Krischbaum ‘who showed

ND'33.

Fellowing correlation was obtained for heat transfer during

boiling of glvcerol:

0.43 0.3

Nu = 0,65 (Ref10‘25 (Reg) " ™ 0.33 (2

(Pr) 5 -3 R 2.3)

All the phvsical properties were taken as mean of entry and

exist conditions.

2.2.f.? Skoczylas (1970) obtained eiperimental heat transfer
data on a hinged blade wiped film evaporator. He also used data
of Krischbaum and Dieter (13958}, The working fluids were water,
methanol and ethyl glycol solutions. The following generalized

correlation was developed by hin:

-0.988 (ReR)0'404 (Pr,~1.053 (B)~0.326 (WeJ0'494

Nu = 3103 (Reg)

; o e (2.4)
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2.2.1.8 Gudheim and Donovan (1957} compared the heat transfer
coefficient of vertical straight sided thin film evaporator with
horizontal reverse tapered (1°} for low viscosity fluids, They
concluded that the product side film coefficient in horizontal
tapered heat exchanger was superior bto straight vertical héat
exchanger. They also studied the effect of wall thickness,
viscosity and vacuum inside the heat exchanger on heat transfer
coefficient, Holdt . {1978} reported that processing of dairy

products in SSHE resulted in extension of its shelf life.

2.2,1.9 Abichandani et al. (1987) have published an extensive
review on the heat transfer and hyvdrodynamics in  thin £ilm

scraped surface heat exchangers.

2.,2.1.10 Abichandani and Sarma (1991) studied the evaporation of
water, milk and cream in horizontal thin film scraped surface
heat exchanger, The data generated in 108 experiments were

procegsed in'a computer te f£it a3 Box Wilson model in the form:

P.= 189.67 - 3.86(8) ~ 36.42(V.) - 16,62(B)

2

+ 0.09 ()% + 16.56 (V)2 + 1.35 (B)2

~ 1.24 (8) (Vo) -~ 0.41 (8) (B) + 16.5]1 (V.Y (B)

In developing above correlation, mass flow rate was excluded
as 1t was observed that effect of increasing mass fiow rate on
power consumption was insignificant. Further it was seen that

for a given rotor speed, the power consumption for water was
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higher than that of more viscous fluids viz. buffalo milk _and
cream because of water having higher surface‘tension compared to
milk and cream. It was concluded tﬁat the optimum range of rotor
speed with respect to overall heat transfer coefficient and power
consumption was 2.67 to 3.56 m/s. Between 3.56 to 4.45 m/s ' the
increase in U, was just one per cent while increase in éower

—

consumption was 30 pef cent.

2.2.1.11 Concentration of milk to high scolids in thin £ilm SSHE
results in continuous change of phyzical properties of the
prbduct. Further, the product which is initially Newtonian,
gradually attains pseﬁao-plastic prbpar:iea ag it moves aloﬁg thel
surface. To take into consideraticn théae changes, Dodeja et al.

(1990} developed the following correlaetion for concentration of

milk at atmospheric pressure.

y8-1331 (040764 y0-2843 (2,6)

Nu = 6615.06 (NRe (p

The scraped film heat transfer coefficient . increased with
increasing steam temperature until the product attained about 45
per cent solids, At higher concentraticn beyond this level, the

hg decreased with increasing steam temperatures.

It was also noticed that milk cculd be concentrated in a

single pass to about 70 per cent total solids in horizontal thin
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film SSHE. The product obtained was free from defects such as
browning etc. Thus, horizontal thin film SSHE is probably the
most versatile of all types of heat exchangers as it can handle

wide range of products.

2.2.2 POWER REQUIREMENT

Both rigid and hinged agitator are reséonsible for clearance
between the agitator and internal surface in thin film heat
exchangers, The blades are forced towards the heat exchanger
wall by springs or centrifugal action, in variable clearance heat
exchangers. The clearance varies with operating conditions.
Internal friction or turbulence within the liguid is the main

source of consumption of energy induced by the rotating blade.

2.2.2.1 The application of slipper bearing theory to compute the
clearance power - {Pa) requireﬁenf of a centrifugally loaded

beveled - edge agitator was stuéied by Kern and Karakas {(1959)..
They developed the followinyg relationship which holds good as ©

tends to zero.

-

Po ¥ M p? N tan®@  —mmoeoe——- (2.7}

where

& = angle between blade and tangent to the vegsel,

Here the 1lift force due to pressure increase under the

“ -

bearing was not accounted.
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2.2.2.2 . Norton (1942) and Streeter (1958) derived the following
expression on the basis of slipper bearing theory accounting lift

force due to pressure increase:

t 1 6la-1)
Pe = T? D% N* -
c = 1 N"U L - e 4 Ina =~ e ft lbg/sec
' c a-1 a+l

Equating the lift force on the bearing to the centrifugal

force relates, M, c and a

UL [t 72 17 2  2(a-D)

S e - - Ina = ~reme—=} e (2.9
N (a3 a-1 a+l

where, t = (ircumferential thickness of agitator nearest heat

exchanger wall, ft.

M = Mass of agitator, lbm.
a o ' ——————
c
c = Minimum clearance between agitator and heat

exchanger, ft.
Cm = Maximum clearance between agitateor and heat
exchanger, ft.

D = Diameter of heat exchanger, £ft.
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2.2.,2.3 The energy consumed by interpal  friction is
approximately 1615-3230 W!mz in commercial equipments as stated
by Mutzenburg (1965). Thisg is egquivalent to the drop in pressure

of a 1ligquid flowing at 4-8 m/s through 2.5 x 10’2 m I.D. tube

with a surface area of 5'-1.3x1l]_2 m2. These velocities are
considerably  higher than actwmal velocities in tube heat
exchangers and explain the high heat transfer values in agitated

thin film evaporators.

2.2,2.4 Abichandani and Sarma {(1988) reported the power

requirements in horizontal thin film SSHE in fmrmfof correlation.

The functional relationship between power requiremegt and

physical parameters can be shown as:

---------- (2.10)

This clearly establishes the role of surface tension in
contrast to density and viscosity of £fluid. The power
consumption did not increase significantly with an increase in
mass flow rate. However, it increased, with increasing speeds:

and with the number of blades.

2.2.2.5 Abichandani and Sarma (1989) also developed an
expression for power requirement during evapcoration of milk in

horizontal thin film SSHE,
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2.3 ENERGY ANALYSIS IN HEAT PUMPS

2.3.1 Bridgers (1967} described econcmic cost analysis of air
conditioning ' systems running with electric heat pump and steam,
It was estimated that a net saving of 10 per cent was in the ca;e
of electrical heat pump as compared to steam heating. <Comparison
between 0il, gas and electrical eneray used was also daone over a
period of 15 years. It was found electfic source of energy is
much cheaper as compared to oil and gas. It was hoticed the ‘oil
source 1is almost two times costlier than electric source of
enérgy. Coefficient of performance forlrefrigeratién machine anﬁl'
heat puﬁp were also Isﬁudied Iand found them 4.35 and - 5

respectively,

It was cobserved that the heat recovery from refrigeration
system of plastic injection moulding machineresulted in annual

energy saving amounting to jE 15000 {Anon, 1576},

2.3.2 Petterson and Wells (1977} gtudied energy saving in
distillation procesé. The conventional distillation column
cbﬁsisted, a reboiler and condenser. Comparison of heat pump and
alternative  systems  in distillation were  studied. The
distillation system which was first developed as a simple tower
with a water cooled condenser and a steam heated reboiler and
then treated with incorporation of heat pump. Among the changes
brought about by use of a heat pump were a reduction in tower
size and elimination of the condenser, replaced-by heat punp.

Operating and capital costs were reduced significantly. A saving
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of 25 per cent in cost was observed with heat pump and it was
possible due to using conventional waste recovery techniques,
particularly when recovered heat was used to replace stean

heating.

2.3,3 Jebson and Lascelles (1977) observed that the application
of heat pumps to evaéo?ﬁtors would‘result in a saving of at least
35 per cent of energy currently used to evaporate milk. The
application  of- heat pumps to pasteurization of milk was also
_deécribed, estimating a net saving of energy by 37 per cent
poésibility of heat punp applicéticns were also described . for
heating of casein wash water which interm gave a savihg of 25 per

cent.,

2.3.4 Morlok and Kopp (1958} studied the possibilities of energy
récovery in dairy plants and their economic effects. Operating
costs of heat recovery by a motor-driven heat pump using c¢ooling
water at 35°C as the heat source‘(cooling by 1€°C} in the
production of hot water at 70°C were examined and calculated to
be about 4.% pfennig/kWh electricity (energy}! costs accounting
for 86 per cent, By the use of gas éngines energy costs could be
reduced to about 1.4 pfennig/kWh and operating. costs to 2.3
pfennig. - It was further emphasized that for economical use of
the- heat pump in dairies the temperature difference should be
small and the heating should be to a relatively low absolute

temperature.,
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2.3.5 Vries fl§79} discugged the use of heat pﬁmps for saving
energy on dairy férms by heating water with heat extracted from
milk. In the light of laboratory results with five heat pumps
and a 12 months trial on four farms, it was observed that heat
pumps can be economically justified for farms with minimum of 35

cows 1if electricity charges are £0.20/kWh. Savings obtainable

3 milk, at normal levels of water

ranged from 12 to 20 kWh/m
ugage. Some problems which may arise with heat pumps were
pointed out e.g. problems of corrosion of the boiler~condenser,

and adverse effects on the compressor.

2.3.6 It was éstimafeﬁ that 10 per éent Qavihgs were effected in
energf use in the French dairy iﬁdustry gince 1973. Examples of
eﬁergy econonics actually achieved in dairy factories and
techniques experimented with were discussed brief%y, i.e. for
recovery of heat in the exhaust air of spray drying plants, “and -
use of the ﬂeat punp for conditioﬁing cheese stores which because
of temperature levels used, was considered to be an ideatl
application (anon, 18579).

2.3.7 Calm (1979) explained that heat energy used to ‘heat and
cool  the buildings in U.S.A. is 26 per cent approximately. He
explained 20 +to 50 per cent energy c¢an be saved by using heat

pump centred systen.

2.3.8 A comparison of effective energy utilization of heat pumps
driven by an electric motor and internal combustion engine has

been shown by Reay and Macmichael (197%). It was observed that
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electric driven heat pump have a lower capital cost than gas
engine’ driven heat pump but the later having a wore effective

utilization of primary energy resources.

2.3.9 Branwett (1979) discussed basic principles of heat punps
together with their potential use in malting operation. Results
showed that use of “electric motor-powered heat pumps was
uneconomical as compared to combustion engine drive which saved
18 per cent in primary fuel energy. Diagrams for calculation of

the eccnomics of heat pump installation were also discussed,

2.3.10 Dallinga {(1979) developed a sys£em,0f heat recovery fron
control heat storage tanks from which the water was heated in the
condensers of the refriéeration plant. In the two fre-heaters
water 1is heated to about 64°Cland 55°C and stored in tanks with
;capacities of 410 and 420 litres., Laboratory tests simulating
fconditions on farm with about Sﬁ Cows, using & 24-24 litre milk
tank, were carried out to determine how the efficiency ¢f the two
heat pumps .was affected by the guantity of milk, the ambient
temperature, and the temperature of the feed water. Energy
savings with each system were calculated from results of a
standard test in which four successive milkings, each 16.7 per
cent of the volume of the milk tank, were cooled and stored over
& 48 h period, ambient temperature being 20°C and feed water
temperature 119C. Both systems were compared with a conventional
air-cooled milk tank having an average coefficient of performance
2.5. The refrigeration coefficient for both fre-heater was 2.25

‘and 2.52 and net energy savings obtainable were 16.8 and 17.2



40

kﬁh/m3 cooled milk. Based on a five year pay back period and an
electricity price of £ 0.20/kWh, one fre-heater appeared to be
economically Jjustified for a farm with 38 cows and other for a

.

farm with 48 cows and annual milk production of 5500 1l/cow.

 2.3.11 Elwell et al, (1980) developed a system for substituting
alternative energy séﬁrces for heating of water in dairy £farms.
The sysitem recovered more than 168,800 kJ/day of refrigeration
compressor reject heat, rwhile consuming 16 per cent less

eléetricity to cool the milk in a 120 cow herd.

2.3312 Vallot (1981} observed on a heat pump installed in France
comprised of two circuits a chilled water production circuit with
2 ’Trane’ motor compressor connected to a conventional evaporator
and with R-22 as refrigerant and a circuit producing‘hot water at
95°%°¢, with the conventional condensér, 'Trane' compressor and R-
114 refrigerant. It was calculated that the pump recovering
2360000 kcal/day and operating 6000 h/vear (300 days of 20 hours)
could save 45,000 f/yr compared with a conventional boiler

burning 334.7 1 heavy fuel oil daily.

2,3.13 Groves (1981) compared the COP of R-11, R-12 and R-22 and
also found that for 122 kWh {(cost & 3,5 p/kwh} electrical energy
ipput, the heating effect of 208 kWh {cost 1.51iP/kWh} could be
chbtained. Thus heat punmp was found from energy and cost saving

angles as an excellent system.
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2.3.14 christénsen (}982) worked on vacuum evaporators with heat
pump. It was observed that a three effect evaporator with a heat
pump gives energy savings of 94vper cent and water savingg of 98
per cent compared with single effect evaporator used with a heat
punp . These saving were halved if the single effect evaporator
was éombined with a steam vapour re-compressor.

2.3.15 Hogan et al. {1983} used heat pump for low-temperaturn-
grain drying. He compared energy cost scenaric for electricity,
LP gas and natural gas and found electricity to be the cheépest
_Iamong all. It was found that the heat punp system consumed 392
per cent less éiectricity- than the conventional résistahc&
svstem. . The heat pump system drying energy reguirement was 0.557
kWh/kg of water removed as compared to ﬁ.?@ﬁ kWh/kg by the
conventional system. The electric demand of the heat pump was 52

per cent less than the conventional systen.

