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A B S T R A C T 

Increased energy costs initiated an investigation into ref ri gerat ion 

heat recovery as one conservation alte r nat i ve a vailab le for reducing 

water heating cos t s on fa rm da iries. A theoretical energy balance was 

conduc ted, f rom which the potentia l of recover i ng refrige ra tion 

condenser heat was estimated at up to 60% of the water heating energy 

requirements. 

ii 

Preli mina ry tests with heat exchangers lead to the use of a tube -i n-t ube, 

counte r f low , heat exchanger with fins on the refrigerant side , a nd cores 

on .the wa ter side, to i~lrove the heat transfer characteristics . The 

exchanger, designed to provide 300 litres of 6o0 c wate r from a 2 . 25 kW 

ref ri geration system cooling 2000 lit res of milk per day, had an area 

of 0.84 m2 , a nd an overa ll thermal conductance of 100 W. m- 2.oc - 1. 

This heat exchange r was i nserted between the compressor and condenser 

of the refrigerati on p lant a nd tested with two condenser systems (air 

and water), four condenser pressures (6.5 bar, 7.5 bar, 10 bar and 

12 bar), two mi l k inlet te mperatures(23°c and JG0 c) , and two mi lk 

final t emperat ures (4°c and 7°C) . In addition, tests on receiver 

p ressu re and suc ti on superheat were performed to determine ove ra ll 

system pe rformance. 

Increasing condenser pressure increased cooling times from 2 hours 

32 minutes to 3 hours 17 minutes , after the completion of t he 

1200 litre morning mi !ki ng (th us failing to comply with the 3 hour 

cooling regu lation at high condenser pressures.) Also , C.O.P. decreased 

from 3.05 to 2.35 for the wate r cooled condenser system (2 . 70 to 2.00 

for the air cooled condenser system due to fan powe r consumpt i on) . 

Gross heat recovery rose from 4.2 kWh.day-I .m-3 to 8.1 kWh.day -I .m- 3 

for the water coo l ed system, giving water outlet tempe ratures of 45°c 

to 64°c as condenser p ress ure rose. The corresponding ran ges for a ir 

cooled condensers we re 3.8 kWh.day-I . m-3 to 6.6 kWh.day-I .m- 3 , and 

38°c to 55° c. Chan ging mil k inlet and final temperatures gave a 

proportional change i n cooling times and total heat recovery, but had 

no effect on C.O.P . or heat recove ry rates. Suction superheating 

increased total heat recovery by 15%, and water out let tempe ratures by 

9%. 



iii 

Increases in gross heat recovery with increasing condenser pressure 

were partially offset by additional compressor power, and yielded nett 

heat recoveries of 4.0 kWh.day-I .m- 3 to 6.0 kWh.day-I .m- 3 for water 
-1 -3 -1 -3 cooled, and 3.6 kWh.day .m to 4.3 kWh.day .m for air cooled, 

condenser systems. 

The maximum gross and nett heat recoveries (at 12 bar condenser pressure) 

were applied to the energy requirements of a monitored 220 cow town 

supply dairy. This analysis showed that the gross heat recovery was 

51 % of the water heating requirements, but the nett heat recovery 

dropped to 17% of the total heating and refrigeration demand. Based on 

current electricity and equipment prices, it is estimated that the 

payback period for this level of recovery would be 16-17 years. 

Changing the electricity pricing structure, to reflect up to a 1:3 

differential in favour of water heating power costs, results in the 

6.5 bar condenser pressure giving optimum results, but the nett returns 

are significantly lower than those reported. 

The potential for improved savings is greater from larger capacity 

systems as the capital investment is not proportionally increased with 

an increase in scale. 
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CHAPTER 1 

INTRODUCTION 

• 



1 :1 NEW ZEALAND DAIRY INDUSTRY 

The New Zealand Dairy Industry exported dairy products worth 

$685.9 mi 1 lion in 1980, representing 14% of the Nation 's total 

export earnings (N.Z. Monthly Statistics Abstract, 1981). 

2 

Milk for processing into export and domestic products is collected 

from 1. 87 mi 11 ion cows on 14,962 seasonal supp 1 y farms. In 

addition, 167, 600 cows, from l ,544 town supply herds, provide the 

daily fresh milk requirements of the domestic market, with the 

excess supplementing the processed milk industry (N.Z . Dairy 

Board, 19 80) . 

Stringent hygiene regulations and increased herd sizes (N .Z . Dairy 

Board, 1980) have required the development of sophisticated 

milking plants and cleaning systems, both resulting in a 

substantial increase in energy inputs on a per farm basis. 

The dairy industry's present electricity requirement s are 

estimated at 3.20 X 10 6 kWh or $19 .54 mi ]li on per year 

(Chapte r 2:2.1). 

Inflation, intensificati on and increased herd sizes wi 11 cont i nue 

to increase both the total electrical demand and t he potential for 

savi ngs by providing the incentive to use equipment which wi 11 

i mp rove electricity utilization on a sma ll numbe r of large farms. 

1 :2 PRESENT ELECTRICITY USAGE 

It has been estimated (Section 2:2) that, on average, 40-45% of 

the total power consumption is used for water heating and 18-25% 

for refrigeration. Based on the total usage and cost (Section 1 : 1), 

this represents approximately $4 . 22 million (at 3 . 1 c/unit) for 

heating and $6.19 million (at 9.0 c/unit) for refrigeration with 

the remaining $9. 13 million (at 9.0 ~/unit) being spent on 

milking plant, yard washdown and other miscellaneous functi ons, 

such as lighting. 
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1 :3 SOURCES OF ENERGY 

The single major cost component of on-farm electricity is heating 

water for plant cleaning. Prior to the fuel shortages of the 

early 1970 1 s electricity was considered the most suitable means of 

heating water, but rapidly increasing prices have increased the 

interest in alternative sources of energy for this operation. 

Prominent among these have been solar heating and refrigeration 

heat recovery. 

Solar heating, although successful, has the disadvantages of 

requiring a sign i ficant capital outlay and is of variable 

capacity. There are also several siting and operating requirements 

which may not always be suitable to the farmer (Studman, 1980). 

Refrigeration heat recovery recovers the heat normally rejected 

to the atmosphere during the milk cooling operation. The heat is 

transferred to the water via a heat exchanger ins ta I led as part of 

the refrigeration circuit. This system has the advantages of; 

low increased capital cost (compared to solar systems), readily 

available and reliable heat all year round, no major siting 

limitations, and providing hot water at temperatures up to 6o0 c. 
In addition, average water heating savings of 60% (Section 2:6) can 

be achieved compared to 35% for solar heating. Savings of 60% in 

water heating costs represents $2.53 mi I lion per year. Government 

policy of increasing electricity usage, w~i le at the same time 

increasing revenue to pay for power development, means that heat 

recovery has the potential for greater savings. 

Heat recovery systems are only available, at present, as add-on 

units for air cooled refrigeration systems. The potential for 

improved performance in heat recovery,using a water cooled 

condenser to preheat the water for a primary heat recovery heat 

exchanger,has not been investigated for N.Z. conditions. 

In addition, only limited information is available on:-

1) alternative refrigeration heat recovery systems, 
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2) the effect of heat recovery on milk cooling temperatures and 

rates, 

3) the effect of changing operating conditions on system 

performance, 

4) the economics of heat recovery. 

1 :4 RESEARCH OBJECTIVES 

The lack of information has made guidelines for the industry 

difficult to formulate. Consequently, the objectives of this 

project were: 

1) To design and construct a primary heat exchanger which 

would efficiently recover waste heat from a refrigeration 

system. 

2) To determine the effect of changing operating conditions on 

system performance for a dairy shed refrigeration system 

modified to harness waste heat. 

3) To establish operating conditions for the most promising 

systems of heat recovery which wi 11 produce the required 

volume of hot water to regulation temperature for twice per 

day plant cleaning. 

4) To assess the economic viability of a correctly designed 

and operated system. 
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CHAPTER 2 

REVIEW OF LITERATURE 
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2:1 DAIRY FARM MILK QUALITY 

High levels of hygiene and quality control are required at all 

levels of milk processing to ensure that the resulting products 

meet export standards. Since the achievable standards are limited 

by the quality of the collected milk, on-farm processing must 

minimise the level of deterioration. 

To meet these quality requirements, standards for milk plant 

cleaning and milk cooling have been set by the New Zealand 

Government, in conjunction with the Dairy Division (D.D.) of the 

Ministry of Agriculture and Fisheries (M.A.F.), and these are 

outlined belo.v. 

2: l. l Milk Quality Standards 

Al 1 milk received by a processing plant or milk treatment 

station is graded on the basis of bacterial contamination, the 

level of sediment and the presence of inhibitory substances such 

as antibiotics. 

The milk is graded into three classes, namely; finest, first 

and second grades based on the results of standard tests 

(Dairy Industry Regulations, 1977). Table 2:1 presents the 

mandatory and advisory tests to be conducted and the limits for 

each grade (D.D. Circular 80/29, 1980). 

To encourage farmers to maintain the standards set by the 

regulations a differential payment scheme operates as part of 

the grading system. The financial penalty involved is such 

that the level of payment for first grade milk wi 11 be 3% 

belo.v that for finest grade milk and for second grade milk, at 

least 10% below finest grade (Dairy Industry Regulations, 1977). 

2: l . 2 Mi l k Qua l i ty Control 

The biggest factor in milk quality is the level of bacterial 

contamination which, if not kept within satisfactory limits, 

reduces the processing potential of the milk and hence incurs 



Test 

SLandard 

Test 
Frequency 

Penalties 

TABLE 2: 1 

Qual i l y stand,Hd~, test frequency ,rnd pen:1lty levels for raw milk 

--------------
MANDATORY T£STS AS AT I JUNE 1981 ADVISORY TES TS 

------------------------------------------- - ------·-------- ----
Standard Plate Count 

(SPC) 

Fi ne s t: less than 100 ,OOO 
co Ion i es/ml ,, 

First: between 100 ,00 and 
200,000 colonies/ml 

Second: over 200,000 
colonies/ml 

l nhibi tory 
Subc;tances 

Finest: l ess than 
-- 0 .00 3 I .U. 

pen i c i 1 Ii n/ml 

Sediment 

Fi nest : 7. S mg 

Fi rs t : 7. S, 15 mg 

Second: 1 S mg 

Three tests per month on a random basis with at least one test per 10 day 
period. On a consignment that has failed to obtain finest on a random 
test, continuous daily testing is conducted until 3 consecutive Finest 
results are obtained. 

Penaltie s are applied to any consignments that fai 1. The minimum 
penalties that must be applied are found in the Dairy Industry Regulations 
1977, regulation 36. For samples that fai 1 to obtain finest grade with 
the inhibitory substances, sedime nt or organoleptic test s , penalties 
may be applied at company discretion, but not less than the min imum 
specified for the first grade. 

~Tobe reviewed after first year's operation. 

Organoleptic 

Finest: No defects 
determined in fresh 
samples examined 
at 4o0 c after 
heating 

Per consignment 

Thl•rmodu r i c C. 

Col i fo rrn 

Thermodur ic 

~-ines t: Iese; 
tha~s.ooo 
colonies/ml 

Coliform 

Finest: le'>'> 
than 100 
colonies /ml 

At company 
discreti on. 
These tests 
are helpful 
on SPC 
failures. 

Penalties may 
be app I i ed by 
indiv i dua l 
companies . 

-.....J 



financial penalty not only to the supplier but also to the 

processor. 

The control of bacteria levels is achieved through plant 

cleaning, which removes potential milk contaminating bacteria 

from the milk plant, and milk cooling, which inhibits 

bacterial growth in the milk (Currier, 1976). 

2:1 .2 .1 Plant Cleaning Procedures 

Government regulations (Milk Production and Supply 

Regulations, 1973) specify that:-

1) Milking plants wi 11 be cleaned after each mi lking. 

2) An adequate supply of clean water, suitable for 

plant cl eaning, wi 11 be provided . 

3) An approved plant for heating of sufficient water 

for cleaning purposes wi 11 be installed. The 

volume and temperature se ttings of the thermostat 

wi 1 I be as prescribed by D.D. 

4) Only detergents, chemicals or chemical compounds 

approved by D. D. shall be used for cleaning 

purposes. 

In conjunction with these regulations, D.D. has specified 

(N.Z. Gazette Notice , 1973~ D.D. Circular 80/16, 1980) 

1) Standards for hot water cylinder construction. 
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2) The volumes of hot water required based on the size 

of the milking plant, milk storage facilities and 

cleaning system. 

Further discuss ion on item 2) wi 11 be presented in 

Section 2:2.2. 
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The responsibi 1 ity for approving cleaning systems has been 

delegated to the National Dairy Laboratory (N.D.L.) by D.D. 

If, after testing, a product and cleaning system satisfies 

the necessary criteria, N. D. L. makes the appropriate 

recommendat ion to the Director of 0.0. (Arnott, 1982). 

As of January 1982 , four cleaning systems at three 

temperature ranges have been approved. These ha ve been 

reported by Heyes et al. (1980) and are summarised in 

Table 2:2 . The approval of any cleaning system does not 

require the farmer to comply with it but merely defines 

the procedure by which the approved cleaning system wi 11 

give the required level of hygiene . 

2 :1 .2.2 Milk Cooling 

Milk bacteria have a range of ideal growth conditions. 

Currier (1976) s ta ted that milk bacteria grow best between 
0 0 0 

10 C and 37 C, but below 15 C the rat e is reduced 

(Figure 2:1). Currier also noted t hat associated with any 

change in conditions there was a time delay or lag phase 

before growth was resumed. The duration of the lag phase 

varied depending upon bacteria type and temperature. For 

each bacteria type, Currier found that belOM 5°c the 

bacteria went into hibernation regardless of the stage of 

development. If the temperature was to rise again, above 
0 

10 C, grOMth would resume at whatever stage the bacteria 

had reached (Figure 2:2). Currier concluded that in order 

to inhibit the deterioration of the milk it is necessary to 

cool it rapidly to below 7°c . 

The resulting regu 1 at ions (Mi 1 k Industry Regulations, 1977) 

specify that the temperature of the mi 1 k supp 1 i ed to a 

processing plant sha 11 be 0 reduced to 7 C within 3 hours of 

the completion of milking and maintained at that 

temperature unti 1 the milk is accepted by the factory. 

(For town milk suppliers the requirement is 5°c within 

3.5 hours of the start of milking.) Problems of milk 

collection befo re the 3 hour cooling ti me and ri s ing 



TABLE 2.2 

Categories of approved cleaning systems 

and temperature ranges 

Cleaning Temperature 

Cleaning System 

Triple System 

Quatenary Ammonium Compound 
(Q.A.C . ) System 

A 1 ka I i Sys tern 

Strong Acid System 

Above 650c 

0 

0 

X 

X 

0 = Suitable system 
X = Not recommended 

so-55°c 

X 

0 

0 

0 

Cold systems require a hot wash once per week. 

10 

X 

0 

0 

0 
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0 
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FIGURE 2: 1 

Growth rates of ml 1~ bacteria for various temperature conditions 
(after Currier, 1976) 

5 °c 
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FIGURE 2:2 

Growth response of milk bacteria 
( after Currier, 1976) 
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temperature in bulk tankers (3°to 4°c over long hauls) have 

not been resolved. At present, rapid processing (within 

2 hours of arrival) or additional factory refrigeration 

capacity maintains milk quality. However, there are 

suggestions of on-farm cooling to 4°c which would eliminate 

the factory problems but increase on-farm refrigeration 

requirements (Vickers, 1980). 

Internationally, the basic standard is cooling to 4°c - s0 c 

with the time limits varying from 0.5 - 4 hours. 

In practice, milk cooling in N.Z. is a two stage process 

of:-

I) Reduction in milk temperature from 37°c to 

approximately J8°c, or within 2°c of the water inlet 

temperature, in an in-line counter flow water/milk 

plate heat exchanger connected between the milk 

pump and storage vat (Carter and Fisher, 1982). 

This reduces the refrigeration requirement by 50%. 

2) A refrigeration system (as described in Section 

2:4.2) which has sufficient capacity to meet the 

regulations. 

The use of in-line plate coolers overseas is not as wide 

spread as in New Zealand, either because the technology 

has not become accepted (Roller et al., 1977; Wiersma et al., 

19&0; and Ewel 1 et al., 1980) or because water temperatures 

or availability makes milk precooling uneconomic (Wiersma 

et al., 1980; Parkinson, 1982). Parkinson suggested that 

nocturnal cooling of stored wate~ for use in a plate cooler 

circuit,was a viable alternative, based on results from a 

two farm study where nocturnal water cooling to 10~12°C 

was achieved. 



2:2 DAIRY SHED RESOURCE REQUIREMENTS 

2:2. 1 Total Electricity Usage 

Total electrical usage in the New Zealand farming sector for 

the year ending 31 March 1981 was approx imate ly 
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4.272 x 108 kWh (N .Z .E.D., 1981) of which 3.20 x 108 kWh (75%) 

(Carter and Fisher, 1982) was used by dairy farmers. 

2:2 .2 Water Heating Requirements 

Rennie (1979) estimated, from results of a 9 farm survey , that 

49% of total electricity requirements was used for water 

heating . 

Esti mates for overseas dairy ope rations range from 16% 

(U.S.D.A., 1977) to 50% (Ubbe ls and Bouman , 1979; Cox, 1979) 

with the average bei ng 40%-45% (Peterson and Kolesch, 1979; 

British National Agricultura l Centre, 1977 ; and Newell, 1980). 

The amount of e l ectr icity used for water heating is a funct i on 

of the water temperature and vo lu me required. 

2:2.2. 1 Wate r Tempe rature 

Wate r temperatures required for N.Z. condit i ons are 

dependent upon the specif i cat i ons of the cleaning sys t em, 

as approved by N.D.L., and vary considerably from product 

to product within the categor ies listed in Table 2:2. In 

general, the triple sys t em requires an 8o 0 c hot rinse , the 

triple and hot Q.A.C. systems require a 65°-70°c wash, and 

the medium temperature detergen ts require a 50° - 55°c wash 

(D. D. Circular 80/16). Water temperatures for c<:M 

preparation are of the order of 20°-25°c, depending on the 

discharge tempe rature from the plate heat exchanger 

(Massey University, 1972). 

No rth American requirements are 70° - 75°c for plant cleaning 

a nd 35°- 45°c for CCM preparation (Roller et a l., 1977; 
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Wiersma and Armstrong, 1979; Thompson and Fairbank, 1979; 

and Peterson, 1979). British and European requirements 

are similar:- 8o 0 c for plant cleaning and 35-45°C for cow 

preparation (Fleming and O'Keeffe, 1977; Ubbels and Bouman, 

1979) . 

2:2.2.2 Water Volumes 

The volume of water required by N.Z. dairy farmers is 

dependent upon the cleaning product and system selected. 

In general, they follow the Regulations (N.Z. Gazette, 

1'973) and are:-

10 litres/set of cups (14 litres for reverse flow) 

50 1 it res for anci 1 lary equipment 

50 1 it res for the first vat up to 2500 1 it res 

30 litres for subsequent vats up to 2500 1 it res 

5 litres/500 1 it res capacity for each vat above 

2500 1 it res. 

For example, a 200 cow herd with 10 sets of cups and 2 

vats, one of which has a capacity of 3000 litres, would 

require per day:-

2 mi lkings X 10 litres/set X 10 sets 

+ 50 litres for ancillary equipment 

+ 50 1 i t res Vat 

+ 30 litres Vat 2 

+ 2 increments of 500 litres X 5 litres/increment 

= 200 + 50 + 50 + 30 + 10 

= 340 litres/day or 1 .7 litres/cow.day 

When plate cooler discharge water is used for cow 

preparation, no heating costs are involved. However, 

calculation of an average figure wi 11 make comparisons 

between researchers easier. For example, the 200 cow 



herd above, wou ld produce, on average, 2200 litres of 

mi lk per day. A milk to water ratio of 1 :2 would 

require 4400 litres of water, or 21 litres/cow.day. 
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Overseas water requirements vary considerably,with figures 

ranging from 5 to 24,5 litres/cow.day being quoted for both 

COl'I preparation and plant cleaning (Wiersma and Armstrong, 

1979; Wiers ma et al., 1980; and Peterson, 1979). Wiersma 

and Armstrong did point out that there was a wide 

variation in the quantity of hot water used by farmers and 

that mos t farme rs were using more than was required. 

2:2.3 Refrigeration Power Requirements 

Refrigeration elect ri ci t y requirements are based on cooling 

loads as discussed in Section 2:5. 1. For New Zealand 

conditions this means cooling from approximately 18°c to 7°c or 
0 4 C, and for overseas conditions, not using in-line milk 

precoolers, from 33°c to 7°c or 4° c. 

Rennie (1979), in his survey, found that 18% of the total 

power requirements were used for refrigerati on. Carter and 

Fisher (1982) suggest a figure of 18%-25%. 

Figures quoted by overseas workers for cooling the total load 

by refrigeration range fr om 33% to 75%, with the average being 

about 40% (Wiersma et a l, 1980;Pete rsonandKolesch, 1379; Hoc:rds 

Dairyman, 1979; Cox, 1979; and Newell, 1980). Correcting for 

the effect of a milk precooler would res ult in a range of 

20% to 45%, with an average of 25%. 

The range of 20%-45~ compares we ll with the 1e%-25%range 

suggested for N.Z., especia lly when management and climatic 

variations are taken into cons ideration. 

2:3 PRINCIPLES OF REFRIGERATION 

The basic principles of refrigeration are assumed or can be found 

in standard texts (Dossat, 1981). 
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2:3. 1 Summary of a Refrigeration Cycle 

A typica l refrigeration cyc le for Freon 12 is presented as a 

pressure-enthalpy diagram (Figure 2:3). Pressure - enthalpy 

diagrams al low the determination of thermodynamic properties 

and the calculation of heat f lows. The cycle is described in 

stages starting with the refrigerant at the compresso r inlet 

port. 

2:3. 1. 1 The Comp ression Process (State 1 to State 2) 

The compressor compresses the low pressure low temperature 

supe rheated suction vapour at State 1 to State 2 under 

approxi mately constant entropy conditions (isentropic 

compression). The work done is expressed by:-

where W 

= 

..... Eqn 2: 1 

wo rk done (kJ.kg- 1) 

Specific Enthalpy (kJ.kg- 1) 

NOTE: By convention h=O at a saturation temperature of 

-4o0 c. 

The work done on the refrigerant results in an i ncrease in 

both pressure and delivery superheat tempe rature. 

2:3. 1 .2 Desuperheating (State 2 to State 2a) 

The condenser initially removes the sensible heat from the 

superheat vapour and changes the refrigerant from State 2 

to State 2a. The vapour at State 2a is saturated and the 

pressure drop is due to losses in the discharge piping. 

The quantity of heat is expressed as follows:-

DSH (kJ. kg - l ) ..... Eqn 2:2 

Although the quantity involved is small it is significant 

in that its removal in heat recovery situations provides 
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higher water temperatures than can be obtained from the 

condensation stage. 

2:3. 1 .3 Condensation (State 2a to State 3) 
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Once the superheated vapour is cooled to saturation 

temperature (State 2a), further heat removal results in the 

condensation of the refrigerant at constant temperature. 

State 3 represents the state at which all the refrigerant 

has condensed, but it is sti 1 I at saturation temperature. 

The heat removed is expressed as follows:-

COND (kJ,kg- 1) ••••• Eqn 2:3 

2:3. 1.4 Subcooling (State 3 to State 3a) 

Removal of additional heat after condensation by either 

surplus condenser capacity or a liquid/vapour heat 

exchanger reduces the temperature of the I iquid further. 

However, the quantity of heat is small. It is expressed 

by:-

SC - 1) (kJ ,kg ..... Eqn 2:4 

Subcooling is desirable in that it reduces the degree of 

"flashing off" at the expansion valve and as a consequence 

increases the refrigeration effect (R.E.) 

2:3. l .5 Expansion Process (State 3a to State 4) 

The expansion of the refrigerant is approximately equal to 

an irreversible throttling process occurring without loss 

of enthalpy. The degree of "flashing off" is dependent 

upon the subcooled temperature and the pressure drop across 

the expansion valve. 
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2:3. 1.6 Evaporation and Suction Superheating (State 4 to State 1) 

Since the refrigerant is at saturation conditions at 

State 4, further addition of heat wi 11 result in 

vaporisation of the remaining liqu id unti l State 4a is 

reached. Additional heating results in the superheating 

of the suction vapour to State 1 . Heating of the suction 

superheated vapour is achieved by heating ·in the 

evaporator, the suction pipework or, if fitted, in the 

liquid/vapour heat exchanger. 

I f suction superheating produces useful cooling, then the 

R.E. is expressed by:-

R .E. .. . . . Eqn 2:5 

= 

If it i s not, then 

R. E. = . . . . . Eqn 2:6 

The conversion of these heat capacities (kJ.k g- 1) t o heat 

flows (kJ.s -
1
) is by including the flow rate of 

the refrigerant (kg·s- 1) . 

2:3.2 The Effect of · Chcnging Up~rating Conditions 

To maximise heat . recovery and water outlet temperatures it is 

desirable to increase the quantity and quality of the delivery 

superheat. Increasing delivery superheat can only be achieved 

by increas ing condenser pressure or increasin g suction 

superheating. However, changing either of these two parameters 

wi 11 have an effect on cycle efficiency and system performance. 



2:3.2. 1 The Effect of Changing Condenser Pressure 

The effect of increasing condenser pressure is to reduce 

the capacity of the system. This occurs in three ways. 

1) An increase in pressure differential across the 

expansion valve reduces R.E. (Figu re 2:4). 
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2) Increase in Compression Ratio (C.R.) (ratio of 

compressor discharge pressure to suction pressure) 

requires more work to be done by the compressor. 

3) Increase in C.R. decreases vo 1 umet r i c efficiency 

(Figure 2:5) (ratio of discharge capacity to swept 

volume) reducing refrigerant f l ow . 

Increasing condenser pressure does, however, increase both 

the quantity of superheat and, more important ly, increases 

the temperature of the supe rheated vapour. This is an 

i mportant aspect when considering the water outlet 

temperature of any heat recove ry device. It must be 

reme mbered, however, that all the increase in de l ivery 

superheat comes from the compressor motor and, therefore, 

for every unit o f additional ene rgy supplied to the motor, 

only a percentage of it wil 1 be added to the vapour due to 

thermal and mechanical losses in the rroto r and compressor. 

2:3.2.2 The Effect of Inc reas ing Suction Superheat 

Since the compressor is a vapour pump, a certain amount of 

superheating is required in practice to ensure that 1 iquid 

does not enter the compressor. Increasing suet ion 

superheat forces the compression process to operate at a 

higher rate of specific entropy and, as a consequence, 

produces more delivery superheat at a higher temperature 

(Figure 2:6). 

Since the entropy lines 11 fan out 11 with increasing 

condenser pressure, the amount of power required by the 
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compressor increases, but this increase is less than the 

amount of superheat gained. In addition, the temperature 

increase achieved is higher than the temperature rise in 

the suction line. 

The way in which suction superheat is generated dictates 

the effect on cycle efficiency. 

If superheating of the suction vapour with heat from a 

source outside of the evaporator occurs then the 

superheating does not provide useful cooling and must be 

excluded from the R.E. calculation. If, on the other hand, 

suction superheating provides useful cooling then the 

efficiency of the cycle is increased in spite of increased 

power consumption. Large scale superheating in the 

evaporator should be avoided because using evaporator 

area for heating vapour removes less heat from the load 

than does the boi 1 ing of the liquid. As a result, most 

thermostatic expansion valves are set to produce 

approximately 5°c of superheat. 

As previously discussed, subcooling of the 1 iquid prior to 

the expansion valve decreases the amount of vapour "flash 

off''. In conjunction with this, limited suction 

superheating is desirable and, therefore, it is usual to 

find a liquid/vapour heat exchanger installed in the 

evaporator refrigerant lines, as i 1 lustrated in Figure 2:7. 

The effect of this heat exchanger is shown in Figure 2:8. 

Suction superheating has the additional effect of 

increasing the specific volume of the vapour. Since the 

compressor is a constant volume vapour pump, the 

increase in specific volume of the vapour decreases the 

mass capacity of the compressor. To maintain evaporator 

conditions, the expansion valve reduces the flow of 

refrigerant with the effect of reducing system capacity 

and efficiency. 
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2:3.3 Conclusion 

Changing refrigeration conditions, as a means of increasing the 

delivery superheat for heat recovery purposes, can have 

detri~ental effects on system efficiency and capacity, the 

magnitude of which can only be determined experimentally. 

2:4 APPLICATION OF REFRIGERATION TO THE DAIRY INDUSTRY 

2:4. 1 Refrigeration Heat Loads 

The total refrigerant load for the milk cooling system is 

comprised of the heat to be removed from the milk and the 

environmental load. 

2: 4. 1 . l Mi 1 k Loads 

* 

Milk i s co ll ec ted from the cows twice pe r day at a 

temperature of 37°c, reducing to 33°c before entering the 

coo ling system , due to temperature losses in the milk 

plant pipework. 

Cooling milk from 33°c to 7°c (4°c)* requires that 

109 kJ . m-3 (121 kJ.m-3) be removed. Since only 50% of 

this load is re moved by refrigeration (Section 2:1.2.2), 

and the morning and night mi lkings produce 60% and 40% of 

the daily production respectively (Lovell-Smith, 1982; 

Belcher, 1979), refrigeration capacities of 14 (15) 

MJ.m-3.h-l are required to comply with the regulations. 

Assuming a C.O.P. of 2.2 (Carter and Fisher, 1982), a 

compressor motor capacity of 1.8 (1.9) kW.m-3 is required . 

Throughout this section the first figure refers to cooling 

to 7°c , while the figure in brackets refers to cooling to 

4°c. 
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2:4. 1 .2 Environmental Loads 

Since milk is stored and cooled in vats for 1 to 2 days, 

heat transfer from the environment into the cooled milk is 

possible. The degree of environmental heating increases 

when the vat is uninsulated. Vickers (1980) found that 

only 0.38 MJ.h-l of additional electricity was consumed by 

the refrigeration system per m3 of milk stored in an 

uninsulated vat cooled to 7°c compared to a vat insulated 
- 3 -1 with 50 mm of foam rubber. An additional 0.48 MJ .m .h 

was required for a 4°c final temperature. 

Currier (1977) and Vickers (1980) both suggest that the 

er .vironmental load is small and that changes in vat size 

do not significantly alter the general conclusion that vat 

insulation was not justified. Typical environmental heat 
- 3 -1 loads are estimated to be 1.4 (1.5) MJ.m .h , resulting 

in a total refrigerant load of 15.4 (16.5) MJ .m-~h- 1 . 

2:4.2 Milk Refrigeration Systems 

2:4.2.1 Ice Bank System 

The ice bank system requires a spiral copper refrigerant 

coi 1 to be immersed in an insulated storage tank such that 

ice, to a depth of 100 mm, can be built up between milkings 

(Figure 2:9). During milking the chilled water, at 

approximately 2°c, is circulated at two to three times the 

milk flow through a second section of a plate heat 

exchanger so that it effectively chills the milk to 

approximately 4°c. The cooled milk is stored in the vat 

until tanker pickup. 

Ice bank systems are not popular in New Zealand but are 

relatively common overseas (Belcher, 1977). Patchett and 

Vickers (1973) and Currier (1977) did not favour the ice 

bank system because of milk temperature rises between 

cooling and tanker pickup. These workers also concluded 
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that high initial and maintenance costs made this 

alternative less attractive than other available systems. 

Although less efficient (based on R.E.) than direct 

expansion units, Patchett and Vickers (1973) did concede 

that the use of off-peak electricity tariffs and the 

potential to use plants with a lower peak refrigeration 

capacity may offset much of the disadvantage of lowered 

efficiency. 

Reported cooling capacities for ice bank systems ranged 

from 35 to 67 litres of milk cooled per kWh, with 
0 4 0 ( temperature changes of 33 C to .5 C Belcher, 1979; 

Fleming and O'Keeffe, 1977). 

Under New Zealand conditions Currier (1977) found that ice 

banks had a cooling capacity of sa.e 1 it res per kWh for 

mi 1 k cooled from 20°c 0 22.2 1 it res k\.Jh for to 7 C,and per 

milk cooled from 37°C to 7°C. 

2:4.2.2 Chilled Water Refrigeration System 

The chilled water system (Figure 2:10) is similar to the 

ice bank system and both are forms of indirect expansion 

refrigeration. 