2.3.16 Blandini et al. (1983) made energy comparison using heat -
punp for hot water regquirements. They observed a reduction in

energy” consumption by 60 to 78 per cent.

2.3.17 Gunkei et al. (1983) did experimental and simuiation
study of a wind driven heat pumnp system and demonstrated the
feagibility of heating water and cooling milk with a wind
turbine. Operation of a heat punp system directly coupled to a
commercial cycloturbine was simulated on a digital cowmputer for a

period of nine months. The result showed an average reduction. of
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45.29 per cent in the total electrical energy consumption on a

typical 50 cows dairy farm.

2.3.18 Griswold and Hellickson (1984} worked on heat recovery
ﬁsing a water-to-water heat pump in milking parleurs. - A
combination of desuper heater héat recovery unit and a
specialized water-to-water heat pump were installed for a 13ﬁ
" head dairy to heat process water. As operated, the system
affected a 53 per cent _savings in 'water heating enerygy
conéumption as compared to gleétric water heater. It was also
suggested the proposed optimiéed operation of the svstem may

allow a 90 'per tent reduction in required energy consumption,

2.3.19 In France, in a cheese factory, heat from evaporator
condengates at 355%°C aﬁd the refrigeration unit of a lactose
crystallization plant at ap°c was used to heat water to 90°C.
hbbut 50 per ceﬁﬁ of energf reguirement in cheese making was for
heating water and a heat pump cost was recovered in 2-3.5 years;

(Anon, 1984).

2.3.20 Cunney et al. {19857 tried an engine driven heat pump
used in & barely drving/storage system. They observed 10-15

percent energy saving over cohventiocnal drying.

2.3.21 3 heat recovery plant, with four water/water heat pumps
for heating the factory and providing hot water, was installed in
dairy factory. The installation brought about an 18 per cent

decrease in oil usage in the 2nd half of the yéar compared with
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the same perioid in the previous year, despite the- fact that
increased production had increased oil usage by 13{5 per cent, ‘in
the 1st half of the yéar. It was calculated that the plant gave
4 real cost reducticon of DM 45000 in the second half of previous
vyear, giving it an..estimated pay back period of 7-8 vyeats
(Wissel, 19351. ‘

2.3.22 Molina and Mascle (£986] conpared energy consumption of
twe malt drying processes: (i) The traditional process in which
the heat exchanéer was fed with hot water from a gas or oil
boiler and (iif a heat pump system in which low-temperature heat
expellea:from an airféir heat exchahger was used to_heat:incoming
air. They indicated thaf the malt drving by heat : purp reduced
energy consumption from 705 to 213 kikh/1 of malt. On this basis,
it was calculated that the capital cost of the heat pump system

could be paid for in energy savings within two vears.

2.3.23 Gioco (1987) studied physical properties of riée related
to the use of heat-pumps in impfoving the thermal efficiency of
driers: Drving was done keeping in mind teﬁperature less than
40°C with réspect to reduce energy consumption. Two systems
usiﬂg heat pumps were tried. Use of héat pump in an experimental
static drier reduced specific enerav consumption from 5814 to
2616 kJ/kg of water removed (by 35 per cent) and in a pilot-scale
dynamic farm drier from 7510 to 3938 kJ/kg (by 48 per cent).
Savings in primary energy consumption (allowing for generation
and distribution of the electric power required) were of the

order of 20 per cent. Both machines resulted in simple
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cperation, although the statiec design gave fewer dust filteration

problems.
2.3.24 Colliver et 4l1. {(1987) s=studied electrical energy
consumption and demand reduction nsing heat pump controls, They

used microprocessor-based thermostats and outdoor heat pump
thermostats, The major results obtained were: (1) the
microprocessor based setback thermostats sgignificantly reduced
the total energy used by 20.4 per cent and the maximum demand,
and {ii} the outdoor heét pump thermostats significantly reduced

the total energy used by 7.9 per cent and the maximum demand.

‘2.3.25 -StiGSOH et al. (1987) studied the performance and
economics o©f a Dairy refrigeration heat recovery ﬁnit‘ They
pointed out that increasing the cendenser preésure from 6.5 bar
. to 12 bar incre§sed the gross heat recovery from 15.1 MJldm; to
139.2 MI/ dmS for the ﬁater cooled system {(compared with a change

3 to 24.5 MJ/dm3 for the air cooled system). The

of 13.7 MJI/dm
maximum net heat recovery after subtracting the extra compressor
energy consumption was 19.1 MJ/dm3 and ‘11.5 MJ/dm3 for water and

alr cooled svstems respectively.

2.3.26 Leshin et al, (1987} worked on energy saving systems for
milk cooling.,” The £echnical and economical characteristics of
standard milk-coeling systems used in the USSR were compared with
those of systems employing heat pumps or ice banks. In the ice
bank systems, which reduced electricity consumption by about 50

per cent, outside air was used to chill the cooiihg water in
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winter, without the need for refrigeration units. In other
seasons . the refrigeration units were switched on automatically
when the temperature of water exceeds 2°C. The heat extracted

from the milk was used to warm up drinking water for the cows,

2.3.27 Use of slurry heat and scolar energy as a heat source in
heat pumps Qere tried by Zlotowki and Steinbruck (1987). The
results of studies on two heat pump systems using small heat
pumps were as: one system used slurry heat and was installed in a
I??O head cattle fattening unit and one incorporated energy
abéorbers with a 40 m2 surface area. IEnergy'savings of‘24_and_56
pef cent were achieved.compared with coal and electricity in the

first system and 30 and 60 per cent in the 2nd svstem.

2.3.28 Fainzil'ber (1988) worked on saving enerqgy in
pasteurization of milk. This study analysised possibilities of
saving energy on USSR dairy farms by using a supplementary héat
pump to transfer heat from the milk c¢cooling svstem to the
pasteurizer, The heat punp is of a type used in water-distilling

systems and could give energy savings of upto 90 per cent when

milk is pasteurized at 90°cC.

2.3,29 Heolland (1988) gave a procedure for estimating the
economics of heat pump with MVCC. This is based mainly on COP of

the system. Payback period was also taken into consideration.

2.3.30 Gyanutis and Milyunas (1989 used heat punmp in drying

grain in order to reduce energy consumption. During tests on two
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air-air heat pumps when drying grain by forced ventilation, it-
was found that the use of the heat éump increased the moisture
absorption capacity of the air to 4.5 'g/kg and the energy
consumption for the evaporation of 1 kg moisture from the grain

was 0.451 kWh/kg (1624.kJ3/kg).

2.4 APPLICATIONS OF HEAT PUMP IN DAIRY AND FOOD INDUSTRY

The application of heat pumps in DBairy and Food industry
covers essentially the waste heat recovery from refrigeration,.

drying, evaporation and effluents.

2.4.1 Davis (1949) reported that an experimentél grain drver was
constructed and examined over a range of conditions, partly to
vérify séme theoretical studies carfied out earlier. The drver
contained a grain bin with a floof area of 1.3 mz. The heat pump
used a 570 W electric drive, with R-12 as refrigerant. A
Centriﬁﬁgal blower of 380 W was used for blowing air. A water-
. cqoled coil wag installed for controlling the maximum  drying
temperature. It was found that the poﬁer - consumption in
Kilowatt-hours per kilogram of water evaporated agreed very
CIOSEly' with the theoretical values and tests showed that the
minimum cost occured, at an airflow of between 800 m3/h and 1000
m3/h. The value also varied with the drying air temperaturé, and
expressed in-terms of specific moisture extraction rate, a figure

of 0,28 kiwh/kg was achieved at 316°K and 0.27 kWh/kg at 327°K.
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2.4.2 Work in the United States, as guoted by Charity (1952) on
the conversion of farm milk coolers which conventionally used
air~cooled condensers to fulfil a dual role as milk coolers and
water heaters -indicated useful savipgs ﬁhen electric heating was
used on the farm for heating of wash water. With the modified
arrangement, a condenser coilil placed within an insulated water
tank could be used to preheat mains water before it passed to
conventional water heaters. It was calcuiated that approximately

250 litres of water could be heated from 289°K t0'319°k.'

2.4.3 Hodgett (1976) analysed the state of the art in dryer
technology and also calculated the amount of water removed in
industrial processes of chemical and food industry specially in
milk. Whitehead and.Roley (1976) suggested some interesting
propesals involving the 'use of waste 'heat recovery éystems}
including heat pumps in 1industries where  process steam

(L] . . %

requirements are high.

2.4.4 A study carried out in France as described by Laroche and
Solignac (1976) wusing water vapour compression in dryers, in
association with a conventional heat pump vapour compression
cycle. An efficiency of 1000 kJ/kg water evaporated (3.6 kg!kﬁh}

was claimed.

2.4.5 The milpro heat pump system (UK Patent, 1977) includes
water treatment facilities and it is claimed that this unit

provides all the heat required for operation of a bottle washing
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machine. A conventional heat exchanger is used to recover heat
from final detergent tank, this heat being used to raise the
temperature cof the pre-rise spray water. Milpro claims that the
heat pump and filter system can reduce consumption to 70 kW and
2600 litres per hour, which can run either en natural Qas .or

electricity.

2.4.6 Jebson and Lascelles (1977) reported that an ammonia
compressor was employed and the heat from compressed gas was used
tc evaporate the milk in the first éffect of multiple effect
_evaporator. An additional evaporator after the final effect
cendensed the vapours from this effect and evaporated ammonia
rrior to recompressioh. The aprplication éf heat pumps resulted
in saving.of 35 per cent energy. It was also pointed out thot
trhermal enefgy savings in pasteurization and heating casein wash

water were 37 per cent and 27 per cent réépectively.

2.4.7 Lascelleés and Jebson (1973} studied the application of
heat pumps to the spray drying of concentrated milk. A method

has been explained for saving heat energy upto 45 per cent.

2.4.8 Uges (1978) reported that the 'Fre~heater' heat pump was
originally designed for milk cooling and enabled the production
of hot water at 335°K or 328°K on a commercial scale, without the
use of additional energy. Aall énergy withdrawn from milk as well
as the energy added to the compressor, were utilised. Practical
experiefice of about two years proved that the 'Fre-Heater'  was

almost trouble free. The system operated on the principle of
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thermosyphon. Provisions were alsc made for automatic draining
of surplus water. The average condensing temperatures were 323°K
to 328°K. The influence of the feed water temperature between
281°K and 28B9°K as well as draining of hot water, did not affect

cooling capacity.

2.4.9 Wehrung (1978) installed a unit of 400 1 capacity on a
milk tank. The heat removed from milk {otherwise normally lost)
was drawn into a heat recuperator by an exchange.éystem involving
rare gases‘with change of phase. 1In #he tank, milk was cooled
from 305°K to 277°K. The hea£ removed from milk added to tho
eﬁergy consumed by cdolihg process itself (motor) heated the
water from 2B3°K to 323°K. One litre water at 323°K was obtained
from one litre of codled milk. an addiz:ional 1.5 kW resistance
heater with a thermostat in the circuitlgave warmer water upto

358°K.

2.4.15 Two dairies in U.K. were using integrated combined heat
and water recovery gcystems em-bodving heat pumps at milk
marketing Board’'s Bambér Bridge dairy near Preston and a dairy at
walsall. Both installations were employing Westinghouse
“templifier. These heat pumps used centrifugal COmMPressors
together with shell & tube heat exchanger as condenser capable of
generating useful temperature upto 383°K to 3B8°K. The working
fluid wag R-114. The source water temperature ranged between
300°K to 350°K and upgraded to 333°K to 383°K. A COP of 4.4 was
obtained when source water was at 308°K and outlet water

temperature was 338°K. COP was studied over a temperature range
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of 293°K to 353°K for source water énd for 333°K to 373°K a=s
outlet water temperature., Comparison in cost analysis was also

doné (Anon, 1981).

2.4.11 Hogan et al. (19823 réported the development and tésting
of a 1low temperature heat pump grain dryver. Corn in the heat
pump bin was dried fré%'initial moisture content of 22.9 to 14.2
per cent, Energy auditing and economical analysis were done.

The heat pump consumed 39 per cent less energy.

2.4.12 Griswold and. Helicksnn. {(1984) wused a combination
ée'SUPerheatef‘heat reccverf svgtem. A water4t0~watér heag pump
was . installed in 130-herd daify to heat water. A 53 per cent
saviﬁgs in water heating energy consumﬁtion was reported. Thev

also proposed a modified system to save energy upto 91 per cent.

2.4.13 Ajupov et al. (1984} reported automatic control of a heat
punp for pasteurisation and cooling of milk. The svstem was
producing water between 363°K and 368°K at the outlet of
condenser at the second stage of heat pump while-paéteurizing the

milk.

2.4.14 Keith and Mittal (1985) reported employing heat pump in
vegetable canning industry. ‘Carrier- 30 Hm® heat pump was used.
The results revealed that supply of 65 per cent of simulated

total thermal load was achieved using a heat pump system with an

intermediate temperature of 313,6°K. Computerised simulation was. ..
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of the refrigeration system to meet the requirements of the
cooling regulations was independent of type of condenser used but
wags dependent upon condenser pressure, environmental heat load,

milk inlet and final temperature.

2.4.19 A four stage heat pump recovered waste heat and upgraded
it to produce hot water at 338°K to feed the malting process.
Systen also used passive air-to-air heat recovery. Bypass alr

was used . through the germination beds. Overall <COP was four

(hon, 1987).

2.4.20 Skevington (1987 reportea the éerfcrmance of th ﬁeat
punps used by $ustraiian Department of Agril. The first unit was
used for drying app]é crigsps. A COP of 7.5 was achieved. The
second unit was for the production of steam under a partial
vacuum for use in the low femperature deoderization of mutton and

ihe COP obtained was 2.3.

2.4.21 Ting and Roberts (1988) worked on dehumidifier "assisted
dryiné of soyabeans. a flexiblé and wmodular sovabean drfing
sysﬁem consisted of ambient air drying and heat pump. The module
wag an bin batch drying/storage unit. The module with a capacity
of 21.24 m° of sovbeans was used to dry 14.16 n® of material.
The drving air was conditioned with the help of heat pump.
During the period when ambient air drving was not possible, the
system was used to dry resulted drying from 14.5 per cent m.c.

{w.b.) to an average of 11.3 per cent in.74 hours.
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2.4.22 Undried grain was stored in an air-tight store and then
dried with a heat pump. Moller and Nilsson (1988) noticed air
leakage of 10 litres/minute at 100 Pa pressure occurred in the
silo but no effect on gréin.quality was observed. A shorttime of
12-15 days drrying was compared with hot air from drying and
found energy consumption ratioc of fan and compressor as B:ir

-

sharing an energy saviﬁg potential with heat pump.

2.4.23 Kyritsis ettai. {1989) worked on green house heating with
the help;of heat pump. They used a water~to-air heat pump, énd a
solar assisted air-to-air heat pump fof heating a 1000 m2 green
house for tomatoes, Results indicated that the minimum inside
temperature was 13°C and 10°C for water-to-air and solar assisted
2ir-to-ailr heat punps respectively, when outside temperature was
3o, Yields were similar in quantity, quality and timing. The
eléctricity‘ consumption of solar-assisted heat pump represented
56-68 per cent eiectricity demand of the water-to-air heat pump
and also total cost was 83 per cent of water-to-air pump, thus

solar assisted pump was economical as compared to air-to-air heat

pump .~

2.4,24 Laville~studer (1990} applied heat pump coﬁcept for
economicgl running of artificial hay driers. Operating costs of
heat pumps and air dehumidifiers for hay drying were analysed and
compared with conveniticnal systems. It was concluded that cold
ventilation and collector units were economical but that heat
pumps and air dehumidifiers were less economical than floor

drying in turns of total preoduction cost at low level.
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2.4.25 Baumgartner {(1998) worked on air-air heat pump for drying
of maize. A batch drier with air-air heat pump was used tc dry
chopped maize and sugarbeet. Experiments were conducted with
32-40 and 26-27 per cent DM (2.9-3.5 and 3.2 t respectively)
maize and 2.1 t sugarﬁeet. Results showed that the system was
_suitable for drying one t wet maize at 30 per-cent OM per day but
was not recommended for sugarbeet due to high energy regquirements
of the order of 200 kWh/100 kg dried crop. Average electricity
consumption for maize drying was 57.8 kWh/100 kg of drigd crop

with average water removal of 27.3 kg/h.’
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INFERENCES DRAWN FROM SDRVEY OF LITERATORE

Engineering studies carried on heat pumps are inadequate.

Studies on heat pumps employing herizontal thin film SSHE

have not been attempted.

—

Twin evaporator heat pumps for multiple heat recovery arc

not triea. The system appears to be far more promising.

The ' heat transfer correlations reported are ' for
heating/evaporation and cooling at atmospherié' pressures.
There is need to develop mathematical models for sub-

atmospheris pressure conditions.

There is a need to develop simplifieq‘correlation for power
requirement in heorizontal thin film SSHE operating under

vac _uum '

Energy auditing and anélysis of the proposed systeh needs to

be done.,
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3.1 IDENTIFICATION OF TEE PROBLEM AND OBJECTIVES

3.1.1 The review of literature indicated that in recent
vears there has been growing concern over various dairy and food
proccesses  being highly energy intensive. Iﬂ such a situation
spplication of heat pump coffers on  excellent solution. ‘The
inferences drawn from the iiteratﬁre led to thé study with

icllowing objectives:

2.1.1.1 Design of heat pump syvstem comprising of reciprocating
CORPIesscr, horizontal thin film scraped surface heat . exchanger
tiiguid concentrator), thermostatic, expaﬁsian valve, vapour
separator, vapour co;denser, vapour condensate collecting device,
liquid cooler, vacuum pump, and inter connecting piping and

valves. (m:a;'n}_y f_Und;'onﬂ-{ G/ﬁsl‘gv

3.1.1.2 Studv the performance of thin film scraped surface heat
exchanger working as condenser of the heat pump for concentration

of milk.

3,1.1.3 Development of mathematical models for heat transfer

coefficients during phase change and power consumption.

3.1.1.4 Evaluation of coefficient of performance of the system.
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3.1.1.5 Energy auditing and analysis of the integrated system.

3.2 TECHNICAL PROGRAMME

In order to achieve the above obijectives the £following

———

technical programme was formulated:

3.2.1 To evolve suitable heat pump system for concentration of

milk.

3.2.2 Desigm .and fabrication of a straight sided horizontal thin
film SSHE having inner shell of stainless-steel and a Jacket of
=.i1d steel to work as ‘oefrigerant condenger /liquid
concentrator. The rotor was designed in such a way that number
cf blades could be changed and staggered. The blades were of

variable clearance type.

3.2.3 Design and fabrication of one horizontal pipe-in-pipe
heat. éxchanger having inner pipe of stainless steel and outer
pripe of mild steel to work as vapour condenser (Refrigerant

evaporator-11%.

3.2.4 Design and fabrication of straight sided horizontal thin
film SSHE having inner shell of stainless steel and outer
jacket of mild steel to work as liquid cooler {(Refrigerant
evaporator-23. The rotor wag provided with four variable

clearance blades.
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3.2.5 Design and fabrication of vapour separator.

3.2.6 Controlling the speed of rotor by means of stepped pulley

ang belt.

3.2.7 Maintaining the system under vacuum.

3.2.8 Incorporating condensate collecting device using plexy

glass pipe and suitable valves.

3.2.9 providing instrumentation for measuring and recording the

process variables,

3.2.10 Adopting dimensionless analvsis and statistical techniques
to develop correlations for heat transfer coefficients and power

consumption.,
3.2.11 Estimation of coefficient of performance of the system.

3.2.12 Epergy auditing and analysis for the entire system.

3.3 DPROCESS VARIABLES

It was proposed to study the heat transfer and hydrodynamic
aspects during evaporation in the integrated heat pump ~ - thin

film SSHE system by varyving the following parameters:
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3.3.]1 Rotor speed varied in the range of 3.42 to 6.97 RPS.
(342 ,500,600 and 6.97 RPS)

3.3.2 Number of blades were taken As 2, &4, 6 and B.

3.3.3 Mass flow rate of working ligquid was varied between 0.347

x 1072 to 2.5 x 10”2 kg/s. fs-q*x, S-56, G 94, 1111, 16-67,22:22,
2500 ¥ 167 9/ )

3.3.4 Working liguids used were water, skim milk and buifalo

whole milk.

3.4 EYPERIMENTAL SET-UP

An experimental set-up consisted of the following components

was developed (Ref. Plate 1.
3.4,1 Feed tank

3.4.2'_Horizontal thin film - scraped surface heat exchanger

{liguild concentrator)
3.4.3 Vapour Separator

3.4.4 Screw pump (product pump)

3.4.5 Horizontal thin film - scraped surface heat exchanger

{liguid cooler!

3.4.6 Pipe~in-pipe heat exchanger {vapour condenser)



PLATE 1 : EXPERIMENTAL SET-UP



3.4.7 CUndensatg cpllecting device

3.4.8 Drive mechanism

3.4.9 Vacuum pump

3.4.10 Rotary vacuum seal

3.4.1% Rgffigerant compressor

3.4.12 Expansion vélve_

3.4.13 LP/HP cut out

3:4.14 Instruments for measuriqg process variables.
3.4.1 FEED TANK

*

It was B0 1 capacity stainless steel tank with

bottom Lo ensure self draining of working liguid.
3.4.2 HORIZONTAL THIN FILM SSHE {(LIQUID CORNCENTRATOR)

The heat exchanger shell was of 304 stainless steel

2 2

-7 - . . -—
20x10 " m T.D., 0,5x10 m wall thickness and 135x10

60

dished

having

m overall

length. It was provideé with mild steel jacket of 27r&xiﬂ-2 m

- i -
I.D., 1x1i0 2 ﬁﬁzhickness, and 100x10 2 m length which was also
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the effective heated lehgth. The heat exchanger was insulated

2

with glass wool of 5x10 “ m thickness to minimise convective and

radiative losses. An aluminium sheet was used for covering the

2

insulation. The end covers were fabricated from 0.6x10 “ m thick

304 stainless steel sheet and flanged with the heat exchanger by
reans of S.S., nutsand bolts. At one end of the top of heat

- 1D -
exchanger an inlet of sizenf.Eleﬂ 2 m was provided, On the

1D -
cpposite end an outlet of sizeal0x10 2 m was provided for liquid
and vapours. On this end cover, a vacuum seal housing was bolted

with 8.8. studs.-

The rotor assembly was made of solid 8.S8. shaft of 4x18“2 n
diameter. Three circular plates with eight slots on each were
1

tslted. on the shaft., The flat blades each of size 6.35x10 ~ 1
lzngth and 2.5x10“2 m width pould be hinged to the slotted plates
tRef, Plate 2&, A provision was made to change the number of
séraping blades upto 16 with staggering positions. Configuration
of rotor with staggered blades is shown in Fig. 3‘1.' The one end
of rotor shaft was mounted on sealed ball bearing. This bearing
was housed in a three legged spider assemhly fixed with §.8., nut
and bolts on the inner surface of the heat exchanger. The other

end of the rotor was connected to a coupler made of stainless

2 m diameter was mounte:d

steel., The coupler shaft of 1.2x10
through a ball bearing and a rotory vacoum seal. A safety valve
was fitted on the Jacket. The mechanical design of heat

exchanger is given in Appendix-5.



PLATE 2 : ROTOR WITH STAGGERED BLADES
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FIG.33 CONFIGURATION OF ROTOR WITH STAGGERED BLADES
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3.4.3 VAPOUR SEPARATOR

Cfclones for removing liguiad ffom vapour offer one o¢f the
least expensive means both from an operating and an economics
view points. The cyclone separator was designed to separate
vapours from liguid product assuming vapour velocity to be 4.33
n/s. The mixture of vapour and liguid enters tangentially in a
cvlindrical chamber at top end. The vapours leave through central
opening and liguid through bottom of the conical chamber  (Ref.
Plate 3}). The separator was made of 304 S.8. materiai having

2

thickness O.lep- m. The vapour separator is sﬁown in Fig 3.2,

3.4.4 SCREW PUMP (PRODUCT PUMP}

It was a screw type positivé displacement pump made of
stainless steel (S.85.), Tts maximuﬁ diséﬁa;ge rate was 0,027
lps. The discharge of the pump was fégulated through 8.5. wvalve
at the suction side of the pump.

3.4.5 THIN FILM - SSHE {(LIQUID COOLER)

It was a horizontal thin £ilm SSHE fabricated from 10.16x10~2
m nominal diameter 5.8, pipe with inner diameter 9.52:{10'_2 m,'
wall thickness 0.32xlﬂ_2 m and overall length 76.2x10_2 m, Thisg

2 2

pipe was enclosed by 8.8. jacket of 15.24x10 “ m I.D. and 66x10

m effective length.



PLATE 3 : VAPOUR SEPARATOR
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The Jjacket was insulated with glass wool of 2.541:10_2 m
thickness to minimise the convective and radiative losses. Two

ends of inner pipe of the heat exchanger were provided with

flanges by means of nut and bolts.

The scraper assembly consisted of solid §.5. shaft of

1.27x10° %

m diameter on which supports for holding blades were
welded. Four blades were fixed to these supports with the help
of half threaded bolts to enable them to have swinging action.
The scraper assembly was mounted on pin roller bearings housed at
b&th ends. A seal was ?ro?i&éd in each housing to prevent the

leakage of working fluid. The driﬁen end of shaft was coupled to

rotor assembly by self locking coupler.

The concentrated -liguid was pumped to this heat exchanger
where it was cooled by rejecting heat to the evaporating

refrigerant.

3.4.6 PIPE-IN-PIPE HEAT EXCHANGER (VAPOUR CONDENSER}

It was a horizontal concentric pipe (pipe-in-pipe} heat
exchanger for condensing vapours dgenerated in thin film SSHE

during evaporation of liguid and separated in vapour separator.,

It consisted of an inner S8.S5. pipe of 9.52x10_2 m I1.D. and

76.2x10—2 m length. The outer pipe of S.5. was of 16.50x10-2 m

ingide diameter and 66x10_2 effective length. The outer pipe was

2

insulated with glasswool of 2.5x10 ° m thickness to minimise heat™
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logses. The two ends of inner pipe were closed with flanges by

means of nut & bolts.

One end of flange plate was welded to vapour inlet pipe of
101072 m I.D. and the other end of flanga plate to 2.54x1072 q
Mm.8, pipe. This pipe was connected to the vacuum pump through a
riser to avoid condensate entering intc vacoum pump. The botiom

of inner pipe end was connected to condensate collecting device.

The vapours enter the heat exchanger and  condensed by

rejecting heat to the evaporating refrigerant.

3.4.7 CONDENSATE COLLECTING DEVICE

A plexy glass pipe of lelU»E m I.D. and #.3 m lenath was
used to collect condensate from pipe-in-pipe heat exchanger
{vapour condenser). The condensate collecting pipe was graduated

for measuring the guantity of condensate (Ref. Plate 4}5
3.4.8 DRIVE MECHANISM

3.4.8.1 The drive to rotor assembly of horizontal thin film SSHE
(liguid concentrator) consisted of one 3 h.p.., 3 phase, 1400 rpm
induction motor, intermediaie shaft and stepped V-grooved pulley,
The speed of rotor was varied with the help of intermediate shaft

and stepped pulley. The mechanism was capable to provide speed

in four steps viz. 3.42, 5, 6 and 6.97 RPS.