Patchett and Vickers (1973) and Currier (1977) analysed 

this system and drew the same conclusions as obtained for 

the ice bank system. 

2:4.2.2 Direct Expansion Refrigeration System 

Direct expansion refrigeration systems for milk cooling 

require that the evaporator is bonded directly to the 

bottom of the vat and surrounded by insulation (Figure 2:11). 

The advantages of this system are:-
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1) No ice, chilled water tanks or pumping systems are 

required. 

2) No additional in-line heat exchanger is required. 

3) In-vat refrigeration allows temperature control 

between mi lkings and before tanker pickup. 

4) A more compact arrangement of equipment is possible . 

5) Improved cooling efficiencies are obtained. 

The disadvantages are:-

1) Increased compressor size. 

2) Higher running costs if the system does not use 

off-peak power. (Common practice in New Zealand 

does not favour off-peak power.) 

3) Condensers and compressors must be outside (for air 

cooled units), whi eh may require long evaporator 

lines and loss of efficiency, due to refri gerant 

boiling before reaching the expansion valve. 

Cooling capacities for direct expansion systems range from 

54-90 litres per kWh for a temperature range of 37°c to 

4.5°c (Belcher, 1977; Fleming and O'Keeffe, 1973; Currier, 

1977). Cu~rier also reported that cooling capacity for 
0 0 

the 20 c to 7 C range was 200 litres per kWh. Direct 

comparison with ice bank systems is difficul~ due to 

variation in operating conditions and system arrangements 

but, on average, direct expansion systems are 34% - 54% 
more efficient than ice banks (Belcher, 1979; Fleming and 

O'Keeffe, 1977) with extremes of 240% (Currier, 1977). 

Of the three systems, Patchett and Vickers (1973) 
concluded that direct expansion vat refrigeration is the 
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most satisfactory system,especially where milk precooling 

reduces the temperature to 18° - 20°c. 

2:5 HEAT RECOVERY SYSTEMS 

Early work on dairy shed heat recovery in vest i ga ted both 

desuperheaters (Sturges, 1961; Turner, 1961) and comp lete condensing 

units (Aherns, 1959) . In addition, two types of heat exchanger 

were developed, namely; a remote heat exchanger with wate r 

circulating in conjunction with a storage tank (Aherns, 1959) and 

a coi 1 in the storage tank (coi 1-in-tank) (Sturges, 1961; Turner, 

1961) . More recently, once-through systems have been studied 

( Fleming and O'Keeffe, 1977; Carter and Fisher, 1979). 

Comparison of the two major systems, i .e. , desuperheaters or 

complete condensing, and the three heat exchanger systems ( 'once­

through', circulating and 'coi 1-in-tank'), is difficult. 

Kolesch (1979) emphasised t he difficulties when trying to compare 

results of the different systems. The majo r areas of difficulty 

were:-

1) Insufficient information,with regards to heat transfer area, 

did not allow comparisons to be made between heat 

exchangers on the basis of overall therma l conductance. 

2) Insufficient information with respect to heat recovery heat 

exchanger mode of operation, i.e., 'once-through', 

circulating or coi 1-in-tank. 

3) Variation in compressor head pressures and refrigerants, 

both affecting temperatures and available heat. 

4) The variation in the ratio of water volumes heated to the 

volume of milk cooled. 

For a scientific comparison to be made, experiments would have to 

be conducted under conditions of : -
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1) Constant heat exchanger area 

2) Constant water to milk volume ratio 

3) Constant refrigeration operating conditions. 

Since no work of this nature has been reported,accurate comparisons 

of the various systems is difficult and only a discussion of 

general trends wi I I be presented. 

2:5. I Heat Exchanger Design and Performance 

The three basic heat recovery heat exchanger designs are; 

tube-in-tube, she! I and tube, and coi 1-in-tank (Figure 2: 12) . 

2:5. I. I Tube-in-Tube 

The tube-in-tube heat exchanger is normally counter flow, 

with the refri ge rant vapour in the outer tube or annulus 

and the water in the inner tube. Thi s type of exchanger 

is popular because of its simple construction and 

relatively high heat transfer characteristics. 

Performance characteristics of this design have been 

studied in New Zealand by Carter and Fisher (1979) using a 

commercially avai Jab le heat exchanger with an area of 

0.2617 m2 . Overall thermal conductance (U) was 

determined for a number of water flow rates and refrigerant 

head pressures, and for water passing ' once-through' and 

circulating. This data is presented in Table 2:3 and 

Table 2:4. 

The results show that circulating the water gives 

considerably Jess heat transfer than the 'once-through' 

system does. This is to be expected from heat exchanger 

theory. 
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TABLE 2:3 

Summary of U values and water temperatures for a tube-in-tube heat 

exchanger water 'once-through' (Carter and Fisher, 1979) 

Head Pressure Water F 1 ow Rate Water u 
Temperature 

kPa 1 . h - l oc -2 o -1 
W.m . C 

896 min. 35 58 180 
max. 220 51 950 

830' min. 35 55 180 
max. 195 50 780 

725 min. 55 43 175 
max. 180 33 600 

TABLE 2:4 

Su1 .1mary of U values and water temperatures for a tube-in-tube heat 

exchanger recirculating 180 litres (Carter and Fisher, 1979) 

Ti me Water Flow Rate 

h 1 .h - l 

220 550 

u Water u Water 
Temperature Temperature 

-2 0 -1 
W.m . C oc -2 0 -1 

W.m . C oc 

0 1260 15 1700 15 

480 35 650 38 

2 380 41 500 43 

3 300 44 



37 

2:5. 1 .2 Coi 1-in-Tank 

Using a 270 litre storage tank and three copper coils, 
2 

each with an area of 1 .372 m , Cromarty ( 1968) tested five 

coil arrangements as illustrated in Figure 2:13. He 

concluded that arrangement E was the most efficient since 

it gave the greatest percentage of heat recovered. 

However, on the basis of U, arrangement C was the most 

efficient heat exchanger with a value of U = 148 W.m- 2 . 0 c-l 
-2 o -1 

compared with 66 W.m . C for arrangement E. This is 

understandable in that the max i mum refrigerant film 

coefficient wi II be for the arrangements which are not in 

parallel fl°"' (i.e., D and E) . The va lue of U, of 

148 W. m- 2 . 0 c-l, is 15% lower than the minimum value 
-2 o -I 

achieved in Table 2:3 (175 W.m . C ) . This difference 

is expected in that wa ter film coefficients under 

cond itions of laminar flow are relatively low in 

co i 1-in-tank heat exchangers. 

2:5. 1.3 Shel 1 and Tube 

Based on limited data (heat exchanger design texts) it is 

anticipated that a 'once-through' shell and tube heat 

exchange r would perform be tter than the coi I-in-tank and 

recirculating tube-in-tube heat exchanger, but wo rs e than 

the tube-in- tube ' once-through' type. The reason for this 

is that water flows would be sp lit between tubes thus 

reducing fi Im coefficients. The refrigerant film 

coefficient may also be less than the tube-in-tube type, 

depending on the intertube area of flow. 

2:5.2 Desuperheater Heat Recovery System Performance 

2 :5.2 . 1 In-line Heat Exchanger - 'Once-Through' 

The in-line heat exchanger is mounted in the refrigerant 

line between the compressor and the condenser. The water 

i s passed 'once-through' on its way to the storage cylinder, 
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at a flow rate that will give the required volume at the 

end of the cooling time (Figure 2:14). 
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Performance testing of this type of heat recovery system 

has been conducted in New Zealand by Carter and Fisher 

(1979, 1982). Results on water flow rates and temperatures 

are presented in Table 2:3. In terms of heat recovery 
* efficiencies , their system was only 20%-30% efficient. 

C.O.P. 's for the tests conducted ranged from 2.6 to l .8 

depending on vat temperature, condenser pressure and 

ambient temperature. In general, C.O.P.'s decreased with 

decreasing vat temperature, increasing condenser pressure 

and increasing ambient temperatures. 

However, the tests did not simulate normal milk loading 

operations (temperature and flow rates). Therefore, the 

results do not give a true indication of the effects of 

changing conditions on total heat recovery, cooling times 

and power consumption. 

Vickers (1980) found that heat recovery, using and in-line 

heat exchanger, produced warm water at 41°C for a flow 

rate of 50 l .h-l. The flow rate was designed to give 

300 l .day-l for 6 hours cooling time. A total of 1650 

litres was cooled from J8°C to 4°c, which resulted in a 

heat recovery efficiency of 33%. 

2:5.2.2 In-line Heat Exchanger - Circulating 

Carter and Fisher (1979, 1982) found that the circulating 

system tested was only 24% efficient in heat recovery. 

Water temperatures achieved at hourly intervals are 

presented in Table 2:4. 

Kolesch (1979) found that heat recovery efficiencies of 

25% were obtained with a simi Jar system when heating 

* Heat recovery efficiency is defined as the heat recovered 

expressed as a percentage of the heat removed from the milk. 
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0 0 
water from 15 C to 43 Cat condenser pressures ranging from 

630 kPa gauge to 790 kPa gauge. 

Kolesch also found that a shell and tube system was 18% 

efficient and was only capable of raising tap water to 

38°c. 

2:5.3 Complete Condensing Heat Recovery Systems 

Complete condensing systems are simi Jar to the desuperheating 

systems illustrated in Figure 2:14, except that the air cooled 

condenser is omitted in some instal I at ions. 

2:5.3. l Complete Condensing - 'Once-Through" 

Fleming and O'Keeffe (1977) investigated a 'once-through' 

full condensing system and found that, at condensing 

pressures ranging from 1100 kPa to 1520 kPa, the amount of 

heat recovery ranged from 500 litres at 35°c to 170 litres 

at 60°C. 

Under normal operating conditions, in a milk cooling 

situation, the system tested produced water at 56°c. It 

was calculated to be 80% efficient in heat recovery. It 

was also found that 20% more power was required for the 

heat recovery system than that required for a simi Jar 

sized unmodified air cooled system. 

2:5.3.2 Complete Condensing - Circulating 

Kolesch (1979) found that systems condensing the 

refrigerant by circulating water through a heat exchanger 

were able to recover 50-60% of the available heat. 

Efficiencies higher than this are difficult to achieve 

because increasing hot water temperatures caused the 

condenser pressure to increase. This is in agreement with 

results from the work of Carter and Fisher (1979), showing 

that heat transfer coefficients decrease with rising water 

temperatures. 



Peterson (1979) also tested two examples of this system 
0 and found that 60 C water could be produced. However, 

there is insufficient information to calculate the 

efficiency of the system. 

2:5.3.3 Complete Condensing - 1 Coi l-in-Tank 1 
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Cromarty (1968) conducted tests on various coi 1 arrangements 

(Figure 2:13) in a 270 litre cylinder under environmental 

temperatures of 10°C, 21°C and 32°c. The conclusions 

reached were that:-

1) A triple pass parallel flow heat exchanger 

(arrangement E) was the most efficient with 71 % of 

the available heat being recovered as 270 1 itres of 

59°c water. 

2) Heat recovery increased compressor power consumption 

but reduced air condenser fan operation. (Fan 

switching was used as a means of control ling 

condenser pressures.) 

3) Increasing condenser pressure to 1100 kPa allowed 
0 vapour pressures to reach 100 C. Under these 

conditions fans only operated for 30% of the time 

and satisfactory milk cooling rates were obtained. 

4) Increasing envi ronmenta 1 temperatures increased 

cooling times and power consumption. This is 

consistant with results obtained by Carter and 

Fisher (1979, 1980). 

Ubbels and Bouman (1979) found that a complete condensing 

coi 1-in-tank system could economically produce 58°c water. 

This conclusion was based on the principle that heat 

recovery should only continue as long as it recovers more 

energy than the extra required by the refrigeration system. 

To determine this point, Ubbels and Bouman developed the 

following equation, which is derived in Appendix A2. 
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..... Eqn 2:7 

where COPRc = COP refrigeration with heat recovery 

COPRca = COP refrigeration without heat recovery 

COPH = COP of heat recovery 

Heat recovery is only economical for values of Kes l 

Timmons et al. (1977) studied a simulated coi 1-in-tank 

system with and without a suction cooled compressor. The 

results obtained showed that 57% and 61 % of the heat was 

recovered at 57°c and 61°C for non-suction and suction 

cooled compressors respectively. 

The simulation indicated that total power consumption 

increased by approximately 31 % , probably due to the 

higher head pressures and longer running times,as a result 

of the heat recovery exchanger. 

2:5.4 Condenser Pressure Control 

The need for maintaining minimum and maximum condenser 

pressures has led to the use of a number of condenser pressure 

control systems. 

2:5.4. l Minimum Condenser Pressure Control 

The increase in condenser circuit area due to the addition 

of the desuperheater heat exchanger results in reduced 

condenser pressures, especially under low ambient 

temperature conditions. Condenser pressures below a 

certain point (the value varies with the refrigeration 

system) results in either low heat recovery temperatures 

or malfunctioning of the expansion valve,due to 

refrigerant boiling in the evaporator liquid line. 
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Control of condenser pressure is either by switching of 

electric fans (Kolesch, 1979) or by capacity regulating 

valves (Carter and Fisher, 1979). Fan switching has the 

disadvantage of insufficient motor cooling in non-suction 

cooled compressors,whereas capacity regulating valves, due 

to their high head loss characteristics, require a 

compressor/receiver by pass line and pressure regulating 

valve to maintain receiver pressure (Figure 2:15). 

2:5.4.2 Maximum Condenser Pressure Control 

All circulating and coi I-in-tank systems either dump heat 

through an air cooled condenser (Cromarty, 1968; Ubbels 

and Bouman, 1979; Kolesch, '.979; Timmons et al., 1977) or 

dump hot water (Kolesch, 1979) as a means of control ling 

the maximum condenser pressure. 

It is important to note that it is inefficient to recover 

high grade heat (water above 50°c) to 1 ater dump it as a 

means of control 1 ing condenser pressure. 

2:6 EFFECT OF HEAT RECOVERY ON WATER HEATING 

The savings in hot water heating costs gained from heat recovery 

have been reported for several systems. 

Peterson (1979) found that heat recovery saved 74% for a 55 cc,.-,i 

herd, 71% for a 200 CO,t,J herd, 71 % for a 90 caw herd and 85% for a 

250 caw herd. Kolesch (1979) gave a range of 24% to 85% savings 

from heat recovery for herds of 50 to 188 cows. 

There is no New Zealand data to confirm if similar savings can be 

achieved under local management and climatic conditions. However, 

assuming similar conditions of:-

1) system capacity 

2) water volumes and temperatures 

3) heat 1 oads 

4) exchanger efficiency 



1 "41 , !Compressor .,_ _______ ..,.•----------, 

Condenser 

Condenser Pressure 
Control Valve 

X·· 

FIGURE 2:15 

By-Pas s Line 

Receive r Pressure 
Control Valve 

Rece iver 

Schematic diag ram o f a refrigeration sys t em 
with a re fri ge ran t vapour by - pass 1 ine and 
rece iver press ure control valve 

Evaporator 

.::­
v, 



a theoretical estimate of 50%-60% may be made. Confirmation of 

this estimate would have to be obtained experimentally. 

2:7 DISCUSSION AND CONCLUSIONS 

To meet the major milk quality standard of less than 100,000 

bacteria colonies/ml, water heating and milk cooling have become 

an integral part of dairy shed operations. 
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0 0 Water temperatures ranging from 50 C to 90 Care required for the 

majority of approved plant cleaning systems while, under New 

Zealand conditions, water volumes of approximately 1 .7 litres/ 

cow.day are required, depending on plant size. Electricity 

requirements for this operation have been estimated to be, on 

average, between 40%-55% of the total farm requirements. 

Milk cooling, to meet Government regulations, is most efficiently 

achieved by removing 50% of the 109 (121) MJ . m-3heat load through 

an in-line plate heat exchanger with the remainder being removed 

by a direct expansion refrigeration system at a rate of 
-3 -1 14 (15) MJ.m .h . The electricity requirement is reported to be 

in the range of 15%-25% of the total farm requirements. 

Two basic heat recovery systems have been used with the 

desuperheater systems achieving efficiencies in the range of 

24% to 35% and SO% to 80% for complete condensing systems. The 

overall effect of heat recovery has been to reduce water heating 

electricity requirements by 24% to 85%. 