PLATE 4 : CONDENSATE COLLECTING DEVICE
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3.4.8.2 The drive to the rotor of other horizontal thin film SQHE
(liguid cooler) was given with the help of a motor and & V-belt.
pulley arrangement. The rotor was driven with'a single phase
induction motor. The drive smystem was selected to run the rotor

at 9.5 RPS,
3.4.9 VACUUM PUMP o

A dry vacuum pump waé uéad to create vacuom in  the entire
svatem. To ansufe that the vacuum pump handles only air and ‘non
:onden;aﬁl&st vaéour condenser (pipe-in-pipe heat exchanger) was
used before the inlet of vacuum pump. Alse a riser of 30x107° m
iength was provided to prevent the flow of condenmate into the
suction line of vacuum punp. A vacuum in the range of Séﬁ to 715
a2 of Hg was maintained in thin £ilm SSHE (1liguid cenaantrataf?.

Other specifications of the vacuum pump are as follows:

Type E Two stage rotary pump
RPM B 450 |
.-HP | 3 173
Make : BASYNTH
Driven by motor Single phase
RPM o3 1440
At 1 7 3

Volts s L 2204240 v
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3.4.10 ROTARY VACUUM SEAL

Dura rotary double seal was designed and fabricated by M/s
Durametallic (India) Limited for horizontal thin film $SHE for
accommodating shaft of 12x10'_3 m dianeter. The seal was capable'
to withstand temperature upto 423°K. The seal in the 8.S. housing
was mounted on end plagé of the driven side heat exchanger, The

seal was coocled by circulating tap water.
 3.4.11 REFRIGERANT COMPRESSOR

It was a single acting, twin cylinder vertical, air  cooled
compressor. It had bore of 5,4x107 2 m.and stroke of 6.4x107% .
The: speed ¢f conpressor was 11.66 RPS. Other specificationg are

as follows:

Make: | FRIGIDAIRE ENGLAND
Capacity: 1.5 TR '
Motor: HP : 2
. RPM : 1430
Amps : 3.2
Make : Jyoti Ltd.bBaroda
Phase : Three

3.4.12 EXPANSION VALVE

This is one of the basic components of the refrigeration

system. The function performed by expansion valve includes the
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reduction in temperature and pressure of the refrigerant coming
from the condenser (liguid concentrator), and alse tc regulate

the flow of the refrigerant as per load on the evaporators.

Type : Thermostatic Expansion valve
Orifice - H 5.6 mm

Inlet ! 9.5 mm

Outlet : 15.8 mm

Tube length : 1525 mm

Maximum pressure 3.8'kg/dm2

Make : ﬁetriot Refg. components

3.4.13 LOW PRESSDRE/HIGH PRESSORE COT OUT

High pressure cutout : 5-25 kgfcmz
T )

L,ow pressure cutout : 6-3 kg/cm”™

Differential cutout : 5-25 kgfcm2

Make ' : Ranco

3.4.14 TINSTRUMENTS FOR MEASURING PROCESS VARIABLE

Following instruments were mounted on the experimental set-

up to measure and control the process variables mentioned:
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3.4.14.1 Rotaneter

To measure the flow rate of working fluid in kg/min.

Range : 0-90 kg/h

IMake : Instriunentation Engineers
5.G., : 1.00

Accuracy o+ 0;5

' 3.4.14.2 Digital temperature indicater

To measure the ‘temperatdres at various locations of

experimental set-up.

Range : - 0-200°C

Resolution S : g.1°¢C

_Make _ | : Centurvy Ingtruments Pvt., Ltd.
Accuracy : + 0.5% + 1 digit

Number of channels o1 six

3.4.14.3 Vacuum_gauge

To measure the vacuum in the system.

Type : Bourdan tube

Range ' 0~-760 mm Hg
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3.4.14.4 Pressure gauqges

To measure the suction and discharge pressure of refrigerant
ge p

(F-12}.
TYpé : Bourdan tube
Range - 3 1-12,5 kgfcm2 {Suction}
Range : 1-25 kg/cmz (Discharge)

An electrodynamo ﬁeterttype to measufe power input to the
rotor of thin film SSHE (liquid concentratcer). Since the load
was Ealanced, therefore only one wattmeter was incorporated in
the circuit. Total power input to rotor was computed by

multiplying the observed reading with an appropriate multiplying

factog.
Range : 0-2500 W
Accuracy + 1

. Make : Automatic Elect. Pvt. Ltd.

3-4.14.6 Enerqgy meter

Total energy input to the system was measured by connecting

the energy meter in supply line.

o

Capacity 3 x 60 A 501w

Range -1 kwh

(TS

Make : Volkart Brothers Engineers



72

3.5 EXPERIMENTAL PROCEDURE

The schematic diagram of experimental set-up is shown in

Fig. 3.3.
3.5.1 EVAPORATION OPERATION

The water at near saturation temperature pertaining to
absolute pressure in the system (44-50°C)} was filled in the feed
tank (1}. The vacuum pump was switched-on. The regulating valve
{¥1) was - adjusted until the desired flow rate was achieved.
Subseguently the motor of refrigerant compressor was started
after adijusting LP/HP cutout. Then the drive mechanism- was
switched on to run the rotor of thin film SSHE {liquid
concentrator). Due to centrifugal action of blades, the liguid
gets spread over the heét transfer surface in the form of a thin
film. When sufficient water was cocllected 1n  the vapour
separator then preoduct pomp (10} was started to pump ‘the hot
water into the liguid cooler and its motor was started ta run the
rotor. ) The cooled water was collected in the can. When the
steady state was attained, the process variables were recorded.
The procedure wag repeated for skim milk and buffalo whole milk.
The observations are recoibded in Table 1 to 12 (appendix 6-81}.
The temperatures at inlet and ocutlet of both thin £ilm SSHE
{liguid concentrator and liguid cooler) were mneasured by

temperature sensors inserted in respective thermo-wells.
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3.6 SANITIZATION OF EXPERIMENTAL SET-UP

The experimental set-up was sanitized by the following

sequence of operations:

3.6.1 The clean luke warm water was run in the entire systen.
3.6.2 Sodium hydroxide sclution of one per cent concentration and

temperature dround 65-70°C was recirculated for 20 minutes.

3.6.3 After draining sodium hydroxide solution, the set-up' was
rinsed with water at 65-70°C for 10 minutes.
3.6.4 Nitric acid of one per cent concentration at 63-70°C was

recirculated for 20 minutes,

3.6.5 Nitric acid was drained and equipment was again rinsed

thoroughly with water at 65-70°C for 10 minutes.

3.7 MATHEMATICAL MODELS

The mechanisms of heat transfer and the flow phenomenon in
hbrizontal thin film SSHE are extremely complex. Because of
large number of process variables affecting the hydrodvnanics and
heat transfer processes, exact mathematical approach may not be
feasible. The alternative approach could be the development of
various dimensionless groups using Buckinghm-Pi theorem which

then can be correlated by appropriate statistical techniques.
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3.7.1 EVAPORATION OPERATION

3.7.1.1 Calculation _of overall heat transfer coefficiepnt (Uo}

The liguid was pumped into the thin film SSHE (liquid
concentrator) at near to saturation teﬁperature, The entire heat
transferred by the reffigerant was assumed to be causing

evaporation.

Thus: : ‘ .

Q = Uy 3, (AT T e (3.1)
Where: |

35 = Outside area of heat exchanger

AT = Tp - Ty,

Ty, = Saturation temperature of proceés fluid

corresponding to sub-atmospheric pressure
Tn = Tem?erature of refrigerant corresponding
discharge pressure
But - g : = é? Ly
L, = Latent heat of vaporization of watei at sub-
atnospheric pressure

My = Rate of evaporation

3.7.1.2 cCalculation of Refrigerant-side film coefficient {ho)

Refrigerant side heat transfer coefficients, for condensing

refrigerant on horizontal pipe, were calculated asguming £film
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type condensation, which is the basis of Nusselt theory {ﬁcﬁdams,

is63).
4§- -1/3
hg = 1,51 Qb - mm———- e {3.2)
He
where §.= Mass flow rate of liguid refrigerant from the
lowest point divided by heated length
2 R
95 = Y O (3.3)
‘lﬁ
where Kgp = Thermal conductivity of ligquid refrigerant

Density of liouid refrigerant £ilm

")

=
fea
It

Absclute viscogity of liguid refrigerant film

All the above properties were corresponding to discharge

tenmperature of refrigerant.

3.7.1.3 cCcalculation of scrape&'film heat transfer coefficient

{hs}

The individual scraped film heat transfer coefficients were
estimated on the basis of resistance concept, taking into account

the system geomelry and material used.
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The resistance correlation is:

1 By 1 Dy 1 D; Do
= e e o e o Ip =—--
hg Do Uo Do o 2K D3
---------- {3.4)
where, -
D3 = Inside diameter of heat exchanger {20319_2 m}
D, = Outside diameter of heat.e%changer (2lx10_2 m)
4 | | |
Kmb = Thermal coﬁductivity of wall material. 1In fhis

case it is 304 8%. The value 1s 16.27 W/ nk.
3.7.2 DIMENSIONLESS CORRELATIONS FOR hs

The scraped film coefficient can be considered as a functiown

of the foilowing parameters:

'3.7.4.1- Physical propertiés : k),ﬁi

3.7.4.,2 Thermal properties : KX, Cp
3.7.4.3 Kinematic variables : ™, N

3.7.4.4 Geometrical factors : D, L. B
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It can be expressed as:
hs = f {;4; D' L'p’#' K: CP' N; gc; B} ---------- (305)
‘Appliction of Pi - theorem gives:
¢ o
hg = £ (M, D, L, RVl . K, Cp, Ni 9o, B)
or £ {bg, M, D, L, O, K, Cp, N, g B} = 0

‘Total number of variables = 11

1l
oy

Number of dimensionless groups = 11-5

1
o

£ ( T, Moy May Ty , M5, T )
Number of primarv dimensions = §

Abichandani (1985} develcoped following correlation using
Bulkingham Pi-theorem:

d

Nu = ¢ (Rép)®1 (Reg)P1l (pr)°1 B YL (L/D)Y  —mmmeem=-2(3.6)

where,

{L/D) is constant in this case.
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3.7.3 CORRELATIONS FOR OVERALL BEAT TRANSFER COEFFICIENT AND

POWER REQUIREMENT (BOX WILSON MODEL)

Box-Wilson ezxperimental designs are & series of tests for
characterizing a physical mechanism. For this purpose a general
series of experiments have been developed which efficiently serve
as a basis for deriving mathematical model of the process. In

general the model, which is called a response function, includes

three types of terms in addition to the intercept constant:

1. Linear terms in each of the variables say X, X5 ———----- Xp

3 : . - i Lol iy 2

2. Squared terms in each of the variables say X7, X3 ~——=—-- Xp

3. Cross-product or direct - order interaction terms for each
paired combination Xj Xz; Xy X3 —=——=—————=- ¥p-1 Xp

The number of terms for P variablies is therefore (P+1)-{P+2¥/2,

While the general form of the model is neot unigue (for
example, terms like ﬁ% Xo or X3 X3 X3 could be included -
however, this form does not include the ﬁi:st’i9+1) {P+21/2 terms
of the Taylor series expansion in P variables), it does have
convenient statistigal, computational énd interceptive properties

and is therefore convenient to use in this form.

Most physical situations can usually be approximated by &

guaderatic function over a reasonable range of the variables.
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For this reason the Bo£~Wiiscn experimental designs. are very
useful in the study of industrial applications. The processes
involving morelthan three variables, the number of tests become
excessive with a factorial design and therefore Box-Wilscon
experiments can be effectively used because they required a
relatively small number of tests and have convenient computing

——,

properties.

Moreover, the model being easily differentiable, can be used

for optimizing any parameter. Hoer) (1959} and Perry et al.

(19631).

3.7.3.1 Over all heat transfer coefficjient {Vo)

Abichandani (19835) developed a correlation for overall heat
"transfer co-efficient inveolving all the process variables for
atmospheric conditions. Here it is proposed to develop a
correlation vnder sub-atmospheric conditions, thus:

U, < £ (M, Pr, Vo, BY  emmmeeeee- (3.7)

then a pdlynomial model would be:

Up = ag + a3 (M) + ag (Pr} + ay (Vo) £ ag (B
v ag; 02+ axg (Br1? « agy (V)2 + ayy (B2
+  azz (M) (Pr) + ajy (3D (Vg) + apg (M) (B)
+ an3 (Pr) (Vg) + anyg (Pr) (B)

+ azyg (V) (B)
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3.7.3.2 Power requirement (P}

The phvsical properties of working fluid, kinematic
variables, and geometrical factors govern the power regquirement
to drive the rotor of thin £ilm-SSHE.

Thus, a polvnomial model invelving process variables such as

Ve, B and 8 would be:

P. = ay + ay (Vo) + ap (B} + az (8}
” P I o
+ a1y (Veli™ + asp (B¥™ + a3z (8}

*ayn Vet (BY = ajg3 (V) (S}

+ an3 (B) (8)

3.8 PERFORMANCE OF HEAT pPUMP
Primary energy ratio is applisd to heat pumps which takes

inte acccount not only the heat pump COP but also the conversion

efficiency of primary fuel (e.g. oil, gas, coal, solar etc,)
The PER ig defined ag:
Useful heat delivered by heat punp

Primary energy consumed

PER is also = ?]_x cop - -
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3.9 ENERGY AUDITING

The procedure for energy auditing is delineated in Chapter
{Results and Digcussion), The net energy saving has been
compared between conventional zystem and heat pump - thin £film

SS5HE system by accounting all primary energy sources.
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4. RESULTS AND DISCUSSION

In this chapter, an attempt has been made to present the

data and their analysis on the following aspects:

4.1 Heat transfer during evapeoration under subatmospheric

pressure.

4.2 DPower reguirement to drive the rotor of horizontal thin
film SSHE (liguid concentrator). This rotor was
provided with staggered blades.

4.3 Performance of heat pump.

- 4.4 Energy analvsis.

=.1 HEAT TRANSFER _DURING EVAPORATION UONDER SUB*ATMOSPHERIC

PRESSUORE

4.1.1 SCRAPED FILM COEFFICIENT; hg

In all 236 trials were conducted to study the evaporation of
water, gskim milk and buffalo whole milk under wvacuum. The data
were grouped in accordance with the correlation developed earlier

for Nusselt number, viz.,

b d

Nu = C (Reg)®l (Reg)P1l (Pr)®1 (B1%1
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The derived data were processed in a computer, HCL-4 to fit
in the Cobb-Douglas model. The values of intercept constant <«
and the coefficients aj, b;, c; and di were obtained., The
regression analysis was made by employing the method of 1eas§

squares. The correlation obtained was

——

y0-548

No = 0.7959 (Reg (Rep2 - P82 (pp)70-182 () 0.667
—————————— (4.1)
2.19 ° Nn O 143g
4.17 £ Reg £ 74
. 119379 ¢ Rep £ 508342
2.5 £ Pr 4 9.36 ‘
2 4B 78

The oornrrelation co-efficient was O.?791;

The effect of cach derived parameter (dimensionless number),
viz.,, film Reynold number, rotational Reynold number, Prandtl
number and number of blades on scraped film heat transfer co-~

efficient, hg ig delineated as under.

The HCL-4 computer was used to do error analysis of 236 data
sets., Fig. 4.1 illustrates plot of Nu (empirical) versus Nu
(experimental) for selected data sets. The 45°-1ine corresponds

to Nu (empirical) = Nu (experimental).
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4.1.1.1 Effect of film Reynolds pumber, Reg on_hg

4.1.1.1.1 The Fig. 4.2 explains the influence of mass flow rate
and hence film Reynclds number on scraped film heat transfer co-
efficient hg for water, skim milk and buffalo whole milk with ©
- blades and at V. = 2.18 m/s rotor speed. Similar trend was
observed at other comhinations of number of blades and rofor
speeds. Tt is obvious that hg increases with 1increasing Reg,
Turther, it can be geen that under similar conditions of  mass
ilow rate etc., the valﬁe of hg is highest in cése of water
"Ionllowed by skim milk and buffa]o’whoié ﬁik. This could be due
) tolthe viscosity, which is loweét for water followed by skim milk
and buffalo whole milk. Also it is‘evident from equation {(4.1)
~nat the index of Reg ig 0.548 which is guite high. This shows
tnat the effect of Rer on hg is highly significant. Similar
zffect of film Reynolds number (generalised Reynolds number! on
Tie for:horizontal thinlfilm scraped surfaée heatl exchanger was

reported by Dodeja (1990).

4-1,1.112 In order to explain the effect, tha£ is, increase of
hg with mass flow rate and hence Regy, the basic mechanism
governed by rotating bladegs on the fluid flow forming thin film
along with heat transfer was proposed bf Abichandani and Sarma

(1991) (Refer to Fig. 4.3).

4.,1.1.1.3 The fluid enters the thin £ilm SSHE {liguid
concentrator} initially at saturation temperature tends to partly

£l1ash' and ‘remain at the bottom portion of the heat exchanger.
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The action of blades is to scoop a certain amount of fluid from
the liquid pool and spread in over the internal surface of heat
exchanger. Af any particular instant, the fluid picked wup and
carried away bv the blade is partlvy in the shape of a film behind
the blade and partly in form of fillet in front of the blades.
The action of blade which is similar to that of a plongh makes
part of the fluid in thHe film to mix with that in the fillet and
at +he same time also restore film thickness byl providing an

equal amount of fluid to sgueeze past the tip of the blade.

Sinece  the fluid’'is subjected to sub-atmogpheric conditions
and the fluvid at the interface of the film and heating surface is
already at saturaion temperature, hubbles are férmed partially
the  Tluid  in [film to alttain superheat by blade action 1s also

possible.

The bubbhles gradually éover the whole surface and if ‘allowed
and cause additional barrier to heat transfer. As ealier
discussed, the blade action causes the fluid and the bubbles in
the £film to mix with that present in the fiilet. Because the
temperature of liquid in the fillet is also saturated as it
enters the heat exchanger, the bubbles leave the faillet. Tha
formation of bubbles continues until thevy are once  again

replaced/dislodged by the blade following from behind.

The increase in mass flow rate makes the fillet volume to

increase after the film attaing its final thickness.

Consequently, the fluid making contact with the surface of heat
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exchanger or with the fluid film increases. This gives the high

heat transfer rates, so higher value of hg.

4.1.1.1.4 In case of vertical thin film scraped surface heat
exchangers, Kramers et al. (1955), Ziolkowskia and Skoczvlas
{19565} and Bott and Sheikh {l?ﬁ&! alsoc suggested the
possibilities of bubble formation and the fluid in the film

having superheat.

4.1.1.1.5 Therefore, it can be inferred that no matter whether
evaporation 1is carvied out at atmospheric pressure or under
vacuum, the scraped film heat transfsr coefficient, hg increases

with increasing Regf.

4.1.1.2 Effect of rotational Revnolds number, Rep on h.

4.1.1.2.1 The Fig. 4.4 illustraz=s the influence -of the
veripherial rotor speed and hence the Rotational Reynolds number
on the scrapedlfilm heat transfer cosfficient, hg for water, skim
milk and buffalo whole milk. as evident, the hg increases with

increasing rotor speed.

However, it is noticed from the figure that in case of
water, hs.increased proportionately as the rotor speed 1increased
from 2.18 to 4.45 m/s. But in case of buffale milk and skim
milk, the increase in hg is marginal with increase in speed above

2.18 n/s.
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The increase of hy with the rotor speed under  sub-—
atmospheric conditions can be attributed to high turbuignce in
the fillet and higher freguency of its mixing with liguid pool.
Both these factors play important reole to cause higher rates of
heat transfer. Also the contact peried of the fiuid film with
heat exchanger surface reduces with increase in rotor speed
praventing the heat t;;ﬁsfer rates from rising as rapidly. This
provides justification that as rotor speed increases beyond 2.18
m/s, the increase in hg is marginal. However, in case of water,

increase in hg is practically proportional to the rotor speed.

This could be due to negligible change in viseésitfa-

4.1.1.2.2 Bressler {1938} made alszo similar observation in
vertical thin filn SSHE that there was an optimum rotor speed
bevond which an increase in speed had little effect upon heat

transfer,

4.1.1.3 Effect of munber of blades, B on hy

4.1.1.3.1 As explained earlier} the rotor was provided with
staggered bhlades in such a way that the angie between two
corresponding blades in opposite segments was always 180°, rhe
-purpose  of staggering the blades was to take advantage by two
blades, each covering half the heating length, similar te that
given by twe full blades each covering the entire heating length

of the heat exchanger.

a -

4.1.1.3.2 The eguation 4.1 shows the effect of number of blades
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on the séraped film heat transfer coefficient hg. The eguations

predict that,

ng oy (239797 (4.2

4.1.1.3.3 The Fig. 4.5 explains the effect of number of blades
on hg for water, skim milk and buffalo whole milk. It is evident

that as the number of blades are increased, the hg increases.

The increase in nunber of blades causes effects similar fo
those observed by increasing rotor speed, viz., high degree of
turbulence in the f£illet and highest freguéncy of its mixing with
the liguid pool. above all,'incfease in B alsy causes & larger
gquantity of f£luid in the form ¢f fillets which further increaseg
the heat transfer rates., However, incrsase in B or V. resunlis in

higher power consumption.

4.1.1.3.4 Bott and Romero {1963) alss reported similar =Ifect
for the number of blades on hg for vertical thin film scraped
surface heat exchanger.

-

4.1.2 OVERALL HEAT TRANSFER COEFFTCIENT, U,

As explained in the chapter on plan of study that the best
model in the case of overall heat transfer coefficient could be
in the form of polynomial similar to Box Wilson model.
Experiments on evaporation of water, skim milk and buffalo whole
milk were conducted and data were obtained for  different

operating conditions like mass flow rate, Prandtl number,
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peripherial speed of rotor and number of blades. An expression

of following form was obtained:
Up = f (M, Pr, Vg, B)

The data were processed in HCL-4 computer using linear

regression technique. = The following prediction eguation was

obtained:

Up = 0.3142 + 23663.1 (M) - 0.616 (Pr) - 30.983 (vo) + 5.137 (B)

a - !
~714266.56 (M2 - 1,82 (Pr)° + 5.67 (Vo)? ~ 6.0869 (B)>
250,46 D (Pr) - BB4.15 (D) (Vo) - 159,41 <8 (BY
22,084 (Pr) (Vo) = 0.863 (Pr)(B)  —emmeeeeon (4.3)

.

3,42 x 1077 < M ¢ 25 %1077 ka's

The prediction edguation (4.3} can be effectively used in

optimizing all the process variables. For instance, the optimum

: : U

rotor speed V., 1is obtained by setting a.° = 0 and
2 J\Ve

determining the value of Vg, for which Ja\§: < 0. The

procedure can be repeated for determining the optimum values of

other wvariables.

Error analysis of 236 data sets for all the three

R -

experimental fluids was done with the help of HCL~4 computer.
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Fig.4.6 shows plot of U4} empirical versus (U,l experimental for
selected data sets. The 45°-line corresponds ta [Ugl empirical =
U1 experimental. It can be noticed that most of the data

points lie near to this line.

The effect of process variables on overall heat transfer

coefficient, U, is discussed as under.

4.1.2.1 Effect of mass flow rate, M on_overall heat transfer

coctficient, T,

4.1.2.111 The Fig. 417 describes the sffect ﬁf Y 95 g at  rotor
speed of 2.i8 m/s and nuﬁber of blades as & for various liguids.
viz.. water, skim milk and buffé]c wvihvle milk, Sinilar effect
was observed for other conditions of rotor speed and number of

blades.

It can be seen that the mass flow rate has a profound effect
on the overall heat transfer coefficient. For egual mass flow
rate, the value of U, is highest in case of water and lowest in

case of buffalo milk.

4.1.2.1.2 Abichandani and Sarma (1991) stndied the evaporation
of water and milk at atmoepheric pressure using steam as heating
mediom. It was reported that ing¢rease in mass flow rate caused

U, to increase for milk only, and not for water.
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4.1.2.1.3 From the above observations, it can be inferred that
the mass flow vrate has more pronounced effect on T, when
evaporation is carried out under vacuum than at atmospheric

pressure.

4.1.2.2 Effect of rotor speed, V. on overall heat transfer

coefficient, Y,

4.1.2.2.1I The Fig. 4.8 illustrates the effect of the rotor
speed, V. on the ¢verall heat transfer céefficieni.' Generally,
U, increased with increase in rotor speed. But in particular for
skinm milk and buffalo whole milk, the increase was appreciébie
upto rotor speed of 3.83 m/s. In case of water, the increase in
U war gradual, |

Inereasing  the speed of rotor caused mo:ei turbulence and
faster dislodging of the bubbles. These factors enhanced tha

rate of evaporation.

4.1.2.2.2 It was reported by Abichandani and Sarma (1991} that
in case*of milk, increase in U, was rapid ﬁith increase in rotor
speed as compared to that in water. However, incréase in Oy
beyond the rotor speed of 2.67 m/s was juét marginal. It was
further mentioned that under similar operating conditions, the 9§,
valunes for milk were less than those of water. This is in

agreement with the present f£indings.

4.1.2.2.3 Bressler QlQSB) nade Qbservations-mn vertical thin

film scraped surface heat exchanger that there was an optimum
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rotor speed beyond which an increase in speed had little effect

upon heat transfer.

4.1.2.3 Effect of number of blades, B on overall heat transfer

coefficient, O,

o

4.1.2.3.1 The Pig. 4.9 shows the effect of B on U, for all the
fluids, wviz., water, skim milk and buffalo whole milk. In casc
of water after six blades in stagger&& position, the U, did not
increase significantly. However, in case of milk it increased
with increasing number of blaﬁes; " But bevond =ix  blades, the
advantage of increased U, vélaes, spéciailg for skin milk; WaS
far less than the .power consumption. Tt ©an be seen that average
increase in Uy was 33 per cent whaen the number of bladesl
increased from six to eight while the average vower consumption
;ose to 66 per cent.._Tharefore, it is of no advantage to

‘increase the number of blades bhevond six.

4.2 POWER REQUIREMENT

»

The power input to the rotor of horizontal thin £film SSHE
(ligquid concentrator) is one of the deciding factor in Judging
the suitability of its application. The power reguired to drive

the rotor iz dissipated in the following wavs.

1. To overcome viscous and surface tension forces to form the

-~ . f£ilm on the heating surface of SSHE.
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2. To overcome the inertial forces of the rotor.
3. To accelerate the fillet to the rotor speed.
4. To agitate the product £ilm.

Norton (1842}, Streeter ({1958), Kern and Karakas {1959} and
Bhattacharva (1870) carried cut the work on power coansumption in
thin £ilm SSHE. The slipper bearing theory was the base for most
of the work which is not enough for predicting power "~ consumption

in horizontal thin film scraped'surface heat exchanger.

Only the viscosity of process fluid was assumed to have the
dominating effect on power vonsumphticn. In thin £ilm SSAE, where
a new surface is generated in every revolution of the robtor,
surface: tension should wlay an  important role_ in power

cansunption.

abichandani and Sarma (1988} observed that the effect of
surface tension was highly pronounced for ﬁetermining power
consumption. Besides surface tension, number of blades and rotor

speed also greatly influence the power consumption.