To offset this saving, heat recovery systems have increased 

refrigeration power consumption by between 20% and 31%. In 

general, heat recovery has been achieved on dairy farms by adding 

a heat exchanger to an existing air cooled condenser system. 

There is only one reported instance of a water cooled condenser 

being used for a complete condensing system. The use of a water 

cooled condenser as a means of preheating water for a 

desuperheater has not been reported. 
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Three heat exchanger designs have been investigated with counter 

flOd, as opposed to coi 1-in-tank, systems being the most efficient 

in terms of overall thermal conductances,with values of 175 to 950 
-2 0 -1 

W.m . C for a tube-in-tube counter flOd 1once-through 1 design 

and 66 to 148 W. m- 2 . 0 c- 1 for . 1 . co1 -in-tank designs. Recirculating 

systems gave results between those of tube-in-tube and coi 1-in­

tank. Water temperatures of 38° - 65°c have been recorded, with 

one coi 1-in-tank system becoming uneconomical over 58°c. The use 

of extended surface area on the refrigerant side, for heat recovery 

heat exchangers, has not been reported. 

The level of heat recovery and the temperature of the hot water 

produced was reported to be affected by condenser pressures 

ranging from 630 kPa to 1520 kP, .. Some form of condenser pressure 

control required the use of regulatory valves or the dumping of 

heat through air cooled heat exchangers or as hot water. 

Variations in heat recovery heat exchanger area, refrigeration 

capacity, and the relationship between milk and water volumes have 

made it difficult to conclude which overall system is best. It is 

apparent that the selection of any heat recovery system wi 11 be 

largely dependent upon the relationship between the volume of water 

to be heated and the volume of milk cooled,with high volumes of hot 

water being provided by complete condensing systems and low volumes 

by desuperheating systems. 
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CHAPTER 3 

EXPERIMENTAL DESIGN 



A study of the areas requiring further investigation, discussed in 

Section 2:7, suggested that three experiments should be designed. 

1) To develop a heat recovery exchanger, incorporating secondary 

refrigerant area. 

2) To evaluate the effect of different operating conditions on 

system performance and heat recovery. 
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3) To predict the performance of heat recovery systems under field 

conditions. 

3:1 EXPERIMENTAL BASIS 

The experiments were modelled around a 210 COl>I herd. A 2.25 kW 

direct expansion Freon 12 refrigeration system was used to cool a 

2250 litre uninsulated vat, as this enabled a comparison with 

actual operating conditions at a nearby town supply farm (Massey 

University No.1 Dairy Unit). 

A cooling load of 2000 1 .day-l was selected with a 40/ 60 split 

between evening and morning mi !kings. An average fl°"' into the 
-1 0 

vat of 12 1 .min at 23 C was measured at the dairy and was used 

in the refrigeration trials. 

-1 
To comply with the regulations (Section 2:2.2), 300 1 .day of hot 

water at temperatures up to 95°C was required. 

For the milk and hot water volumes selected, theoretical 

calculations (Appendix A3) sh01>1ed that a complete condensing 

'once-through' system was not a viable alternative. This was 

supported by Fleming and O'Keeffe (1977). Therefore, a 

desuperheater system was selected. 

3:2 EXPERIMENT I 

A tube-in-tube heat exchanger was selected as the basic design for 

the desuperheater unit. To improve heat transfer, a spiral 
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finned tube was used with the refrigerant flowing over the fins. 

Increased turbulence in the water tube was achieved with cores. 

To establish performance characteristics of the selected design, 

U values were determined for:-

1) Refrigerant flows of 2.0, 1.5, I .2 and 0.7 1.min - I 

(The lowest flow rate was chosen to evaluate the effect of 

parallel flow.) 

2) A water flow rate of 0.63 1 .min-l to obtain 300 litres in 

8 hours of cooling 

(To estimate the performance under turbulent and laminar 

flo.-J conditions, flow'" of 1.4, 0.63, 0.4 and 0.31 l.min-J 
-1 

were selected. The 0.31 1 .min flow was half the required 
-1 

flo.-J of 0.63 1 .min . It was chosen to match the 

refrigerant parallel flow configuration.) 

3) Water inlet temperatures of 15°c and 30°c 

(These temperatures were selected as the 30°c could be 

achieved in a water cooled condenser, whi 1st 15°c 

corresponded to tap water.) 

The various combinations of these variables used to obtain the 

design information are presented in Table 3:1. 

3:3 EXPERIMENT I I 

3: 3. l Condenser System 

The condenser system consisted of a primary heat exchanger for 

heat recovery (in which some condensation could occur) and a 

secondary heat exchanger for condensation. The secondary heat 

exchanger was either air or water cooled. 

3:3.2 Condenser Pressures 

Four condenser pressures were selected to evaluate the effect 

of condenser pressure on system performance. The maximum was 



Run 

~ 

2 

3 

4 

5 

6 

7 

8 

9 

!O 

l l 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

TABLE 3:1 

Sequence of settings for Experiment I 

Regri gerant Water 

( 1 

Flow Temperature 
-1 min ) (oc) 

2.0 30 

2.0 30 

2.0 15 

2.0 15 

l.5 30 

l.5 30 

1.5 15 

l.5 15 

l.2 30 

l .2 30 

l.2 15 

l.2 15 

2 .0 30 

2.0 30 

2.0 30 

2.0 15 

2.0 15 

2.0 15 

0.7 30 

0.7 15 

l.9 30 

1.9 15 

(X denotes without cores) 

(0 denotes with cores) 

Water 
Flow 

( 1 -1 min ) 

l. 4 

0.4 

1. 4 

0.4 

l .4 

0.4 

1. 4 

0.4 

1 .4 

0.4 

1. 4 

0.4 

0.4 

o.6 

l .4 

0.4 

0.6 

l .4 

0 . 3 

0.3 

0.3 

0.3 
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Cores 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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set at 1200 kPa, since higher pressures were expected to be 

detrimental to the compressor's service life and require 

excessive increases in compressor power consumption. To avoid 

the risk of the refrigerant boiling in the liquid line, the 

minimum condenser pressure setting used was 650 kPa to 

accommodate the headless through the secondary heat exchanger, 

receiver and the evaporator liquid line. Intermediate values 

of 750 kPa and 1000 kPa were selected to complete the range. 

3:3 . 3 Milk Temperatures 

Based on field requirements and the literQture (Section 2:1 .2.2), 

milk inlet temperatures of 18°c and 23°c, and final temperatures 

of 7°c and 4°c, were selected. 

3:3.4 Suction Superheating 

The effect on system performance of increasing suction superheat, 

by using discharge water from the secondary water cooled heat 

exchanger,was investigated. (This technique has received 

little attention in other work on heat recovery on dairy 

farms.) 

3:3 .5 Primary Heat Exchanger 

The effect of the primary heat exchanger on systeri efficiency, 

in particular compressor power consumption, was investigated 

for the air cooled condenser system by testing the unit with 

the primary heat exchanger removed. The water cooled 

condenser system was not tested in this way, as the primary 

and secondary heat exchangers were considered to be an 

integral unit, i.e., the secondary always preheated the water 

for the primary. 

3:3.6 Receiver Pressure 

One run was conducted with a receiver pressure of 700 kPa to 

evaluate the effect of changing receiver pressure. For other 

runs the receiver pressure was 600 kPa. 



To obtain the required data, 18 runs were conducted as listed in 

Table 3:2. 

3:4 EXPERIMENT II I 
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Concurrent with Experiments I and I I , a monito r ing programme was 

conducted on a nearby town supply far m (Massey University No. 1 

da iry farm). The objective of thi s experiment was to collect data 

on 

1) Milk and water volumes and temperatures 

2) Refrigeration, water heating and total power consumption 

3) Refrigeration and water heating ope rating times 

such that the laboratory results could be related to the field 

situation. 

From relationships established, the effect of the final heat 

recovery system (developed in Experiment I 1) on dairy shed ene r gy 

requ irements, under field conditions, was estimated . This 

a nalys is enab led the i mpact of refrigera tion heat recove ry, on the 

New Zealand Dairy Industry, to be predi cted. 



TABLE 3:2 

;'r 
Summary of test runs for Experiment I I 
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Run No. Condenser Condenser Milk Inlet Milk Final Primary 
System Pressure Temperature Temperature 

(kPa) (oC) (oC) 

W12 Water 1200 23 4 Yes 

WlO Water 1000 23 4 Yes 

Wl0/18 Water 1000 18 4 Yes 

W7 Water 750 23 4 Yes 

W7/7 Water 750 23 7 Yes 

W7/7/18 Water 750 18 7 Yes 

W7/18 Water 750 18 4 Yes 

W6 Water 650 23 4 Yes 

Al2 Air 1200 23 4 Yes 

Al2/NP Air 1200 23 4 No 

AlO Air 1000 23 4 Yes 

AlO/NP Air 1000 23 4 No 

Al0/18 Air 1000 18 4 Yes 

A7 Air 750 23 4 Yes 

A7/NP Air 750 23 4 No 
;";-!: 

A7/7B Air 750 23 4 Yes 

A7/18 Air 750 18 4 Yes 

A6 Air 650 23 4 Yes 

* Note that the runs were not necessarily conducted in the sequence 
shown 

** Receiver pressure of 700 kPa (7 Bar) 
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CHAPTER 4 

EXPERIMENTAL EQUIPMENT, METHODS AND DATA ANALYSIS 



4: 1 LABORATORY PLANT 

4:1. 1 Mechanical Equipment 

4: 1.1 .1 Refrigeration System 

A schematic diagram of the refrigeration system used is 

presented in Figure 4:1. This may be compared with the 

photographs in Figures 4:2 to 4:5. A wiring diagram and 

arrangement drawing are presented in Appendix A4: 1. 
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From the 2.25 kW direct drive sealed compressor unit 

(Figure 4: 1 and 4:5), refrigerant passed through the 

primary heat exchanger, one of the secondary heat 

exchangers and the refrigerant flow meter to the receiver. 

A solenoid shut-off valve, connected to the vat thermostat, 

allowed the refrigerant to pass to the 7 kW capacity 

evaporator via a second flow meter, liquid/vapour heat 

exchanger, drier and thermostatically control led expansion 

valve (Figure 4:5). The vapour from the evaporator then 

passed through a suction superheater before entering the 

comp res so r. 

The system was designed to al low flexibility in the 

routing of the refrigerant through the condenser circuit 

such that varying proportions of refrigerant flow could 

by-pass the test primary heat exchanger and refrigerant 

f 1 ow meter for Experiment I . and a 11 ow the comp 1 ete 

isolation of the primary heat exchanger in Experiment 11. 

Condenser pressure for the air cooled secondary heat 

exchanger was controlled by a 'Danfoss CPR' valve 

(Figure 4:3). The CPR valave restricted the flow of 

refrigerant from the heat exchanger unti 1 the heat 

exchange area had been sufficiently reduced to cause the 

pressure to rise to the preset level required to open the 

valve against the adjustable spring. 
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FIG URE 4:2 

Plate showing A) experimental plant and 
B) instrumentation 
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F I GURE 4: 3 

Plate showing A) a ir and B) wate r coo l ed 
condense r s and C) refrigerant contro l valve 

CPR and D) WU FM 20 
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FIGURE 4:4 

Plate showing A) compressor and B) refrigerant 
control valve (CPC) 
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FIGURE 4:5 

Plate showing A) evaporator, B) expansion valve, 
C) heat exchangers and D) evaporator refrigerant flow 
meter. 
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Condenser pressure control, for the water coo led secondary 

heat exchanger, was by a 1 Danfoss WUFM20 1 valve 

(Figure 4:3) . This valve varied the water flow rate through 

the secondary heat exchanger such that the vapour pressure 

acting against a diaphragm was in equilibrium with the 

pressure exerted by an adjustable spring. 

Receiver pressure was mainta ined by a 'Danfoss CPC 1 valve 

(Figure 4:3) in the by -pass line (Figure 4:1) in the case 

of the air cooled condenser system , and by valve V6 for 

the wate r cooled system. The CPC valve operated in a 

similar manner to the CPR valve by va rying the refrigerant 

vapour f low so as to maintain a constant downstream 

(Recei ver) pressure. 

4:1 . 1 .2 Heat Recovery Exchangers 

Stainless steel and copper finned tubing were se l ected as 

the basis for the heat exchanger design as they we re 

readily available, co rrosion resistant and complied with 

the requirements of Section 3:2. 

The des i gn claculations (Appendix A4:2) resulted in the 

heat exchanger consisting of:-

1) 9 mm OD stainless steel copper finned tube 

(158 fins per meter) 

2) 4.7 mm OD stainless steel core 

3) 31 .75 mm OD stainless steel outer tube 

4) 20 mm 1 armaflex 1 foam tube insulation. 

This arrangement gave a pri mary water heat transfer area 

of 0 . 0216 m2 , a secondary fin area of 0.264 m2 and a 

refrigerant heat exchange area of 0.28 m
2 

(fins plus bare 

tube) . 



The design of the ful I size primary heat exchanger for 

Experiment 11 is discussed in Section 5:5. 

4: I . 2 I ns t rumen tat ion 

Monitoring points a re shown in Figure 4:1. 

Pressures were measu red at six points with Bourdon gauges 

(Figure 4:3); three for the condense r circuit and the other 

three in the evaporator ci rcuit. Temperatures were read at 
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18 points with copper constantan thermocoup l es, using a digital 

mu lti meter and an i ce/water cold junction (Figure 4:2). 

Total power consumption for the compressor and the fans was 

measured with single phase k\4h me ters, while instantaneous 

power was measured with a 1 Ca mb ridge 1 load analyser. In 

addition, the voltage cur ren t per phase, and power factor 

(P.F.), were measu red, from which the instantaneous compresso r 

power cons umption coul d al so be calculated. 

Two 6.25 mm turbine flow meters were used to measure the 

refrigerant flow entering the receiver and the evaporator 

(Fi gures 4:3 and 4:5). Primary wa ter flow was measured with 

a low head turbine f low me ter, developed in the Agricultural 

Engineering Department, Massey University (Studman and 

Comp t on, 1982, Fi gu re 4:3). Pulses from thesP. three meters 

were counted by 1 Racal I counters. Secondary water flow rate 

was measured by collecting a weighed volume of water over 

30 seconds. Water flow rates through the suction supe rh ea ter 

were measu red with a measuring cylinder and stop watch. 

Calibration data and error ca lculations are presented 1n 

Append i x A4:3. 

4 : 2 FIELD PLANT 

A schematic v i ew of the field plant is presented in Figure 4:6 

and a wiring diagram i s given in Appendix A4:l.2. 
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Instrumentation 

Temperatures at six points were measured with copper constantan 

thermocouples and recorded on a multichannel chart recorder. 

Calibration was by ice and boiling water. Water volumes for 

the two water heating cylinders were measured with 'Kent' 

water meters. 

P°"'er consumption for milk cool i ng, water heating and total 

farm P™er was measured with kWh meters. Cooling and heating 

ti mes were determined fro m data recorded on a mult i channel 

event recorder. 

4:3 EXPERIMENTAL METHODS 

4: 3. 1 E xpe r i men t I 

For each of the twenty two tests 1n Table 3 : 1, the following 

procedure was adopted. 

1) A constant refrigerant f l°"' in the system was obtaine d 

by establishing a constant water flow rate over the 

evaporator, i.e . , constant refrigerant load i ng . 

2) A constant condensing pressure of 800 kPA was set up 

in each of the two seconda ry heat excha nger circuits. 

3) Water fl°"' rates were adjusted using valve VB in 

Figure 4:1 (with valve V9 closed) for 30°C water, or 

valve V9 (with valve V8 closed) for 15°c water. 

4) Refrigerant fl°"'s were controlled with valve Vl, while 

valves V3, V4 and V6 were open, and valves V2 and V5 

were closed. 

5) After the system stabilised (approximately 60 minutes 

after start up and 10 minutes between settings) readings 

of temperature, pressure and fl°"' were taken. 
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Although each run in Table 3:1 was independent , t he experiment 

was not conducted on a random basis due to ope rat ing 

difficulties and t he time required for stabilisation . 

Therefore , once the refrigerant flow was ad justed to the 

req uired level, al 1 r uns at that sett i ng were carried out. 

The procedure was than repeated for a new refrigeran t f low. 

4 :3.2 Experiment I I 

The test r uns conducted i n this experiment are presented in 

Table 3 :2 . The fol lowing procedure was adopted for each run. 

1) The selection of system conditions (Table 3:2 ) , (system 

loadi ng , condenser pressure and pri mary water flow 

rates) were made by adjusting the requ ired control 

va l ves and hand shut-off valves (Vl to V9) . Milk 

loading temperature was achieved by adjusting the gas 

flQv.l at the heat exchanger (Figure 4:1 ) . 

2) The refrigeration system was started at the same ti me 

as the milk flow (sys tem loading) commenced. System 

loading was 800 l itres fo l l owed by 1200 l i tres 

(si mulating evening and morning mi l kings). 

3) Fin al adjustment of condensing pressure and pri mary 

water flow ra t e was made within 20 mi nutes of init i al 

start- up. 

4) Readings at al 1 data collection po i nts we re made at 

30 mi nute intervals unti 1 the final tempe ratu re was 

reached, at which poi nt only totals of pQv./e r 

consump tion, ti me and re frigeran t volume were recorded. 

An additional run was conducted under the same conditions as 

Run WlO (Table 3:2) but with the suction superheater operating. 

Modificati ons to val ve V9, a nd the thrott ling of the pri mary 

heat exchanger flow (valve VlO), we re required to fo rce the 

water through the suction superheater. 



4 : 3 . 3 E xpe r i men t I I I 

Data on a continuous basis was col lected by the chart 

recorders for the temperatures and events specified in 

Secti on 3:3. Each chart was marked with the date and ti me 

dai ly. 
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Power meters were read daily between mi lk pick up and water 

cylinder filling (8.00 a. m. - 8 . 30 a.m.). This time was 

selected for conven i e nce and because it was the on ly period in 

the day when both the refrigeration and wate r heatin g systems 

we re off . 

Mil k and water vo lumes were measured after each milking a nd 

cyl inder fi ]ling respectively. 

Signif icant events, such as cylinder over fi ]l ing, were noted . 

The reco rding period was over 50 days f r om l November 1980 to 

22 December 19 80. 

This experiment was in two parts , the first of which is 

presented in this thesis, whi le the second , monito ri ng o f hea t 

recovery systems under fie ld conditions, is continu ing . 

4:4 DATA ANALYS IS 

4:4. l Experiment 

The performance of the test pri mary heat exchanger was 

measured in terms of the overall thermal conductance (U) as 

expressed by the equation; 



where 

= 
Q 

6t A 
m 

..... Eqn 4:1 

Q = Heat flOv./ into the water (kW) 

~ X Sp H t X 6t ..... Eqn 4:2 

Mass flOv./ of wate r X specific heat X 

temperature rise 

6tm = Log mean te mperature difference (0 c) 

A = Area of the refrigerant side of the 

primary he?t exchanger (m2) 

= 10.72 X Area of the wate r tube 

A comparison of the U values for the conditions tested 
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(Table 3:1), in conjunction with the headlosses across the 

heat exchangers, were used for the design of the final pri mary 

heat exchanger. 

4:4 .2 Experiment I I 

A computer was used to process the large vo l ume of data. The 

list of va riables processed, together with computer programs, 

sample data sheets and calculations are presen te d in 

Appendix A4:4. 

Analysis of the refrigeration system and the primary heat 

exchanger performance required the determination of certain 

key variables from the raw data. These va riables were; 

l) The COP (refrigeration) 

2) The COP (heat recovery) 

3) The refrigerant mass flow 

4) The refrigeration effect (R.E.) 

5) The primary heat exchanger heat flOM 

6) The instantaneous compressor power consumption. 
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Calculations of l) to 5) above, required, at some stage, the 

determination of either refrigerant specific enthalpies, 

specific heats and/or liquid density. Since the large number 

of data points made the use of refrigerant tables 

impracticable, equations in terms of pressure (bars abs.) and 

temperature (°K) were used. Sources of these equations and 

error calculations are listed in Appendix A4:5. 

4:4.2.1 Equations of Refrigerant Properties 

The following equations were used:-

1) Saturation pressure (PSAT) 

= (TSAT - 157.564)3.8226 

85.69 
..... Eqn 4:3 

where TSAT = Saturation temperature (°K) 

2) Speci fie heat of the superheated vapour (CVAP) 

(0.003849 X PSAT) 
0.61244 X 10 

..... Eqn 4:4 

3) Specific heat of the 1 iquid (Cf) 

-3 
o.819566 - o.894247 X 10 TSAT 

-6 2 
+ 4.9062 X 10 TSAT ..... Eqn 4: 5 



70 

4) Specific volume of the liquid (Vf) 

V = 1
/p = 11(558.025 + 0.777K + 17,943Ko. 5 

f f 

+ 117.4362Ko. 333 - 3.40204 X I0- 4K2) 

.... . Eqn 4: 6 

where K = Triple point temperature - TSAT 

5) Liquid enthalpy (hf) 

hf = ( -1 87 .36287 + 0.819566 TSAT 

- 3 2 -6 3 
+ 0.4471 X 10 TSAT + 2.4531 X 10 TSAT) 

-4 
(VfTSAT + 6.556 X 10 ) 

+ ----------- X (PSAT - 0 .6417) 
2 

6) Heat of vaporization (hj
9

) 

h = fg 

( -0 . 0 11 X P SAT) 
165.063 X 10 

7) Superheat entha l py (hSH) 

..... Eqn 4:7 

... . . Eqn 4:8 

hSH = hf + hfg + (TSH - TSAT) CVAP 

..... Eq n 4:9 
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4:4.2.2 Calculation of System Variables 

Equations for basic system variables are summarised below 

together with derived error calculations in Appendix A4:S.2. 

1) Refrigeration Effect (R.E . ) 

RE = 

2) Refrigerant Mass Flow (M ) 
r 

M = 
r 

-1 
Refrigerant fl ow (1 . min ) 

60000 X Vf 

3) COP refrigerat i on (COP) 
r 

RE X M 
r 

(Ref. Eqn 2:5) 

. .... Eq n 4: 10 

COP = 
r Instanta neous Compressor Power 

... .. Eq n 4 : 11 

4) Heat Recovery Rate (Q) 

Q = M X Sp Ht x 6t 
w w 

(kW) ..... Eqn 4:2 

where M = the w 
primary water flow (kg.s- 1) 

Sp Ht = the speci fie heat of the water 
w 

6t = the temperature rise 
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5) COP heat recovery (COPh) 

Q 

Instantaneous Power Consumption 

..... Eqn 4:12 

The results of these analyses were used to se l ect the final 

settings of the heat recovery system which wou ld achieve 

satisfactory cooling while recovering the greatest quantity 

of heat as hot water. This selection was made using the 

equation for Ke in Section 2:5.3.3 (Eqn 2:7). 

4:4. 3 Experiment 111 

4:4.3. 1 Water Heating 

Total water heating power consumption figures were 

al located to heatin g and stand ings loads according to data 

from the event recorder. An estimate of theoretical powe r 

consumption for the measured water vo lumes was also made. 

From this data, regression relationships for these 

variab l es were determined to g i ve predictions of water 

heating pO,<Je r requiremen ts and the effect of heat recovery. 

4:4.3.2 Refrigerat i on 

Raw data was processed in the same mann~ r as for water 

heating. However, instead of estimating theoretical power 

consumption, an estimate of the COP of refri gerat ion was 

made, where: -

COP = 
Val . X Sp Ht X 19°c + Val . X Sp Ht X tit even ing morning 

Total Power X 3600 

.... . Eqn 4: 13 

H S ·f · h (kJ.kg- 1•0 c- 1) where Sp t = pec 1 , c ea t 

~t = Mi x temperature - Pick up tempe rature 
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Vo l . X 4°c 
e ven Ing + Vo 1 • X 23°c morn Ing Mix temperature = 

Total Vo lume 

.. . .. Eqn 4:14 

Regression relati onships between mi lk vo l ume coo led and 

power consumption were de term ined to predict the impact of 

heat recove ry. 

4:4. 3. 3 Total Po.ver Consumption 

Refrigeration and water heati ng power, as percentages of 

tot a l power consumption, we re calculated in order to 

compare them with the literatu re . 
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CHAPTER 5 

EXPERIMENT I RESULTS AND DISCUSSION 
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5: l TEST PRIMARY HEAT EXCHANGER WITHOUT CORES 

Calculated results of overall thermal conductance (U) and Reynolds 

Number (Re) for water, at the refrigerant flow rates tested (Table 

3:1),are presented in Table 5:1 and Figure 5:1. 

The results show that there were no significant changes in U for 

varying refrigerant flow rates over the range tested. 

Increasing water flow rates (t\; ) increased U values significantly. 

This was expected since the low flow produced laminar conditions 

(Re< 2100) while the two high flows (1.30 and 1.40 l.min- 1) 

produced turbulent conditions (Re> 4000). 

Increasing water inlet temperatures had no significant effect on 

U for the low water flow rates,as the flow re gi me re mained 

laminar for both inlet conditions, i.e., Re< 2100. For the high 

water flow rates, the effect of inlet temperature could not be 

determined as the two water flow rates differed. The effect of 

these two flow rates, in conjunction with the temperature effect on 

water viscosity, was to increase U by approximately 0.3, i.e., 

a small significant difference. Results from Section 5:2 indicate 

that the effect of water inlet temperature was s mall and therefore 

a large proportion of the difference in U values can be attributed 

to the differences in water flow rate. 

5:2 TEST PRIMARY HEAT EXCHANGER WITH CORES 

Results of U values for the four water flows and two inlet 

temperatures tested are presented in Table 5:2 and Figure 5:2. 
' (Corresponding values from Table 5:1 are also presented in 

Figure 5:2 for comparison.) These tests were conducted at the 

high refrigerant flow on the assumption that the magnitude of the 

effect would be the same for the other refrigerant flow rates. 

There was a significant increase in U due to the action of the cores. 

This was particularly true for the low flow rates as the flow regime 

moved from laminar to turbulent flow on the insertion of the cores. 



Refrigerant 

Flow 

-1 
( 1. mi n ) 

2.0 

1.5 

1 .2 

Note: 

TABLE 5:1 

-2 0 -1 
Overall thermal conductance (kW.m . C ) value s for the test primary heat exchanger without cores 

Low Water Flow Inlet Temperature High Water Flow Inlet Temperature 

15°c 3D°C 15°C 30°C 

u Re M u Re M u Re M u 
w w w 

-1 
( 1 .mi n ) 

-1 
( l . mi n ) -1 

( l . mi n ) 

0.098 .:!:_0.008 1777 o.44 0.096 +0.008 2029 O. 39 O . 1 39 +0 . O 1 1 4689 1 . 31 0. 169 +O. O 1 3 

0.098 .:!:_0.008 1715 0.39 0.099 +0.008 2033 0.40 0 . 1 3 7 +O . 0 l l 4590 l. 30 0 . l 70 +O . 0 1 3 

0.098 .:!:_0.008 1740 o.43 0 .096 +0 .008 1877 O. 39 0.118 +0.009 4423 1. 30 0. 15 7 +O. 0 1 3 

U is based on the refrige rant surface area of 0.28 m 
2 

U for water side = 10.7 XU for the refrigerant side 

Re M 
w 

-1 
( l . mi n ) 

6417 l. 38 

6098 1. 40 

5885 1. 43 

--..J 
(]'\ 
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TABLE 5:2 

-2 o -I 
Overall thermal conductance values (kW. m . C ) for the test pri ma ry heat exchanger 

with cores at a refr i ge rant flow of 2.0 l.min-l 

Water Flow Rates Water Inlet Temperature 
-1 ( I . mi n ) 15°c 30°C 

u Re M u Re M w w 
-1 ( I . mi n ) -1 ( I .mi n ) 

0 . 40 0. l 45 !_0.012 1269 0.41 0 . 1 5 7 +O . 0 I 3 1466 0.39 

0.60 0. 134 +0.01 I 1554 0.60 0. I 60 +O . 0 I 3 1933 0.61 

I. 40 0 . I 79 +O . 0 I 4 2995 1 .40 0 . I 89 +O . 0 1 5 3596 I .36 

Not e : 1) The critical region for annuli was s uggested by Pren gles and Rothfus (1955) to 

have a range of 700 t o 2200. 

2) U for water side = 10.7 XU fo r refri gerant s ide. 

-...J 
<X> 
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The effect of increasing water flow rates resulted in only a small 

increase in U, probably as a result of the flow being turbulent 

over the whole range and the refrigerant film coefficient being 

the limiting factor. 

The effect of increasing water inlet temperature at a fixed 

refrigerant flow was to slightly inc rease U. The effect was due to 

the reduction in viscosities as temperature increased and is 

expressed by the differences in Re. 

5:3 TEST PRIMARY HEAT EXCHANGER UNDER SIMULATED PARALLEL FLOW 

ARRANGEMENT 

-1 
Results for U and Re for a water flow of 0.31 l . min and 

- l -1 
refrigerant flows of 0.70 1.min and 1.86 1.min are presented 

in Table 5:3 and Figure 5:3 with curves from Figure 5:1 for 

comparison. Only two refrigerant flows were tested as it was 

assumed that the curves would have the same shape as those in 

Figure 5:1. The high flow of l.86 l.m i n-l wasarbitraril y selected 

to pin the maxi mum end point of the curve, not to si mulate a total 
- l 

flow of 3.72 1 .min . 

The results show that doubling the inlet temperature produced a 

small, but not significant increase in U. The U values for a flow 

of 0.31 1.min-l with cores is signif i cantly higher than for flows 

of 0.4 1. min-l without cores at the higher inlet temperatures. 

The trend was not as marked at the low inlet temperatures. 

The variation in U due to changes in refrigerant flow was greater 

than those in Table 5:1, due to the greater range tested. 

5:4 TEST PRIMARY HEAT EXCHANGER HEAOLOSS 

Headloss data for various refrigerant flows is presented in 

Figure 5:4. 



TABLE 5:3 

-2 0 -1 
Overall thermal conductance values (kW.m . C ) for the test primary heat exchanger with cores 

Refrigerant Flow Water Temperature 

-1 ( l . mi n ) l5°C 30°C 

u Re M u Re M w w 
-1 (l.min ) -1 

( l . mi n ) 

1. 86 0. 11 4 +O. 009 921 0.295 0 . l 30 +O . 0 l 0 1087 0.326 

0.70 0 . 096 +O . 00 7 784 0.315 0. l l O +O. 00 8 897 0.321 

(X) 
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5:5 PRIMARY HEAT EXCHANGER DESIGN 

5:5. 1 Basic Arrange ment 

To avoid excessive head pressures a maxi mum headloss of 

150 kPa was selected for t he pri mary heat exchanger. Based on 

a refrigerant flow range of 1 . 7 1 . min-l to 2.4 1 .min-l obtained 

from i nit i al tests it was necessary to split the refrigerant 

flow into two parallel pathways, each with a flow range of 
-1 -1 

0.85 l .min to 1 .2 l . mi n . The resulting headloss would 

therefore be in the range of 75 to 100 kPa for a 1 m length. 

To maintain counter flow in the heat e xchan ger the water path 

was a lso split. 

5:5.2 Heat Exchanger Di mensions 

The total length of heat e xchanger was calculated under 

various conditions using the eq uat i on 

L 
A Q ..... Eqn = = a a.U.t,tm 

where L = length of heat exchanger/l e g ( m) 

5: 1 

A = heat exchanger area - refrigerant side (m2) 

2 
a heat exchanger area per unit length (m /m) 

Q = heat absorbed by the water (kW) 

= Eqn 4:2 

u = overal 1 thermal conductance (kW.m- 2 . 0 c- 1) 

litm = Log mean temperature difference (oC) 

The conditions used for the calculation were:-

1) Materials and dimensions as in the test heat exchanger 

2) Refrigerant inlet temperature of 84°c 

(Based on results from tests for Section 5:3) 



3) Refrigerant outlet temperature of 37°c 

(Condensation temperature at 800 kPa) 

4) Refrigerant flows of 0.7, 1.0 and 1.2 l .min-l 

5) Water inlet temperatures of 15°c and 30°c 

6) Water ou tlet temperature of 6o 0 c 

(Based on the discussion in Section 2:7) 

-1 7) Total water flo.v rate of O .625 1 .mi n . 

U values fo r the required refrigerant flows ~vere read from 

Figure 5:3 . Values of L, calculated from Eqn 5:1, are 

presented in Table 5:4 . 