The data on power congumption were taken during the
evaporation studies, As mentioned earlier, Box Wilson model can
be effectively used in the study of industrial applications.
Therefore, it was proposed to develop correlationl_for power

consumption involving process variables, viz. circumferential
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speed of rotor, number of blades and per cent average total

solids, i.e., P = £ (V,, B, S),

The data were processed in HCL-4 computer to f£it in the

correlation of form:

P = 1.023 + 1.215 (Ve) - 0,729 (B) + 1.026 (S) - 0.455 (v,)>
+ 0,348 (B2 + 0,010 ()% 4 0.121 (Vo) (B)
- 1.013 (V) (S) ~.0.089 (BY(S) —cmmmmmmee- (4.4)

Error analysis of 236 datz sets was done with the help of

rampﬁter. Fig. 4.10 shows plot of P (empirical) versus P
zxperimental) for selected data sets. The 4§°-liné ‘corresponds

o P (empirical) = P (experimental),.

Mass floﬁ rateﬁhas not been accounted while developing . the
carrelation for the power consumption because as the fraction of
fluid present in the form bf fillet or the film is independent of
the mass flow rate, once the steady film thickness is attained.
In other words; the fillet volume would certainly depend upon
blade geometry and the power required to accelerate it to the
rotor speed remains constant and does not vary with mass flow

rate. Also, the power requjred to accelerate the fillet in
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comparison to that of the interial forces of rotor should be

pronounced. The Pig. 4.11 explains this point.

Abichandani and Sarma (1989) made similar observations using
full length blades. Therefore, it can be concluded that whether
the blades are full length or staggered, the mass flow rate has

no effect on power consumption.

'The graphs have also been plotted between the rotor power.
. censunption and other relevant paraneters to acquire morn
inziaght,

4.2.1 EFFECT OF ROTOR SPEED, V,

4.2.1.1  The Fig. 4.12 illustrates the effect of rotor speed on

powar consumbtion. In case of all fluids, viz.. water, skir milk

ar: buffale whole milk, the vowar consumption  increased with
ircreasing  rotor speed essentially  due to  increased rotor
insrtia. For example, with six staggered blades, for buffale

whole milk the power consumption at 2.18 m/s was 192 W and
increased to 336 W at 4.45 m/s.

2 °K.

The corresponding increase in U, was frem 40 to 80 W/m
Thus, power consumption increased by 75 per cent when rotor speed
increased by 103 per cent. While the overall heat transfer

coefficient, U,, increased by 100 per cent.

4,2.1.2 It has been reported that during evaporation of buffalo
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whole milk at atmospheric preassure in horizontal thin f£ilm SSHE
using steam as heating medium and the rotor with six full length
blades, when rotor speed was increased by 100 per cent, the power
consumption rose by 114 per cent, while Uo increased just by 28
per cent {Abichandani and Sarma, 1989 and 1991}.
4.2.1.3 Thus, it can“;e seen that the use of staggering blades
instead of full length blades is highly advantageous from view
points of heat transfer and hydrodynamics in horizontal thin film
SSHEs. This could be attributed to high turblulance created due
to more freguent interception-of fluid film by the- stagagered
bla&és 2nd their oveflapp;ng.aﬁ the centre of the chait an&- also
due to abrupt change-in axial velocity of fluid film when it

covers half the effective length of heat exchanger.

4.2.1.1 Dodeda et al. (1991) had reported that  staggering of

in similar heat exchanger improved Residence Time

“a o=
Diaoe

i

Distribution which was the result of interception of inlet-outlet
path at higher frequency and better mixing.

-

4.2.2 EFFECT OF NUMBER OF BLADES, B

4.2.2.1 The Fig. 4.13 ghows the effect of the number of blades
on the power consumption. Increasing the number of blades
resulted in increased power consumption mainly because of

increased inertia of rotor. It could be noticed that in case of

skim_  milk, beyond six blades the increase in power consumption - .

was very rapid.
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4.2,2.2 The gain in terms of increased values of overall heat
" transfer coefficient, U, in relation to increased — power
consumption was quite sgignificant in case of all the three
liguids and specially for buffalo whole milk when the number of
blades was increased from two to six. However, beyond six
blades, the increase in U, was Jjust marginal. Therefore, it 1s
of no.advantage to aﬁgfate the heat exchanger with more tﬁan 81x
staggered blades, The reascns furnished for increased V, values

with rotor speed should be valid in the present case also.

4.3 THERMAL PERFORMANCE

The coefficient of performance and primary energy ratio are
the two parameters which jindge the thermal performance .of the

heat pump system.
4.3.1 PRIMARY ENERGY RATIC (PER)

4.3.1.1 The COF gives a measure of the usefulness ;f the heat
pump'unif in producing large amounts of heat from'a small amount
cf work, It does not, however, express the fact that energy
available as work is normally more valuable than energy available
as heat. 7This becomes apparent when one tries to decide how best
to drive the compressor. If one uses an electric motor, one has
to use power which ig inefficiently generated; if some form of
heat engine is used, one is only able to harness some of the heat

available in the fuel as work., Ideally, a heat pump where free
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work is available should be contemplated, e.g., wind or water

power, but this is not alwayvs possible.

In order to assess djifferent heat pump systems using
compressor drives from different fuel or energy sources, the PER
or primary energy ratio is applied. The PER takeé into account
not only the heat pump éOP but also the efficiency of conversion

of the primary fuel {(e.g., o0il, gas. coal or solar heat) intoc the

work, which drives the pump.

The‘PER is defined as follows:

- Useful heat delivered by heat éump

Primary energy consumed

Tt is often possible to use an alternative definition when a
. heat engine with thermal efficiency 7] is used to drive a heat

pump compressor. In this case:

PER = 7] x cop
When using a heat pump for process heating or in any
applicaﬁion where the only.benefit is from the supply of heat,
then the PER show; how mach profit the héat pump will make as
compared with a conventional boiler (for hot water or steam

heating} or compared with directly fired heating.

4.3.1.2 The present system, that is, an integrated heat pump -
thin film SSHE system for concentration of milk operated. between

average suction pressure of 1.7 bar absolute and 15.3 bar



113

absolute discharge pressure. The COP of heat pump worked out to

be 3.5.

Using the electricity generation efficiency of 30 per cent,

we cbtain for electric drive case,

PER 3.5 x 0.3

[£]

= 1.03 - e (4.5)

- This can be directly compared with an indirectly fired
heating svstem, using a boiler for which the efficiency (or PER) .
may be onlv 0,7 or D.B; The comparison shows that in tﬁis casn -
the heat pump gives about 30 to 50 per éent -more heat energy

output per unit of fuel consumed,.

4.3.1.3 Reav.and Macmichael {(1979) have described a"heat BumD.
prime-moved by diesel engine (40 per cent efficiency} where in 35
per cent of the primary eneray waszassuméd'to be recoverable from
exhaust gases. The PER of such a svstem was calculated to be
1.59." when this figure is compared with an indirectlv-fired
heating svstem as mentioned above, then the Diesel engine drivén

heat pump gives twice the heat output per unit of fuel consumed.

The power required to drive a heat pump can come from a
variety of different primary sources such as electric motors,
internal combusion engines (Petrol and Diesel engines), gas
turbines and reciprocgting engines. They are either reliable but

inefficient (in terms of primary energy) like electric motors or
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efficient like internal combusion engines but either unreliable
(in terms of the duty required of them 1in this context) or

expensive,

The reasons for the widespread use of glectric drive are
simple: the capital cos£ is low and the maintenance reguired 1is
also low. While greater capital ocutlay may be permitted if lower
fuel bills are promised, it is not so.easy to sell a system such
as a gas engine-driven heaﬁ punmp with higher maintenance  demands.

and as long as this remains true, the electric motor will

maintain its supremacy.

4.4 ENERGY ANALYSIS

In this section. the energy requirgd‘to évaporate a unit
mass of water in .convention@l triple effect etaporator isf
considered to that in the intggrated heat pump - thin film SSEE
system. The sample calculation is shown as under :

4.4.)1 CONENTIONAL SYSTEM

{a}l Specification of boiler

Capacity : 2000 kg/h at 10 ata gauge pressure
Fuel o0il consumption : 160 1ph {(LDO)

Bloweyr motor - 7.5 HP... .

-

Feed water pump motor 15.¢ HP
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(b} specification of triple effect evaporator with thermo—

vapour recompressor (TVR) fitted in second Btagg

Capacity

440 kg/h water evaporation

Steam reguirement : 170 kg/h at 7.0 ata gauge'

pressure
Feed and product.gump.motors : 8 KW
Initial TS content in milk 1 15%

Final TS content in milk : 40 to 45%

4.4.1.1 Energy requifed Lo generate unit masg of steam in boiler

Calorific value of LDO = 43095 kJ/l1
1 kJ
. Rate of thermal energy = 160 {(----} x 43095 {(~----1}
by burning fuel ' h 1

= 6895.2 MI/h

Assuming efficiency of = 0.75
motor pump assembly '

KW
Electrical energy inpu = 22.5 {(HP) x 0.78% (-==--) x
for one hour : HP

©16.875 kwh
Considering conversion efficiency of thermal energy

electrical energy (PER) as 30 per cent:

Thermal energy equivalent to electrical energy

16.875 (kwh)
o o e x 3.6 ® 107 { ==e== )
= 2,02,500 kJ
Total thermal energy required to produce

1 kg steam = 6895200 + 202500

i —— — . . ———

]

3550 kJ

1th?

inteo
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4.4.1.2 Energy input to the triple effect evaporator with TVR
gystem

{i) Steam recuirement

The economy of evaporation {(mass of steam reguired to

evaporate unit mass of water) in triple effect evaporator with
: 170 -
TVR = mem—eee = 6-386

.. Thermal energy reguired to evaporate

0.386 x 3350
1371 kJ

1 kg of water

H o

{ii) Thermal energy eguivalent of electrical energy input to feed
and product pump motors (assuming PER as 0.3}

8 (Kw) . ' 3
-------- x 1 {(hY x 3.6 x 107 {-———-}

for one hour

96,000 k.J

i

. Thermal energy input for 1 kg water
evaporation =  =—m——e—--

= 218.2 kJ
~t 218 kJ
;. Total thermal energy reguired to evaporate

1 kg of water = 1371 + 218

1589 kg
4.4.2 INTEGRATED HEAT PUMP — THIN FILM SSHE SYSTEM

4.4.2.1 Optimum operating conditions for concentratipg buffalo
whole milk

Rotor speed t 3.42 RPS

Mass flow rate of buffalo . 16.67 x 107> kg/s
whole milk ... ..
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Absolute pressure in the
liquid concentrator

LT

70 mm of Hg

Rate of water evaporation :. 1.44 kg/h
Total power consumed by the : 1 KW
system '

Electrical energy consuned during processing of 5 kg buffalo

5
1 X we—wn
~. 80

whole milk

0.0625 kwh
Total eguivalent thermal energy consumed bv the system for
evaporation of unit mass of water

0.0625 (kWh) kI - kg

‘2 e mmmme x 3.6 x 107 (~-——mv b+ 0.09 (—mmm- )
0.3 -~ kWh h

= §333.33 kaJ
{assuming conversion efficiency of 30%)

Rate of thermal energy recovered from concentrated nmilk

= ﬁ.Cp.Z&ﬁ‘
. kg kI
= 78,56 { ~——=) x 3,851 (—————m~ Y ox 25 (%)
: h kg °C
kJ
= 7563.4 ~=----
h

-

Rate of thermal energy recovered from condensing vapours in

vapour condenser

kg kJ
————— } X 2389 ( ———- 1}
h kg

It
[wey
L]
o
-

1

344G.3 kJ/h
{Latent heat of evaporation at 78 mm of Hg absolute pressure is
)

_2389 ——— }_
kg
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‘Total thermal energy recovered from the system
= 7563.4 + 3440.3
= 11003.7

11004.0 kJ/h

Thermal energy recovered per unit mass ¢of water evaporation

= 7641.66 kJ

Net energy consumgd for uﬁit mass of evaporation

= 8333.33 - 7641.66 |

- 691.67 K3

> 692 kJ

Thus, it is observed Fhat the energy input to heat pump for
evaporating unit mass of water is.far less as compared to that in
the conventional multiple effect évaporator system.
4.5 ADVANTAGES OF THE INTEGRATED HEAT PUMP THIN FILM SCRAPER

SURFACE HEAT EXCHANGER SYSTEM OVER CONVERTIONAL MULTIPLE
EFFECT LONG TUBE FALLING FILM EVAPORATOR SYSTEM

4.5.1 ° Milk is evaporated in single stage horizontal thin filp

SSHE and, therefore, there are no scaling and foaming problems.

4.5.2 The value of overall heat transfer coefficients remain
fairly constant and hence there would be less interruptions in

production schedule.

4.5.3 The system 1is operated by single energy source only, that

is, electrical energy and, therefore, no separator boiler room
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facility is required. Also no hazards of - boiler act and

regulations.

4.5.4 Practically no c¢oocling water is needed but in the
conventional system large guantity of water 1is reguired to
condense vapour and maintain vacuum. Moreovér, the volume of
water wvapour at low evaporatioﬁ temperature is so great that it
is not economical to compress the vapour directly. Mechanical
vapour recompressors {MVR}) become o huge that the savings
actually made in primary steam vuse 1s more than offset by ﬁhn
friction losses, maintenance -and carrving charges upon the large
investment nece%saryr But in thelheat pump svstem instead of
attempting to compress the high velime water vapour, fi}st the
heat 1s transferred from the wat=r vapour to the bhoiling
reffigerant,.thereby converting it te the vapour of low specific

velume which is then easily conpressed.

4.5.5 The final product leaves the zvstem in chilled condition
while in the conventional syvstem the product leaves the last
effect ‘at temperature of 43° to 50°C, thereby, reguires extra

refrigeration equipment.