5.5:3 Final Design 

85 

Based on an avera ge refrigerant flow of 1.0 l .min-l for each 

leg, the f i na l l e ngth selected was 1.5 m. To keep the heat 

exchanger compact the fina l arrangement was four 0.75 m tubes 

arranged as two parallel units 0.75 m long in series . The 

final arrangement is shown in Figures 5:5 to 5:9. 

The expec ted headless of the arrangement i s presented in 

Figure 5:4 and was inside the required 150 kPa maximum . 

Calculations showed that no other combinations of commercially 

available cores and tubes would produce highe r Re and U va lues. 

Increasing water flow rates, while i mp rov ing the theoretical 

performance of the sys tem, was re j e cted as additional water 

would be o f little value in a commercial situation. 



Refrigerant 

Flow 
-1 

1.min /leg 

1. 2 

1 .0 

0.7 

TABLE 5:4 

Determination of the length of heat exchanger per leg 
2 

(a= 0.28 m /m) 

l'lt = (60-15)°C 1H = (60-30)°C 

ti t = 23 . 3°c 6t = 14.4°c m m 
Q = l . 005 kW Q = 0 . 670 kW 

U (kW. m- 2 . 0 c- 1) 2 A (m ) Length (m) U (kW.m- 2 . 0 c- 1) A (m2) 

0. 110 O. 39 3 1 .40 0. 127 o. 366 

0. 103 0.418 1 .49 0. 117 0.396 

0.960 0.449 1 .61 0. 110 0.423 

Length (m) 

1 .26 

1 .44 

1.51 

ex, 
O' 
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FI GURE 5:6 

Plate showing primary heat exchanger tubes 

FI GURE 5:7 

Pl ate showi ng heat exchanger end connect ion 



FIGURE 5:8 

Plate showing primary heat exchanger 1n outer cas ing 
prio r to fil ling wi th insulation 

~00 FIGURE 5:9 

Plate show ing 
primary heat 
exchanger installed 
in expe rimenta l p l ant 

· 89 
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CHAPTER 6 

EXPERIMENT I I RESULTS AND DI SC USS I ON 

• 
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6: l I NT RO DUCT I ON 

The presentation of results and discussion is in three stages. The 

effect of condenser system and pressure, the effect of milk 

temperatures and the effect of the pri mary heat exchanger on the 

performance of the system is discussed in Sections 6:2 to 6:8. 

Results and discussion f or the evaluation of the pri mary heat 

exchange~ in ter ms of the quantity of heat recovered and the 

water outlet temperature, is presented in Sections 6:9 to 6: 11. 

The evaluation of the overall refrigeration/heat recovery 

system's performance and economic viability is discussed in 

Sections 6:12 to 6:14. 

For Sections 6:2 to 6:8 the results are presente d separately f o r 

the 800 litre and 1200 litre loadings since each loading resulted 

in different operating conditions. 

The nomenclature for the runs discussed in this chapter is the 

same as that presented in Table 3:2. 

Results in the text are presented in figure form supported by 

tables of ranges, means and errors in Appendix 6:1. However, 

tables listing values referred to inthed i sc ussionare presented in 

the te xt as appropriate. 

Significance tables are used to ind i cate whether runs are 

significantly different or not in situations where there is no 

conclusive trend in the data. 

6:2 COOLING TIMES 

The lack of control over the environmental loading required the 
* correction of cooling times for a constant total loading (milk 

plus environmental). 

* Throughout the discussion in this chapter the milk substitute 

(water) wi 11 be referred to as milk, 
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The results of the correction calculations are summarised in 

Tables 6:1 and 6:2. Analysis of vat loadings showed that average 

environmental load was 9?~ of the total load (i.e., heat extracted). 

Differences for the corrected cooling times of greater than 

10 minutes were cons i de red significant. 

6:2. 1 The Effect of Condenser Pressure and Condenser System 

The effect of condenser system and pressur~ and their 

re 1 at i onsh i p with env i ron men ta 1 1 oads, can be seen in 

Figure 6: I. 

In general, the effect of condenser system on coo l ing ti mes 

was negligible, except for the A6:5 run (Table 6:3) under an 

800 litre loading. The significant reduction in cooling ti me 

for this run,compared with the corresponding run for the wate r 

cooled system, is not understood . 

Cooling ti mes for the 800 1 itre loading (Figu re 6:1) showed 

that there was no significant effect due to sma l 1 changes in 

condenser pressure. There was, however, a significant 

difference between the ma xi mum and mini mum condenser pressures, 

as indicated in Table 6:3. The l ack of differences can be 

attribute d to the relatively short coo l ing ti mes invo lved . 

The position changed under 1200 1 itre loadi ng conditi ons,with 

the effect of condenser pressure on cooling ti mes being 

significant in all cases except the W6.5 and W7.5 runs . This 

change is understandab l ~ due to the longer cooling times 

amplifying the insignificant differences associated with the 

800 litre loading rate. 

Cooling times for all the 800 l itre runs and the two lowest 

condenser pressures for the 1200 litre runs were l ess than 

those specif ied in the regu lations. Condenser pressures of 

10 bars and 12 bars failed to meet the requirements by a 

maxi mum of 17 minutes (Tabl e 6:2) when cooling 1200 litres of 

mi l k from 23°c to 4°c in conjunction with an environmenta l 

load of 8500 kJ . 



TABLE 6: 1 

Cooling loads and rates for the refrigeration system - 800 lit res 

Run Heat Heat Heat Coo 1 i ng Cool ing Cool i n 9 Ti me 
(as per Tabl e 3:2) Ex tracted Added Environment Ti me Rate * 

-1 Without Env. Wi th Env. 
(kJ) (kJ) (kJ) ( mi n) (kJ. mi n ) (mi n) (mi n) 

WATER Wl 2 73859 63660 10198 175 422 150 166 

WIO 72760 63643 91 16 170 428 148 164 
Wl0/18 53466 45660 7805 135 396 11 8 130 
WIO/SSH 71220 64 447 6773 175 407 156 172 

W7. 5 7176 7 64430 7336 165 435 146 161 
W7 .5/7 513 46 5440 1 2944 130 441 120 144 
W7.5/7/18 41406 37958 3447 100 414 89 98 
W7.5/18 53319 4643 1 6888 130 410 I I 4 126 

W6.5 76301 656 19 10681 165 462 138 152 

AIR Al2 69985 63660 6324 175 400 160 175 
A12/NP 69749 63660 6088 I 80 387 164 181 

AlO 69748 62873 6874 165 423 151 166 
AlO/NP 65620 64062 1557 160 410 155 171 
Al0/18 52632 46046 6586 135 390 120 132 

A7.5 68817 620 19 6798 165 417 152 168 
A7. 5/ NP 64094 61299 2794 150 427 150 164 
A7. 5/78 70538 62488 8049 160 441 145 159 
A7.5/18 527 15 46832 5882 135 391 120 132 

A6.5 64929 63258 1670 150 433 147 162 
··---·---

* 6500 kJ for 23-4°c 4750 kJ for 1 b- 4°c} 
5500 kJ for 23-7°c 3750 kJ for 18-7°c 9% of mi lk loading 

I.O 
I..,.) 



TABLE 6:2 

Cooling loads and rates for the refrigeration system - 1200 litres 

Run Heat Heat Heat Coo 1 i ng Cooling Cool in~ Time 
(as per Table 3:2) Extracted Added Environment Time Rate ,~ 

-1 Without Env. With Env. 
(kJ) (kJ) (kJ) (min) (kJ.min ) (min) (min) 

WATER W12 105064 94888 10176 300 350 273 297 

WlO 101779 94888 6891 275 370 258 281 
Wl0/18 81950 60683 1326 7 230 356 197 215 
WlO/SSH 108522 96479 12043 305 355 268 292 

W7.5 105082 95290 9792 270 389 245 267 
w7. 5/7°C 85586 80622 4964 210 407 197 215 
W7.5/7/18 58783 53999 4784 160 36 7 151 164 
W7.5/18 78742 70241 8501 215 366 192 209 

W6.5 105896 97249 8647 275 385 248 270 

AIR Al2 107703 94888 12815 305 353 270 294 
Al2/NP 109310 98421 10889 305 358 266 290 

AlO 99653 93732 5921 275 362 263 287 
AlO/NP 108289 96093 12196 295 36 7 260 283 
Al0/18 80227 66298 11929 230 349 202 219 

A7 .5 104193 93732 10461 280 372 256 279 
A7.5/NP 93906 91757 2149 245 383 250 271 
A7. 5/7B l 05179 94519 10660 275 382 250 272 
A7.5/l8 83973 71815 12158 220 381 185 209 

A6.5 108262 94888 13374 265 408 233 255 
--
* 0 6250 kJ for 18-4°c} 8500 kJ for 23-4 C 9% of milk loading I..O 0 5000 kJ for 18-7°C 7000 kJ for 23-7 C .s:-
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6.5 

7.5 

10.0 

12.0 

6.5 

7.5 

10.0 

12.0 

E 6.5 Q) ..., 
If) 

>- 7.5 V, 

L 
Q) 10.0 ..., 
re 

3 

12.0 

TABLE 6:3 

Significance tables for 800 and 1200 litre loading 

(with environmental effect) 

NO denotes no significant difference 
YES denotes significant difference 

800 LITRE LOADING 1200 LITRE LOADING 

Water System Water Sys tern 

6.5 7.5 10.0 12.0 6.5 7.5 10.0 

~ NO YES YES 6.5 

NO NO 7.5 

YES NO 10.0 

YES 12.0 YES YES YES 

Air System Air Sys tern 

6.5 7.5 10.0 12.0 6.5 7.5 10.0 

NO NO YES 6.5 YES YES 

NO NO NO 7.5 YES NO 

NO NO NO 10.0 YES NO 

YES NO NO 12.0 YES YES NO 

Air System Air System 

6.5 7.5 10.0 12.0 6.5 7.5 10.0 

YES YES YES YES E 6.5 YES NO YES Q) ..., 
If) 

NO NO NO YES >- 7.5 YES YES YES V, 

L 

NO NO NO YES Q) 10.0 YES NO NO ..., 
re 

3 
NO NO NO NO 12.0 YES YES YES 

96 

12.0 

YES 

YES 

YES 

12 .0 

YES 

YES 

NO 

12 .0 

YES 

YES 

YES 

NO 



For a zero environ mental load applicable to i ns ulated vat 

systems , these two condenser pressures wo uld have me t the 

cooling reg ulati ons. 
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The exc l usion of t he primary heat excha nger (runs A12/NP, 

Al O/NP and A]. 5/N P) did no t have any measurable effect on the 

tota l coo l ing ti me. 

6: 2 .2 The Effect of Milk Inlet and Final Temperatu re 

The effect of mi lk inlet t emperat u re and final t empe rature on 

coo li ng ti mes, for t he t wo condenser pressu res tested, is shown 

in Figu res 6:2 and 6:3 for the air and wate r condenser systems 

respectively. 

Ana lysis of the results shows that there was a significant 

difference in total cooling t imes due to the effect of mi lk 

inlet and final temperature. The percentage d i fferences in 

coo li ng times between different temperature condit ion s 

close ly fo ll owed the expected theoretical differences 

(Table 6:4) . (Theoretical differences were calculated on the 

basis of the tempe rature d i fferentia l tested as a pe rcentage 

of the 23°c - 4°C temperature diffe rentia l. ) 

Th is means that coo ling ti me was largely dependent on cooling 

load (i.e ., milk tempe rat u res, s ince vo l umes were constant) 

with the smal l diffe rences between the expe rimental and 

theoretical resu lts being due to the lowe r coo l ing rates at 

lower milk i n l e t t empe ratu res ( Fi gu re 6 :4). 

6:2.3 The Effect of Increas i ng Rece i ve r Pressure 

Figure 6:3 indicates that there was no significant reduct ion 

in coo li ng time due t o an increase in rece iver p ressure from 

6.0 ba rs to · 7 .o ba rs . 
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TAB LE 6:4 

Experimental and theoretica l cool i ng time as a percentage 

of the coo l ing t i me requ i red for a 23°c -4°C di fferent i a l 

Run 1 s0 c - 4°c 23°C - 7°C 18°c - 7°C 

Exp. Theo. Exp . Theo. Exp. Theo . 

W7.5 78 74 85 84 61 58 

A7. 5 75 74 

Wl O 78 74 

AlO 74 74 

100 
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6:2.4 Conclusions on Cooling Times 

For constant milk volumes, cooling times increased under 

conditions of increasing condenser pressure, milk inlet 

temperatures, environmental loads and decreasing final milk 

temperatures . In particular, the combination of high 
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condenser pressures ( 10 bar and 12 bar), milk inlet temperature 

(23°c), environ mental load (8,500 kJ) and low milk final 

temperature (4°C) resulted in the system failing to meet the 

cooling regulation by up to 17 minutes when cooling 60 % of the 

total daily production (1200 litres). 

The most significant factor governing cooling ti mes was th e 

temperature differential through which the milk was cooled. 

For example, when milk inlet temperature was reduced by 5°c 

total cooling ti mes, on average, were reduced by 100 minutes 

(1.66 hours). Since the final milk temperature is set by 

re gulat i on, precoolin g o f the mil k with a plate heat 

ex chan ger (or equ i valent device) is requ i red to ensure that the 

cooli ng requirements are met, g i ven the pres ent sizin g of 

refr igeration plants for vat cooling. 

Operating the system with either an air cooled or water 

cooled condenser had no effect on cooling ti mes . Isolating 

the pri mary heat exchan ger from the circuit, or increasing the 

receiver pressure to 7 bar, had no significant effect on 

cooling ti mes. 

6:3 VAT TEMPERATURE 

Changes in vat temperature over ti me are presented in Tables 6:1 

and 6:2 as a function of the average cooling rates 

(t'otal load-; total time). Therefore, the differences in vat 

temperature due to changing condenser and milk temperature 

conditions are discussed in terms of the cooling rates. 
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1) The increased loading of 1200 litre runs, in terms of 

the increased volume of milk to be cooled and the increase 

in environmental load as a result of the longer cooling 

times. 

2) The reduced cooling rates due to the lower overall vat 

temperatures for the 1200 litre loading compared with 

the 800 litre load ing. 

The comparison of Figures 6:5 and 6:6 shows that there was no 

significant difference 1n the cooling curves due to changing 

condenser systems once system loading had been completed. 

6:3.2 The Effect of Changing Milk Outlet and Final Temperature 

Vat temperature data for the 7.5 bar and 10 bar condenser 

pressures is presented in Figure 6:7 and 6:8 res pec ti ve ly. 

Reducing mi lk inlet temperature by 5°c, f rom 23°c to l8°c, 

significantly reduced the maximum vat tempe ra t ure by up to 

6°c at the 30 minute interval fo r the 800 litre l oading. 

This difference had decreased to 3°c after 90 minu tes and 

remained constant unti 1 the final temperature was reached . 

The high initial temperatures for the W7.5 and WlO runs were 

due to the mi lk inlet temperature being slightly above 23°c 

but below 24°C. 

Increasing final temperature for the 800 litre loading had no 

effect on vat temperatures since the inlet temperatures were 

the same. The combined effect of reducing milk inlet 
0 temperature by 5 C and increasing milk final temperature by 

3°c (W7.5/7/18) was to produce a curve similar to one for run 

W7 . 5/18 but was shorter due to the reduced loading. 

For the 1200 litre loading, a comparison of the curves for 

runs with milk inlet temperatures of 23°c and 18°c shows 

that decreasing the mi l k inlet temperature by 5°c reduced the 

maximum mix temperature by 2 . 5°C . This figure is less than 

the expected difference of 3°c (5°c x 1200 1 / 2000 1) due to 
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the slightly highe r cooling rates for the 23°c inlet 

temperature compared with the cooling rates for the 18°c 

mi lk inlet temperature (Table 6: 1) . 

Increasing milk fina l temperature for the 800 litre loading 

increased the maximum mix temperat ure from 10 .2°c to 11 .2°c 

when the 1200 litre volume was added. This res ult compares 

well with the expected result of 1 .2°c (3°c x 800 1 / 2000 l) 

wi th the smal 1 difference be i ng due to the s l ightly higher 

cooling rates for the W7.5/7 run compared with the W7.5 run 

( Fi g u re 6 : 7) . 