4.5.6 The design is verv compact and hence space requirement is

gquite less, Also, it does not require multistorey construction.

4.5.7 Relatively less qguantities of detergents and sanitizers

are reguired as there is no scale formation.
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4,.5.8 The system offers an excellent scope for recovery of

flavours and other volatile components.

4.5.9 The system c¢an be operated under very Jlow absolute
pressures because the vapours are conveniently condensed by the
“application of refrigeration. Therefore, it ig very suitable for

concentrating heat labile food products.

4.5.16 The heating medium, that is, condensing refrigerant is at
relatively low temperature, Therefore, less corrosion of metal

surfaces is expected.

4.5.11 The svstem is highly energy efficient because it works on
the thermodynamic princivle of utilizing large guantity of
waste’/low grade energy after its upgrading by supplving small

 amount of high grade energy.
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5. CONCLUSIONS

5.1 The research efforts in the present study were directed to:

-~

5.1.1 develop an integrated heat pump - thin film scraped surface

heat exchanger system.

5.1.2 develop correlations for heat transfer coefficient during .
‘evaporation of water, skim milk and buffalo whole milk in
horizontal thin £ilm S&BE having a rotor with staggered variable

clearance bhlades.

5.1.3 develop prediction eguations for evaluating overall heat

<rangfer coefficients,
5.1.4 develop correlations for power consumption.
5.1.5 evaluate thermal perfermance of the system.

5.1.6 analyse the system from energy input view point.

5.2 An experimental set up was developed, designed and

fabricated, in order to achieve the above objectives.

5.3 The data generated from the experiments were analysed in HCL-

4 computer and the following correlations were developed.
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5.3.1 EVAPORATION

5.3.1.1 The correlation obtained for the scraped £film heat

trangfer coefficients was of the form:

,0.548 3 ,0.082

{RéR y-0.182 B}0'6§7

Nu = 0.7959 (Reg (P (

4.17 < Reg & 74

119379 < Reg ¢ 508532

] ~

2.5

Pr ¢ 9.36

| B

2 ¢ B

1N
(us)

5.3.1.2 The expressicn developed for optimizing the operating

parameters of the SSHE was in the Box Wilson fqrm:

U, = 0.3172 + 23660.02 (M) - 0.621 (Pr) - 31.992 {Co) + 5.133 (B)

2 2 2

- > ’ .
~ 714206,.94 (M)" - 1,82 (Pr)” + 6.06 (Vo)™ ~ 0.0865 (B}
- 250.30 (M) (Pry -~ 913.73 (M) (V) - 159.36 (M) (B)

+ 2.153 (Pr) (Vg) + 0,863 (Pr) (B)

+ 0,309 (Vo) (BY  mmmmeeen (4.3)
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3 3

3.42x107° ¢ M < 25x10° 7 kg/s

2.5 <.Pr £ 9.36

2.18 < Vo < 4.45 m/s.
5.3.3 POWER REQUIREMENT

The prediction equation for-détermining power input to the

rotor was also in the form of Box Wilson modezl.

Poo= 2.834 - 1.360 (v, -+ 0.561 (B) <~ £.1324 (8}

2 - I 2
+ 0.1311 (Vo)™ - 0.0117 (B)° - 0,00318 (§)°

1

0,0726 (Vy) (B) - 0.0068 (Vo) (8)

§.010%3 (B} ¢s» me—eeewo-- {4.4}

o j% )
|G
ta lay)
[ ~
] )
o

o

5.4 The engineeriny design of such horizontal thin film SSHE can

be evolved by using above mentioned correlations.
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5.5 As the film Reynoldé number, Ref increases the scrab%d £ilm
‘heat transfer coefficient, hs.increasés. Tn horizontal thin film
scraped surface heat exchanger Rey has greater effect on hg.
Alsoc no matter whether evaporation is carried out at atmosPherie
pressure or under vacuum, the hg increases with incréasing film

Reynolds number.

5.6 The rotational Revnelds number, Rer has a positive influence

on hs.

5.7 Scraped film heat transfer coefficient 1increases with

increase in number of staggered blades.

5.8 Mass flow rate, M has a profound effect on the overall heat
transfer coefficient, Ué Under identical mass flow rate
conditions, the value of Uo.is highest in case of water and
lowest in casé -of buffalo whele milk. Further M has more
pronounced effect on U, when the evaporation is carried under

vacuuam as compared to that when evaporation is done at

atmogpheric pressure.

5.9 Overall heat transfer coefficient increased with increase in
rotor speed, But in particular for skim milk and buffalo whole
milk, the increase was appreciable upto rotor speed of 3.83 mn/s.

In case of water the increase in U, was gradual.
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5,10 The overall heat transfer coefficient, U, increases with
increase - in number of blades in case of milk.’ But in- case of '
water after six blades in staggered poéition the 0, did not
increase significantly. Average increase in U, was 33 per cent
when the number of blades increased from six to eight while thé
average ﬁower ccnsumption-rose to 66 per cent. Therefore, it is

—

of no advantage te increase the number of blades beyond six.

5.11 The mass flow rate, ﬁ has no effect on power consumption

whether the blades are full length or staggered.
5.12 The power consumption increased with increasing speeds.

2.13 Increasing the number of hladeg resulted increasel power

consumpt Lon.

5.;4 Thé géin in terms of increased values of overall heat
transfer coefficients: Lo in relation to increased power.
consunption was quite significant when the number of blades was
increased from two to six. However, beyvond =six blades, the

increase in U, was just marginal.

5.15 The use of staggering blades instead of full length blades
is highly advantagecus from view point of heat transfer and

hydrodynamics in horizontal thin film SSHE.

.5.16 _Staggering of blades causes high turbulance created due -to

more freguent interception of fluid f£ilm and their overlaping at
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the céntre_ of the shaft and also bedause'of abrupt change in
axial 6e16city component of fluid film when it covers half the

effective iéngth of heat exchanger.

5.17 The coefficient of performance of the heat pump was 3.5. It
gave 30 to 50 per cent more heat energy out put when compared to

—

boiler.

5.18 Under optimum operating conditions {(Number of blades = 6,
Rotor speed = 3.42.RPS, Mass flow rate of buffalo whole milk =

3 kg/s), the net savings in thermal energy was found

16.67 x 10
tc be 897 kJ/Kg for water evaporation when cdmpared'with,'triple

‘effect evaporator with TVR svstem.

5.19 Process-integration:is a concept which is very attractive
from the point of viem.of‘energy saving and other advantages.
The integrafed heat pumpf - thin film scraped surface heat
egxchanger gvestem appears to have an excellent potential for
processing of milk and similar food products due to its inbuilt
characteristic of maintaining overall heat transfer. coefficient.
Also it offers é scope of recovery of flavours and other volatile

components.
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APPENDIX-1

A.1 PHYSICAL PROPERTIES OF PICHLORODIFLUOROMETHANE (FREON-12)

A.1.1 ABSCOLUTE VISCOSITY

Absolute vwviscosity of F-12 was determined from correlation
given below. Theé correlation is developed for various
temperatures, data obtained from Carrier (1965).

!iR = 0,02916 - 0.0001631 T +10.GOQODU723 72

% = 0.9901

H

where, LIR- absolute viscogity, Pa.-s=,

a3
temperature, C

=
n

The regression equation is fitted within temperature range
of 15.6° to 93.3%c.

A.l.2 DENSITY

Dengity of refrigerant (F-12) ﬁas estimated from regression
équation given below. The equation is developed for various
temperatures taken from ASHRAE (1961) and Jcrdoﬁ andg
Priester (1973}. '

Py - 1392.4207 - 2.9521 T - 0.0143 T2

r2 = '1,0000
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where, pR density, ]-:g/'m3

T

temperatﬁre, ©c

The regression equation is fitted within temperature range
of 10° to 64,4%.

A.1l.3 THERMAL CONDUCTIVITY

Thermal conductivity of F=12 had been estimated from
correlation given below which was developed for various
temperatures given by Perry (1950).
Kp = 0.097890243 - 0,00039150412 7

“»

r° = 0.9992
where, KR = thermal conductivity, W/nk
.T = temperature, “c

The regression eguation is fitted within temperature range
of 15.6° to 82.2%,

L
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APPENDIX-2

A.2 PHYSICAL PROPERTIES OF BUFFALO WHOLE MILK

A.2.1 ABSOLUTE VISCOSITY

Abscolute viscosity of buffalo whole milk was estimated from
correlation given below. The correlation is develcped from
araph between absolute . viscosity versus temperature,
obtained from Kessler (1981).

6 2

2 T+ 0.32143 x 1070 T

- 0.5957 x 1074

How = 0326 x 107
¥ y
r~ = 0.9977
where, LIBM = absolute viscosity, Pa.-s
O
T = temperature, c

The regression equation is fitted within temperature range
of 20° to 100%c.

A.2.2 DENSITY

Density of buffalo whole milk was determined from

correlation given below (Agarwala, 1973):

Pow = 0.9861 (519:943

1.32(55-T) 1.32(T-55)
e i <

- 0.55 x 1073 x T
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f

where, ;>BH density, g/cm3

"
n

temperature, e

tn
u

average total solids, %

A.,2.3 THERMAL CONDOCTIVITY

Thermal conductivity of buffalo whole milk was determined
from the following relationship (Fernadez-Martin and Mohtes,

1972y
Kgym = (bg + bysS) + (bg + b38) T + (by + bzSs) 72
-Wwhere, Kgy = thermal conductivity, Cal cm!cmz s% x (10%)
by = 13,21
by = -0.0768
52 = {}097?
by = -0.00133
by = -0.000507

bg = 0.0000121
= temperature, °c

S = average total solids, %

"A.2.4 SPECIFIC HEAT

Specific heat of bhuffalo whole milk has been taken constant
as 3851.4 J/kg °K  (Farrel, 1967).
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APPENDIX-3

A.3 DPHYSICAL PROPERTIES OF SKIM MILK

A.3.1 ABSOLUTE VISCOSITY

Vigcosity of gkim milk was estimated from correlation given
below, The correlatiocn is developed from graph between

absolute viscosity versus temperature obtained from Kessler

(19811,
. . _ —_ N — “¥
Koy = 0.27 x 1072 - 0.5046238 x 107% T + 0.27678516 x 107° T°
] o
r? = 0.9926
where, ;lsm = absolute viscosity, Pa.-s
T = tenperature, ¢ '

The regregsion eguation is fitted within temperature range
of 20° to 100°c. |
A.3.2 DENSITY

'Density of skim milk was determined from correlation given
below tAgarwala, 1973):

FQM = 0.9861 (S) F o e e
Qle32(55-T)  1.32(T-55)

- 0,55 X 1073 x T

density, g!cm3

]

where, pSM
T
S

temperature, °c

average ftotal solids, %

B ]
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A.3.3 THERMAL CONDUCTIVITY

Thermal conductivity of skim milk was determined from the
following relationship (Fernadez-Martin and Mohtes, 1972):
Kgu = (bo + B1S) + by + b38) T + (by + bgs) T2

L.

' -
where, Kgy = thermal conductivity, Cal cm/em” s°C x 104

by = 13.21
by = -0.0768
by = 0.077

by = -0.00135

- bg = ~0.000507
bg = 0.0000121
T = temperature, ¢
2

= averaje total sclids, %

A.3.4 SPECIFIC HEAT

Specific heat of skim milk has been'taken as 3997.96 J!kgok
(Charm, 1963).
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APPENDIX-4

A.4 PHYSICAYL PROPERTIES OF WATER

A.4.1 ABSOLUTE VISCOSITY

Absolute viecogity of water was estimated from the

correlation given below as cited by Bingham (1922):

10
——me = 2.1482 [cr-8.435) + /8078.1 +'.(T—8.435]2] - 120
H oy - '

wvhere, fly; = absolute viscosity. Pa.-s

o
temperature,

=
W

A.4.2 DENSITY

Density of water was taken as a constant value egual to:

+ Py x 1073 = o0.985
where, PW = density, 'kgfm-?’
A.4.3 THERMAL CONDUCTIVITY
Thermal conductivity‘ of water was obtained from

relationship given below (Abichandani, 1985):

Ky = U.594 + 0.863 x 1070
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4]

where, Ky = thermal conductivity, ----
mk

temperature, OK

3
"

A.4.4 SDECIFIC HEAT

',

Specifie heat of water has been taken as 4.18 kJ/kgok
{Abichandani, 1985),
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APPENDIX~S

2.5 MECHANICAL DESIGN OF THIN FiLM SSBE (LIQUID CONCENTRATOR)

Since the shell of horizontal thin film SSHE (liguid
concentrator) was being subijected to high pressure from outside
{in the jacket) and sub-atmospheric pressure from inside. The

nechanical design was very important.
A.5.1 DESIGN OF THE SHELL

The shell was designed on the basis of external pressure as

suagested by Hesse and Rushton (1864).

The working pressure P 1s specified to be one-Iifth of the

collapsing pressure. Ps.

The thickness of pipe was calculated as follows:

PC‘ = 5p 2 mmemme——————
1.05 D
where, v = vyield point
“Po = collapsing pressure
P = working pressure
D = Adiameter of pipe
2 6 v t
Pc = SP TR e e TR S
1.05 D
1.05 D x 5P
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Assuming D = 8"

2 x 27500
= 0.344"
= 8.74 x 1077 n
Say thickness = 9 x 10“3 n
-7
More safe thickness would be = 1 x 10 "

Now t/D and L/D ratios were observed for particular pressure

from graph for calculation of maximum length.(uesmenmdﬁughﬁh,196a)

Thus £/D = 0.04] At P = 450 DPSI
= 12.5
- 0.04 x 20,32 = & x 10 ° n
L. = 12,5 x 20,32 = 2,34 m
. : s
Hente, we can take thicknesg = 1 x 10 " m and maximum length

= 2.5 .

A.5.2 DESIGN OF JACKEY
The design of jacket was based on the equations suggested/
qucted by Harvey (1969), The portion was subjected to internal

pressure and thickness of jacket was calculated by the following

equations:
'Pr
o 2
' 2 h
Pr
- 02 e e ———— .o
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where, 01 = longitudinal or meridional stress
oy = hoop stress
h = thickness
r = internal radius

= working pressure

Assuming diameter of pipe = 10"

Pr
Now, h I me e  — — i
0>
45¢ = 5 x 5
27500
= 0.1
= 1.04 cm
-2
h = 1 x 10 “m

Hence, the thickness of jacket pipe can be taken as 1 x lUWQm
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EXPERIHENTAL PLOID - WATER

APPERBIZ-§
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A.6 TABLE 1, RXPERIMBNTAL FLDID - WATER

APPEEDIX-6

R4
3. ! h I PR T S T R T
o, ' .
kg 3 kg ¥ W ¥
({4 -- 1l ¢ ¢ ¢ mmof g BH # =110 bay bar A M
8 8 2k o'k rk
1, 342 5,56 L B 58,4 Mo LD M 6666 L0 .60 1803 199.04 . 20.95
.11 . 1.6 50.4 W L a4 LM 140 08 421 1 SLn
16.57 %4 1.0 56,4 Mo LT 204 UEGE 134 ;0,60 7850 20001 140,54
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25,00 .6 2.8 58,4 8 L6 26 40000 1.0 100 134.03 196,66  586.93
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£ST
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A.6 TABLE 3. EAPERINRNTAL FLUID - WATPR

R-h

51, 1 H T T, Ty Ty b, rT Py Y RN A A

Ne. .
kg - kg 4 i ¥ W
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14}
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A. & TABLE b, EXPERIMBNTAL FLOID - WATER
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A7 TABULE 5. REPERIMENTAL FLUXO - SKIN MILK
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C AT TASLR 6. BYPERIMENTAL FLUID - SKIN HILA
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A7 TABLE 7, BIPERIMBRTAL PLUID - SKIM MILE
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A7 YABLE 9. XIGERIMBNIAL ¥LUID - SRIM WILR
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A TABLR 3. BEPERIMERTAL FLOID - BUFFALO MILR

-1
8. fi Fl 51 SG | T(Ic Tep Tl !',! f'p ﬁ‘g 1:},., od Py Hs h{) hs
fo. - ..
kg 3 ky 6 W 1 i
kpS =110 % % °C "¢ ' pp oAl iy KM # --x10 bar bar S A W
5 5 | Bk »k
PR IV S 7 ¥ S U Y 18,3 §1.8 18.5 52,8 108 (.4 197 19,10 15.5 005 5.4 WL 6.3
6.34 18,0 18,3 51,0 30,0 b1.4 10 1.0 192 20.83 158 0,25 1.2 1Ly 1.46
ittt 158 16.1 13,6 31,0 68,0 19 1.0 192 L7 145 " 6.50. 12500 1.9 1404
16,67  18.5 8.8 - 51,0 .5 60.0 [0f 1.4 192 50,00 4.5 0,30 0.0 L5, M
nu . - - - - v - - - - - - - -
' 5.90 .47 183 15.1 4.7 28.% 66,0 9% 1.5 i 23.33‘ 14,9 §.25 .60 15 1.7
6.9 18.5 19.0 9.0 20,1 #fl4 - 1.5 04 H.n 15.0 0.2% ) 16.12 H1.59 11.14
1111 18,9 19,4 49.10 0 - 3k il 1.5 L) 100,00 .5 050 19045 206,57 12.6%
16,60  18.% . 19.4 ] B .4 gl 1.5 14 150.00 14.0 g. 50 23,95 W1 878
.2 18,5 19,3 {8.9 1 61 .4 30 1.9 204 1. 150 0,15 5180 211.5% 7383
Lol L8 S 8.9 50.9 280 5.8 P25 1.8 14 13,88 i5 1.5 .31 L0 5.04
6,34 185 8.8 51.6 4.5 96.8 104 1.8 40 n.4 1308 035 1485 194,81 [6.46
11,11 18.5 19.0 {6.0 35,5 5.2 fL 1.8 210 55,55 1.0 0,25 il.ae . 220,71 150
16.67 18,5 19.4 1.0 Y i 1.8 20 81.13 PL0 075 . 1687 196,87 48U .
12.22 - - - - - - - L - - - - - -
oo 691 147 18,5 19.3 54,0 136 64.1 115 2.1 112 111 16,0 1.00 106 11913 8.6
§.94  18.5 19.3 54.4 3.1 4.2 115 L1 o 55.5% 16.6 1.00 1637 179,73 19.01
.01 18,5 13.1 §3.0 120 60,0 10 L3 2 1,11 5 L0 23,16 184,86  28.03
Ls.67 18,5 19,2 53,1 1.0 0.0 18 Ly 116.6% 1.y 875 4248 1Y 9%
23 112 117,11 15,5 L00  §0.73 18301 75,33

2,0 185 18.3 50,2 LT B T 119
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APPEADIX-8
A.8 YABLB 10, EIPRAIMERTAL PLOID - BUFFALO HILK

Py
[ 4
Na.
kg 3 kg - ¥ ¥ ¥
pes 110 ) 3 o ‘p - g nmoel Hg KR ] -3l batr bat I M
3 8 nk nk 'k

L, L e 158 15,5 1.9 1.0 0.0 Bs 1.0 117 .30 .5 .50 6,28 201.94 b.80

' §.94 15.4 16.2 W1 18,2 B0 - " o192 nn 145 0.5 8.3 201,94 510
It1 158 16.1 §13 1 N | 10 1.0 112 18,88 ey 0,25 1,03 2135 150
1.8
1.

16,67 15.3 16.2 St .4 80.4 108 192 fh.66 WS 025 286 0 M
2.0 158 16.4 §9,3 1.9 fl.4 [ rel Ll 1500 625 4040 ALSY 5L

T 211 I A T N | 8.9 50.2 0.0 4.2 )

|.3 pLL nn .0 1,00 LI 1em 8.06
6.9¢ 181 18.7 9.6 . 18.1 h1.4 &0 1.5 04 4].56 1.5 Lot 40 1L 1.2
1111 18,1 18.7 46.0 u.1 5.4 1% [.5 204 f6.66 4.0 100 1949 186.66  23.00
16,61 18.1 18.7 48.% 6.9 ho.0 aq 1.5 W4 0 109,40 W L8 29,23 184066 16.36
1,27 18 15.0 9.1 8.9 61.4 i1/ 1.5 204 206,00 15,0 .90 6178 L8675 99.83
3o B0 347 1840 1.8 51.8 6.4 b.2 10 1.8 10 AL 16,0 1.00 8,00 1197 8.0
6.4 14.0 13,4 Sl 3 §2.9 w18 M 62,58 15.5 1.0 1.1 18L.W 0 1.9
a1y I 18.9 8.9 1R 3.4 15 1.8 M 100,00 14,8 LA 2%.23 186,75 36,78
16,67 18.9 8.9 SLb 1.4 6.4 - 18 1.8 140 133.33 15,9 LO0 4341 181,39 61O
2.0 184 19,0 {3.4 15.5 bl.4 il 1.8 0 1221 15.0 100 BB.65 183,01  119.48
TR ST A Y L O 18.7 1.6 11.8 52.8 11a 3 -1 20.81 5.5 0.7 g.15 187,06 897
6,94 18] 15.8 51.4 1.0 §1.4 11 2.3 32 8,61 1. 9.9 W59 1861 LM
1111 181 18.7 5.1 1.0 6.0 11t 2.3 nr 66.66 .5 040 35.81 18841 401
16,67 1.1 18.8 53,0 13.3 Bl.4 1 2.3 N2 116,66 155 Lo 50,01 183,00 73.8%
Y Y Rt 19.3. 500 1.4 62.8 10¢ 1.3

MY k666 15,5 075 7501 188.73 1360
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ARPRRDIX-§
A8 TABLE H1. SRPERINENTAL FLUID - RUPPALO MILK

§l. N H Rl 8 T(}c T"IF. T”R P, PT . r‘q N? B fq IJO hO hﬂ
Ka.
kg a kg y [ W ]
B --xlf ° % § * o o pmonf e FH ¥ wgll har bar It A
5 8 Dk r k 5’k
Lo 34 34 [4a2 14 il 2410 i, 0 il i.0 Y I [¢.5  1.00 §.75 184,66 1.7
§.94  18.2 18.8 $4.0 .0 4.8 if 1.0 kM 81.56 . 01 § I Y 2 T TR & 3
111 8.2 14.9 4.1 1.8 hld 1 1.0 192 .11 15.0 0 L35 16,33 17635 19.09
16.67  id.2 1%.4 4.0 1.4 fit.B ki f.0 172 00,08 155 L% 1992 11478 5512
12,17 18,1 1.0 1.9 n.s . .2 16 1.8 192 400,449 5.6 1.2 TLI9 173,19 115.5%
2. 5.0 4 16d 17.2 52.1 i f4.2 108 [1 26 N 16,0 1.00 g.71 17903 9.6)
; 6.4 . . . N $td 1o 1.7 7th W 1S 61 12,49 187,06 14,060
AL 164 1.0 §1.0 1.1 Ak, 4 fon 1.1 HL 6.6 e LIy L7 1783 MY
16.67 . . 1 4 f4,2 It 1.7 216 116.66 5.0 1,25 39,83 173,09 75.84
n.n 15.4 18,1 50.4 ] (4.7 P [ H mn 16.1 1.48 98,57 179,77 18,1
. 600 341 113 8.2 40.0 19.5 51, 5% 7.0 152 31,28 12.0 0.4¢ 3,58 H5.54  10.59
6.4 113 18,2 40,0 19,0 5.9 85 2.0 152 62,50 . 12.0  0.10  19.06  236.61  22.03
1.1 1Ll 18.4  40.0 1ne 5 5% .8 W 1.1 1.0 6,20 1147 1.4 N
16,67 11 157 4.0 1.0 R g5 2.0 15? mn 1.0 0,20 TL.B4 i28.84  112.%8
.n N 9.3 8.0 . 183 5.6 5 1.0 1/ L4 iny  0.H 1% 236.16 281,87
£, 697 141 188 3.9 42,1 19.1 1.6 fl T V1h 15,78 1.5 e 10,84 3Ly 11,97
6.94 . 2.1 55.2 " L4 T 69,44 1.0 0,20 4,07 iN.16  28.48
S VSRR VN RS & X N ) 8 0.4 51.4 85 1.4 11 [T S T ¥ 3. S N B 1 B 1 90 L T 1 W 3
16,67 18,0 19.4 4.1 22.1 5.6 . 70 2.4 16 mn t25 0200 1996 226.16  13%.1)
2.1 180 0.0 $.0. 2.4 5.2 65 2.4 118 444 Ha o 0200 13043 2406 im.12
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APPENDII-8
A8 TABLE 12, BRPERIMEWTAL PLUID - BUFFALQ HILH

S ; 51 H Tog Ty Ty f, Iy Py kg pd B g by By
Yo, '
kg 3 kg $ L W )
RPS  -=xl0 " % J °C "t ' mnof He K9 ] --x10 bar bar A A}
L ' § 2k Bk 3
1. 342 341 160 15.8 44,1 1.5 5.8 0 [P n.mn 1.5 0.09 L9 8.8 §.564
6,99  16.0 15.6 44,2 9.4 i6.8 n 1.9 192 41.66 1.5 0.00 12,8 234.00  13.34
L1 6.8 16.6 41 8.9 56,8 10 1.0 192 b6. 66 13,5 ; 0,80 1906 19695 2.0
16.67 . . . 7.9 b4 b 1.0 192 166.66 B 0% 48,05 6.5 61,07
2.1 16,0 173 4.1 ] © 5h.8 n 1.0 192 200.88 I3 040 8263 212,16 146,50

62.8. 100

I TR 1/ R Y Y B YN 18,1 50.8 11.3 (.8 18 11,25 155 0.7 9.39  187.06  10.41
6.94 17.8 " 18.% 51.0 N B 1Y 100 1.8 128 53,35 16,0 100 15,08  179.73 17,50
1L 18 8.3 1.0 1.1 64,2 109 t.4 ng - leo.08 6.0 LA 32 DLW .46
16.67 14 ' . I 3 I (00 l.8 128 150.00 165 1,25 61.35  169.86  104.05
2.2 11,3 1.5 50.8 0 05,5 100 k.4 228 nmn 16,5 £33 92,70 169.66 118,35
I, 600 34 140 18.8 8.9 2.l 58,4 ) Ll 176 an .40 L0 19,50 18486 11,73
6,94 18,8 18.8 48.] 3.1 85 2.1 26 - 55,55 115 L0 23,10 188,90 27.86
11,11 13.8 1%.3 §1.8 11.0 AR £5 1.1 176 H1.44 125 0.00  48.68  242.66 65,16
16,67 18.0 19.3 4.0 2 53.0 il 33 B 41 T 11 8 1.5 0.08 81,98  242.86 135,26
12,1 180 19,6 3.9 .5 53.6 10 .1 1% 193.55 12 0,00 133,43 M2.66 343,27
L 897 3147 6.8 42,0 7.8 50.3 50 .6 3 a.11 1.5 0,08 12,19 247,68 13,52
6.9 16,6 3.0 .9 50. B3 2.6 148 35.55 1.3 0,00 22,68 247.68  33.04
11,41 16.6 0.4 7.8 48.5 60 1.6 148 12,23 11,0 1.08 5498  250.61  75.6)
16.67  14.6 18.0 0.4 8.4 48.5 80 1.5 148 11.33 1.0 0,00 184,96  250.61 201,05
1.2 16.% 18.4 10,6 5.1 ¢ 60 2.6

IL 400.0¢ 1.5 0,00 150,25  247.68 455.86
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