Increasing final temperature by 3°C , and reducing milk inlet 

tempe rature by S°C,produced a ~urve which had a maxi mum mix 

t emperature of 8.8°c under 1200 li t re loading conditions. 

This tempe rature was 1.S°C below the 23°c/4°c in let/fina l 

temperature curve ( run W7.S). The d i fference in temperature of 

l .s0
c was lowe r than the expected differen ce of 1 .8°c 

( [ 1200 1 x s0
c - boo 1 x 3°c] / 2000 1) due to the s 1 i gh t 1 y 

higher coo l ing rates associated with the w7.5 run compared 

with the W]. 5/7/18 run. 

A comparison o f air and water condenser systems (F i gures 6:5 

and 6:6) again shows no significant difference nor does a 

comparison of Figures 6:7 and 6:8 show any significant 

d i fference due to condenser pressure. 

6:3.3 Conclusions on Vat Temperature 

The overall effect of condenser pressure o r condenser system on 

vat t empe ratu re was not s i gn i f icant . Howeve r , small differences 

of 1° c were reco rded after 90% of the cooling time had elapsed. 

0 Reducing mi lk inlet temperatu res by 5 Chad the most 

signi f i cant effect , with i nitial vat temperatures being 

reduced by 4°c, on ave ra ge, reducing to 3°c later in the run. 

The mi x t empe rature fo r the 1200 litre loading was reduced by 

2. 5~~ . 



Increasing the temperature at which refrigeration was 

discontinued for the 800 litre loading increased the mix 

temperature for the subsequent 1200 litre loading by 1°c. 

While this difference was experimentally significant, it was 

of no practical consequence. 
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While there is no legislation restricting mix temperatures in 

milk vats, it is generally recommended (Currier, 1976) that 

they do not rise above 10°c, for milk quality reasons 

(Section 2: 1.2.2). 

6:4 REFRIGERANT FLOW 

6:4. 1 The Effect of Condenser Pressure and Condenser System 

Refrigerant flow rate data is presented graphically in 

Figures 6:9 and 6: 10 for the water and air cooled system 

respectively. 

The results show that under an 800 litre loading condition 

there was no significant difference in refrigerant flow due to 

condenser pressure. The small differences in runs W7.5, WlO 

and Wl2 compared with the corresponding runs for the air 

cooled system were due to the higher loading temperatures for 

the water cooled runs, since loading temperature has a direct 

effect on refrigerant flow,due to the action of the expansion 

valve. 

There was only a smal 1 effect on refrigerant flow due to 

changing condenser pressures for the 1200 litre loading rate. 

The trend (Figure 6:9 and Figure 6:10) indicates that 

increasing condenser pressure reduces refrigerant flow rate, 

for the reasons discussed in Section 2:3.2.2. 

There was no effect on refrigerant flow rate caused by 

changing condenser systems. 
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6:4.2 The Effect of Changing Milk Inlet and Final Temperature 

Decreasing milk inlet temperature by 5°c (23°c to 18°c) 

significantly decreased refrigerant flow rate by an average of 

0.22 1.min-l (10%) for the 7,5 bar condenser pressure 

(Figure 6:11) and 0.12 1.min-l (6%) for the 10 bar condenser 

pressure (Figure 6:12),when cooling 800 litres of milk. A 

similar effect was recorded for the 1200 litre load. These 

differences in flow rate were due to the lower vat temperature, 

associated with the lower milk inlet temperatures, causing the 

expansion valve to restrict the refrigerant flow in order to 

maintain the preset level of suction superheat 

(Section 2:3.2.2). 

Increasing milk final temperature from 4°c to 7°c had no 

effect on refrigerant flow for the 800 litre loading since 

milk inlet temperatures were constant. However, the higher 

mix temperatures for the 7°C final temperature runs,when 

cooling the additional 1200 litres (Section 6:3.2),gave a 

slight increase in refrigerant flow (0.050 l .min-l to 

0.075 1.min- 1) during the initial stages of the cooling cycle. 

6:4.3 The Effect of Increasing Receiver Pressure 

Comparison of the two curves for the 800 litre loading in 

Figure 6:13 shows that, at the 30 minute time interval, the 

refrigerant flow was slightly greater at the higher receiver 

pressure (7 bar) compared to the flow at the lower receiver 

pressure (6.0 bar). This difference became insignificant as 

the cooling process continued. 

Under situations of high vat temperature (greater than 14°c), 

the expansion valve v1as fully open and refrigerant flow was 

dependent upon the pressure differential (receiver pressure -

evaporator pressure) across the valve, hence, the initial 

trend in refrigerant flow. However, as the cooling process 

continued, the expansion valve closed to maintain the preset 

level of suction superheat,thus eliminating the effect of 

receiver pressure. 
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6:4.4 The Effect of the Addition of the Pri mary Heat Exchanger 

Increasing head pressure by the inclusion of the pri mary heat 

exchanger was expected to reduce refrigerant flow rate 

(Section 2:3.2.1). Results ( Figure 6:14) for the three runs 

designed to establish this effect show that the reduction in 

refrigerant flow due to the pri mary heat e xchanger was 

insignificant, probably due to the fact that the expansion 

valve control led refrigerant flow without the condenser 

circuit having any significant influence. 

~:4 .5 The Effect of Va pour By-pass 

Differences in the re s ults for the two f low me ters are 

presented in Figure 6:15 for the air cooled condenser system. 

No data was recorded for the water cooled system as the 

by-pass was not required. Instead, runs for the water cooled 

condenser syst e m were used to calibrate the evaporator flow 

meter against the recei ver flow me ter . 

The results were inconclusive since vi rtuall y all the 

differences fell with i n the li mits of the combined 5% error 

band. Most of the points lie above zero, indicating that the 

by-pass was operating, but the high degree of fluctuation was 

probably due to the intermittent action of all three 

refrigerant control valves, na mely; the CPR, CPC and 

e xpansion valves. The exception to this was the 

inexplicable negative trend for the 6.5 bar condenser 

pressure. 

The amount of potential heat available for heat recovery 

by-passing the primary heat exchanger was small as a result of 

the low heat capacity and flow rate of the refrigerant vapour. 

6:4.6 Conclusion on Refrigerant Flow 

Refrigerant flow rate was significantly reduced when milk 

d d b 5°c. Th ff t f inlet temperatures were re uce y e e ec o 

condenser pressure was minor, with only a slight trend of 
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decreasing refrigerant flo.-1 with increasing condenser pressure 

being recorded for both condenser systems. 

There we re no measu rable differences in flow rate between the 

two condenser systems, and no significant effects due to 

in c reasi ng receiver pressure or the inclusion of the pri mary 

heat exchanger. 

The amount of refrigerant flow unavailab le for heat recovery, 

due to the action of the by-pass va l ve,was less than 5% of the 

total flow rate and is of no practical consequence to the 

potential leve l of heat recovery. 

6:5 REFRIGERATION EFFE CT (R.E .) 

6:5. 1 The Effect of Condenser Pressure and Condenser System 

The variat i on in R.E. (evaporato r enthalpy change) with time, 

at different condenser pressures , is presented in Fi gures 

6:16 and 6:17. 

Increasing condenser pressure from 6.5 bars to 12 bars 

s li ghtly decreased R.E., due to incre asing expansion valve 

inlet temperatu res with increasing condensation temperatures. 

R.E. was a ma xi mum when the vat t empe rature was a max i mum 

(i.e., at the 30 minute interval of the 800 litre coo li ng 

cycle) and was a minimum at the completion of each cool i ng 

cycle. The R.E. curves have the same shape as those for 

refrigerant flow and vat temperature, i.e., R.E. rises to a 

peak at the e nd of loading then decreases as cooling 

continues. This r i se and fall was due to the changing 

temperature differential across the expansion valve as the 

evaporator tempe rature changed to mainta in a constant 

temperature differential between the boiling refrigerant and 

the milk. 

A comparison of Fi gure 6:16 and Figure 6:17 shows that there 

was a sma ll difference due to the condenser system with the 
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-1 air cooled system having R.E. va lues, on average, 1 kJ.kg 

higher than the water cooled system. A study of the 

temperatures of the liquid leaving the secondary heat 

exchange rs sha.ved that the air system had liq uid refrigerant 
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0 
tempe ratures 2 C lower than the corresponding temperatures for 

the water cooled system. This effect was the result of the 

increased heat exchanger area avai l able for subcooling in the 

air cooled system due to the action of the CPR va l ve 

(Sect i on 4 : 1 . 1 . 1 ) . 

Although these differences in R.E . are sma l 1, their impact on 

system performance is increased when combined with refrigerant 

fla.v, to gi ve the coo lin g ra te, since refrigerant fla.v also 

decreases wit~ increasing condenser pres su re. The equa tion 

for coo lin g rate (Section 2:3.1.6) is:-

-1 
Cooling rate (kJ.s ) = 

whe re M = 
r 

-1 R. E. (kJ.kg ) X 

..... Eqn 6: 1 

-1 
refrigerant f low (kg.s ) 

6:5.2 The Effect of Changing Milk Inlet and Final Te mperatures 

The e ffect of reducing milk inlet t empe ratu re by 5°C reduced 
- 1 -1 

R.E. values, on a verage , by 3 kJ.kg and 1.5 kJ.kg for the 

800 li tre and 1200 litre loads respective ly. Increasing milk 

final temperature had no measurab le effect. 

6:5.3 The Effect of Changing Receiver Press ure 

Increasing receiver pressure, independently of condenser 

pressure, from 6.0 bar to 7.0 bar had no s ignificant effect on 

R.E. This i s understandable since it is expansion valve 

temperature differential that dictates the amount of "flash 

off" that occurs. In standard systems, condenser and receiver 

pressures are not control led independently and therefore as 

condenser pres s ure increases, refri ge rant liquid tempe rature 



increases ~ssuming a constant level of subcooling) with a 

resulting decrease in R. E. 

6:5.4 Conclusion on R.E. 

The effect of condenser pressure was sma ll with only a 
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a variat ion in R.E. of 3 kJ.kg-l at maximum vat temperature 

being recorded. The effect of chang ing condenser system was 

also small, with the air cooled system g i vi ng s lightl y hi gher 

results than the wate r cooled system. Reducing milk inlet 

temperature red uced R.E. but changing mil k final temperature, 

or increasing receiver pressure, had no significant effect. 

6:6 COMPRESSOR HEAD PRESSuRE 

Although head pressure is not a component of COP its effect on 

power consumption justifies some discuss ion. 

6:6. l The Effect of Cond enser Pressure 

Combined results of maxi mum and minimum head pressure for 

changes in condenser pressure are presented i n Figure 6:18. 

The res ult s for the air and water cooled condenser systems 

were cornbined,since the coo lant used for condensation is of 

no consequence under constant condenser pressures. 

The decreasing difference between the minimum refrigeran t 

flow line and the zero flow line was due to the reduction in 

head loss as refri geran t flow decreased with increasing 

condenser pressure. 

The difference between the maximum and minimum refrigerant 

flow lines reflects the s mall variation in refrigerant flow 

(Section 6:4) for a constant condenser pressure. The 

va r iation in head loss across the primar½ at maximum 

refrigerant flON,was 1 .0 bar (100 kPa) at a condenser 

pressure of 12 bar, and 1 .5 bar (150 kPa) at a condenser 

pressure of 6.5 bar. These headless figures are consistent 
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with the head losses expected when the heat exchanger was 

designed (Section 5:5) . 

: 7 INSTANTANEOUS COMPRESSOR POWER CONSUMPTION ( I . C .P. C.) 

For this analysis, instantaneous power consumption (kW) was 

determined by calculation (Appendix A4:5.2.2). 

6:7. 1 The Effect of Changing Condenser Pressure 
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Figures 6:19 and 6:20 present the results for instantaneous 

compresso r power consumption for the four condenser pressu res 

and the two condenser systems tested. 

The figures show that, for the 800 litre loading, ins tanta neous 

power consumption (in any one run) varied significantly by 

0.4 kW during the cooling cycle in response to changes i n 

compression rati o (Sect ion 2:3.2. l) and refrigerant flow. 

The effect of increasing condenser pressure from 6.5 bar to 

12 bar sign ificantly increased instantaneous power consumpt ion 

from 2.45 kW to 2.95 kW . This difference remained constant 

throughout the run. 

Fo r the 1200 litre loading, the effect of condenser pressure 

was simi Jar to that for the 800 litre loadin g, with maxi mum 

instantaneous power cons ump tion ranging from 2.35 kW (6 .5 bar 

condenser pressure) to 2.85 kW ( 12 bar condenser pressure) at 

the 90 minute inte rva l. 

The relationship between instantaneous power consumption and 

condenser pressure can be seen in Fi gure 6:21. 

6:7.2 The Effect of Chan ging Condenser System 

The results of average instantaneous power consumption 

(Figure 6:21) and a comparison of Figures 6 : 19 and 6:20 show 

that there was no significant difference between the air 

cooled and water cooled condenser systems. 
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This comparison makes no allowance for the power consumption 

of the fans (0.36 kW) used in the air cooled system. Fan 

power should be included as it constitutes an additional 

energy requirement of a commercial refrigeration system. 

In the case of the water cooled system, water is readily 

available on most farms and therefore no additional energy 

requirements have been included. 

6:7.3 The Effect of the Primary Heat Exchanger 
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Results of the test runs with and without the primary heat 

exchanger isolated from the system are presented in Table 6:5. 

A plot of the average instantaneous power consumption for both 

loads is presented in Figure ~:21. 

The equation for instantaneous power consumption with the 

primary heat exchanger,as a function of condenser pressure for 

the e i gh t runs tested, is : -

Ip (kW) = b.Cp + C ..... Eqn 6:2 

where b = 0.082 + 0.008 kW/bar 

C = 1.77~0.07 kW 

Cp = condenser pressure in bars 

The same analysis for the three runs without the pri mary heat 

exchanger gave the equation of:-

lp 1 (kW) = b 1 .Cp + c 1 

where b 1 = 0.0816 + 0 .008 kW/h 

c 1 = l .677 + 0.08 Kw/h 

A comparison of the two y intercepts (c and c 1
) shows that 

the effect of including the primary heat exchanger in the 

circuit was small but constant, with the difference being 

0.10 + 0 .08 kW. 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

TABLE 6:5 

Data summary for test runs with and without (NP) primary heat exchanger 

Al2 

2.98 ~0.08 

2.56 ~0.07 

2. 77 ~o .07 

A12 

2.85 ~o.os 

2.65 +0.07 

2. 73 ~o .07 

Al2/NP 

2.81 +0.08 

2.51 ~o .07 

2. 69 ~O. 07 

A12/NP 

2.79 +0.08 

2.47 +0.07 

2.65 +0.07 

800 LITRE LOAD 

AlO 

2.81 +0.08 

2.42 +0.07 

2.63 +0.07 

1200 LITRE LOAD 

AlO 

2.71 +0.07 

2.52 +0.07 

2.61 +0.07 

AlO/NP 

2.65 +0.07 

2 . 34 +0.06 

2.52 +0.07 

AlO/NP 

2.58 +0.07 

2.29 +0.06 

2.49 +0.07 

A7.5 

2.55 ~0.07 

2.28 +0.06 

2.43 +0 . 07 

A7. 5 

2.45 +0.07 

2. 16 +O. 06 

2.34 +0.07 

A7.5/NP 

2.43 +0.07 

2.21 +0.06 

2.35 +0.07 

A7.5/NP 

2. 35 ~o .06 

2. 18 +O .06 

2.27 +0.07 

-N 
\.n 
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6:7 . 4 The Effect of Changing Milk Inlet and Final Temperat ure 

Instantaneous power consumption was reduced slightly by 0. 1 kW, 

on average, when the milk in le t tempe rature was reduced by 5°c, 
whi le increasing mi lk final temperatu re by 3°c had no 

significant effect. 

6:7.5 Total Refrigeration Power Cons ump ti on 

Instan taneous power cons umption does not indicate the total 

energy used by t he refrigeration system in cooling a volume of 

milk to the required temperatu re. Fi gure 6:22 presen t s the 

total power consumpt i on ( i nteg r at ion of instantaneous power 

curves for the cool in g ti mes in Tables 6 : 1 and 6:2) fo r all 

the tests conducted. Included in the f i gure is the additional 

power required to operate the system above a condense r pressure 

of 6.5 bar with no pri mary heat exchange r (i.e., refr i gerat i on 

sy s t em wit hout heat recove ry or condense r pressure contro l ) . 

The res ults s how that the a ir cool e d s ys tem requ i red more 

e ner gy than the wate r cool e d sys t em,due t o the power req uire d 

t o operate the fans. 

The effect of increas i ng condenser pressure from 6.5 ba r to 

12 bar res ul t e d in an i ncrease in total power of 5.52 kWh/day. 

Reduc i ng milk inlet temperature by 5°c, or i ncreasing mi lk 

fina l temperature by 3°c , signif i cant ly decreased total powe r 

consumption,due to the reduced coo ling times , as discussed in 

Section 6:2. 

The effec t of env ironmenta l l oad in g was to increase cooling 

times (Tables 6: 1 and 6 : 2) and consequentl y total power 

consumption by 9% , on average. Thi s va lue i s consiste nt 

with the value o f 10% obta ined by Vickers ( 1980). 
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6:7.6 Conclusions on Power Consumption 

The effect of increasing condenser pressure from 6.5 bars to 

12 bars significantly increased instantaneous power consumption 

by 0.5 kW for both 800 and 1200 1 itre loadings throughout the 

entire cooling period. 

Changing condenser systems from water cooled to air cooled 

increased pOMer consumption by 0.36 kW,as a result of the 

additional power required by the fans. 

Th e inclusion of the primary heat exchanger i ncreased 

instantaneous power consumption by 0. 10 kW for the condense r 

pres s ures tested. 

The effect of decreas in g milk inlet tempe rature by 5°c reduced 

instantaneous power consumption by 0 . 10 kW, on average, while 

increas ing final temperature by 3°c had no effect. 

To tal power consumption increased with increasing condenser 

pressure and milk temperature differential, due to the higher 

instantaneous power consumption and longer cooling ti mes 

(Section 6: 2) . 

6:8 COEFFICIENT OF PERFORMANCE (C.O.P.) 

6:8.1 The Effect of Condenser Pressu re 

Resu lts of C.O.P. for the condenser pressures and condenser 

systems tested are presented in Figures 6:23 and 6:24. 

Analysis of the curves with respect to the error bar s hows 

that at the 30 minute interval for the 800 litre loading, 

C.O.P. ranges from 3.25 for the 6.5 condenser pressures to 

2.50 for the 12 bar condenser pressure. This difference 

remained significant throughout the run but with the range 

decreasing by 0.25 at the completion of cooling. 
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For the 1200 litre loading the effect of condenser pressure 

was the same, but with a slightly la,.,,er range of 2.30 to 3 .00 

at the 90 mi nute time interval. 

Plotting the average C.O .P. for each run against condenser 

pressure (Figure 6:25) shows more clearly the decrease in 

C.O.P. wi th increasing condenser pressure. 

6:8.2 The Ef fect of Condenser System 

The calculation of C.O.P. in Section 6:8. l used the 

instantaneous power consumption of the compressor. A 

comparison of Figures 6:23 and 6:24 ShQ\,,IS that there is no 

sign ificant difference due to the condenser srtem used. 

However, when the power consumption for the fans (0.36 kW) was 

included in the ca lculations for the air cooled system, the 

value of C.O.P . was significantly reduced by approxi mately 

O. 4 for the 800 litre load and O. 3 for the 1200 litre load. 

The range of res ults for C.O.P. of 2.0 to 2.7 was slightly 

above the ran ge of l .8 to 2.2 obta i ned by Carter and Fi s her 

( 1982). 

6:8.3 The Effect of the Pri mary Heat Exchanger 

The results of C.O.P. fo r primary versus no primary are 

presented in Figure 6:26. 

The results show that inclusi on of the pri mary heat exchanger 

reduced the C.O.P. s li ghtly for the 10 bar and 12 bar 

comparisons due to the slight increase in instantaneous 

power consumption (Sec tion 6:7.3). The difference in the 

7,5 bar condenser pressure readings was somewhat larger than 

for either the 10 bar or 12 bar condenser pressure readings. 

However, most of the extra difference was attributed to the 

slight differences in initial milk inlet temperatures for 

the two runs. 
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6:8.4 The Effect of Changing Milk Inlet and Final Temperatures 

Decreasing milk inlet temperature by 5°c reduced C.O.P. 

slightly by 0. 12, on average, for both the 800 and 1200 litre 

loadings. The effect of increasing milk final temperature was 

not significant. 

6:8.S The Effect of Suction Superheating 

C.O.P. was reduced by 0. l when the suction superheater was 

tested. This decrease was expected as a result of the 

reduction in R.E. (average of 1.34 kJ.kg- 1), refrigerant flow 

rate (average 0.086 l.min-
1
) and the increase in compressor 

instantaneous power consumption (average 0.0 1 kW). 

6:8.6 Conclusions on C.O.P. 

The increasing of condenser pressure had the greatest effect 

on C.O.P., with a decrease of 0.25 being recorded for a 

condenser pressure change of 5.5 bars (6.5 bars to 12 bars). 

This decrease is reflected in the reduced cooling rates and 

increased cooling ti mes discussed in Section 6:2. 

The significant changes in C.O.P . in response to changing 

condenser pressures were the result of the combined changes in 

refrigerant flow (M ), refrigeration effect (R.E.) and r 
instantaneous cumpress or powe r consumption ( I.C.P.C. ), as 

su mmarised in Sections G:4, 6:5 and 6:7. 

Excluding the power consumption required by the fans, there 

were no significant differences between condenser systems. 

The inclusion of fan power requirements reduced the C.O.P. 

for the air cooled system by between 0.3 and 0.4. 

There was no significant effect on C.O .P. due to the inclusion 

of the suction superheater or the primary heat exchanger. 
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A study of the C.O.P. equation where 

COP 
RE x M 

r 
..... Eqn 4: 11 

ICPC 

shows that C.O.P. i s proport i ona l to Refrigeration Effect and 

refr igerant flow. The discussion in Section 6:5. l showed that 

the product of R.E. and M was the cooling rate (Eqn 6: 1) 
r 

and the discussion in Section 6:2 found that cooling times 

were directly related to cooling rates. It can be conc luded, 

therefore, that t he value of C.O.P. is closely related to 

cooling ti me . As a consequence, a decrease i n C.O.P., other 

than for an increase in instantaneous compressor power 

consumption, indicates an in crease in cooling ti me . The 

extreme situation occurs when cooling t ime exceeds the t i 1.'~ 

spec if ied in the regulations . For the system tested, the 

regulation cooling ti me was exceeded by a maxi mum of 17 

minutes (12 bar condenser pressure) , for which the 

corresponding C.O.P. was 2.25 for the water coo led system and 

1 .95 for the a ir cooled syste m. The regulation cooling ti me 

( 180 minu tes) was met when C. O. P. was 2.45 and 2.05 for the 

water and air cooled systems respective ly. 

The value of C.O.P. also represents a combinat ion of all the 

factors affecting refrigeration performance, in that it 

exp resses the efficiency with which the refrigerat ion system 

ut ilizes the energy inputs t o coo l the milk. 

6:9 PRIMARY HEAT EXCHANGER MODEL 

Owing to the diffi cu lti es in controlling pr i ma ry water flow rates 

for the water cooled condenser system, a mathematical mode l was 

developed to calculate the wate r out let temperatures and heat 

recovery rates, under constant water flow conditions. The result s 

obtained allO'l-led a comparison to be made with the results from 

the air cooled system. 

The mode l was developed from results of ove rall thermal 

conductance (U) values obta ined from t es ts on the full s ize 
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primary heat exchanger. These results were plotted using the 

Wilson plot technique from which relationships between U, water 

flow rates, refrigerant flow rates and heat exchanger temperatures 

were established. 

The results for U, the relationships and the computer programme 

developed are presented in Appendix A6:2. Results of heat 

recovery rate and water outlet temperature, for the water cooled 

system in subsequent sections,have been corrected by the model 

for a water flow rate of O .625 1 .mi n - J. 

6: 10 HEAT RECOVERY 

6: 10.1 The Effect of Condenser Pressure 

Results of average heat recovery rates for the condenser 

pressures tested are presented in Figure 6:27 for the water 

cooled system and Figure 6:28 for the air cooled system. 

The effect of increasing condenser pressure was to 

significantly increase the rate of heat recovery by 0.9 kW. 

This was expected since increasing condenser pressures 

resulted in increasing head pressures and associated higher 

vapour temperatures (Section 2:3.2.1). 

6: 10.2 The Effect of Condenser System 

A comparison of Figures 6:27 and 6:28 shows that the water 

system had a significantly greater rate of heat recovery 

than the air system. 

The differences between the condenser systems, of 0.75 kW 

for a 12 bar condenser pressure decreasing to approximately 

0.10 kW for a 6.5 bar condenser pressure, can be attributed 

to the preheating of the water in the secondary water 

cooled heat exchanger. The degree of preheating rose with 

increasing condenser pressure and temperature from 0. 17 kW, 

for a condenser pressure of 6.5 bar, to 0.81 kW for a 

condenser pressure of 12 bars. 
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These effects are highlighted in Figure 6:29, in which 

total heat recovery in terms of kWh.day-] .m- 3 of milk cooled 

has bee n plotted. Presenting the data in this form takes 

into account the increased cooling time of the higher 

condenser pressures and allows an esti mation of heat 

recovered to be made for a selected volume of milk. 

The effect of environ mental loading can also be seen in 

Figure 6:29,with the broken lines indicating total heat 

recovery for a zero environmental loading based on data from 

Table 6:1 . 

6: 10.3 The Effect of Changing Milk Inlet and Fi nal Te mperature 

Results of total heat recovery for changing milk inlet and 

final temperatures are presented in Figures 6:30 and 6:31. 

Reduc i ng milk inlet temperatures by 5°c or increasin g milk 

final temperatures by 3°C significantly decreased the t o tal 

heat recovered by 25% and 20 %,as a result of the smaller 

cooling differentials . Combining the t wo effects reduced 

the total heat reco vered by 41 %. 

Heat recovery for the lower temperature d i fferentials as a 

percentage of the heat recovered for the runs with a 

23°c - 4°c differential are compared i n Table 6:6 with the 

theoretical percentage differences (Defined in Section 6:2.2). 

The results show that heat recovery was dependent on milk 

temperature differential due, to the associated shorter 

cooling times. 

6:10.4 The Effect of Suction Superheating 

Suction superheatin9 significantly increased the rate of 

heat recovery by 0. 15 kW (8%), on average. This difference 

was due to the increase of 8°c in the temperature of the 

delivery superheated vapour entering the primary heat 

exchanger. 
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TABLE 6:6 

Experimental and theoretical heat recovery totals as percentages 

of the heat recovery for a 23°c to 4°c milk cooling differential 

(Error = + 6%) 

Run 1 s0 c - 4°C 23°C - 7°C 18°c - 7°C 

Exp. Theo. Exp. Theo. Exp. Theo. 

W7.5 76 74 80 84 59 58 

A7.5 72 74 

WlO 77 74 

AlO 75 74 

14 l 



Integrating the heat recovery rate over ti me (Tables 6:1 

and 6:2) resu lted i n 7.42 kWh of energy per day per cubic 

metre of milk coo led being recovered. This value was 

1.0 kWh.day -
1

.m- 3 (15%) greate r than the value for the WlO 

run. 

6:10.5 Conclusions of Heat Recovery 

Increas i ng condense r pressu re sign i ficant ly increased the 

quantity of heat recovered,by 3.9 kWh.day-l. m- 3 of milk 

coo l ed, fo r the water cooled system, and 2 .8 kWh.day -I .m- 3 

for the air cooled system. 
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Reducing milk i nlet tempe ratures by 5°c (26%) significantly 

reduced heat reco very,by an average of 25%, whi le increasing 

milk final temperature by 3°c (16%) signif i cantly reduced 

heat recovery, by 16%. The combined effect reduced heat 

recovery by 41 %. 

Suction superheat in g s i gnificant ly i mproved heat recove ry by 
- 1 -3 l .0 kWh.day .m . 

6:11 PR IMARY HEAT EXCHANGER WATER OUTLET TEMPERATURE 

6: 11 .1 The Effect of Condenser Pressure and Condenser System 

Since wate r outlet t emperatu re is proportiona l to heat fla..v , 

for a constant wate r f low rate, curves for water temperatu re 

versus tirre have the sarre shape as those in Figures 6:27 and 

6:28. Results of average water out l et tempe rature for each 

of the condense r p ressures tested are presented in 

Fi gure 6:32. 

Increas i ng condenser p ressu re from 6 .5 bar to 12 bar resu lt ed 

in a sign ifi cant increase in pri mary water ou tl et 

tempe ratur~ from 45°C to 64°c for the water coo led system, 

and f rom 38°c to 55°c for the air coo l ed system . 
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Figure 6: 32 a l so s hows the effec t o f p rehea t ing t he wate r i n 

t he seconda ry hea t exchange r of t he water coo led system. 

The effect o f preheating the wa t e r i n t he secondary water 
0 0 coo l ed heat exchange r from 20 C to 30 C was to p roduce 

water a t a sign i fican tl y highe r tempe ra t ure t han the ai r 

coo l ed sys t em. I n pa r t icu l ar , the 12 ba r wa t er coo led 

condense r system produced water with a t empe rature wh ich 

me t the req uirements of a numbe r of t he c lean i ng syste ms 

p resented in Tabl e 2:2. 

The final tempe r ature different i al of 9°c between the two 

conde nser sys tems was les s than the preheating temperature 

rise for the water cooled conde nser pres sures above 7.5 bar. 

This was due to a h i g~~r temperatu re g radient opera t ing in 

the p r ima ry fo r the air coo led sys t em compared to that of 

the water coo l ed system,as a resu lt o f the difference in 

i nlet temperatu res. 

The max i mum wa ter outl e t t empe rat ures atta i ned (55°c and 

64°C) by the two sys t ems we re wi t h i n the range of 33° c to 

65°c discussed i n th e l iterature (Se c tion 2 :5). 

6 : 11 . 2 The Effe ct o f Suc t i on Superheating 

The effec t of s ucti on superheating was t o s i gnificantl y 

inc rease t he pri mary water out l et t empe rature by 5° C,due to 

the 8° c r i s e in de l ivery s upe rheated va pour enteri ng t he 

pr i mary hea t e xchanger . 

6: 11 .3 Conc l usions on Pr ima ry Wat e r Ou t l et Tempera tu re 

Increas i ng condenser p ressu re s i gn i ficant ly i ncreased wate r 
0 outl et tempe rat ures,by 20 C fo r the wa t er coo led system and 

0 16 C fo r t he a ir coo l ed sys tem. The e f fec t o f preheat in g 

t he wa t er in the secondary water coo led hea t exchanger was 

to prod uce wate r at a hi ghe r tempe rat ure than f or the a i r 

cooled sys t em ( 45°C to 64° c , c. f . 38°c t o 55°c). 
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Inclusion of the suction superheater significantly increased 

water outlet temperature by 5°c. 

6:12 OVERALL THERMAL CONDUCTANCE OF THE PRIMARY HEAT EXCHANGER 

The overall thermal conductance values (U) for the pri mary heat 

exchanger, based on the refrigerant area, were constant at 
-2 o -1 

0.056 + 0.004 kW.m . C . This value was lower than the value 
- -2 0 -1 

of 0. 109 kW . m . C determined from the test results 

(Section 5:3) and can not be fully explained. However, problems 

with liquid polyurethane accidently being injected into one of 

refrigerant tubes during manufacture was a possible cause. 

Althou gh t h is was late r burnt out, polyure thane res iduals and 

carbon probably re mained on the fins reducing their heat 

transfer characteristics. Analysis of the headless data 

(Section 6:6) does not s upport the hypothesis of a complete or 

partial blockage of the refrigerant tubes. 

A comparison of these figures with the values in Section 2:5. l 

shows that this desi gn had values of U 3 . 32 ti me s greater tha n 

those for a tube-in-tube heat e xchanger, and 3.77 ti mes greater 

than for a coi ]-in-tank heat e xchanger. This suggests that 

increasing refrigerant vapour heat transfer are~ through the 

addition of extended surfaces (fins), significantly i mproves the 

heat transfer characteristics of the primary heat exchanger. 

6:13 ANALYSIS OF A COMBINED HEAT RECOVERY-REFRIGERATION SYSTEM 

The analysis of the heat recovery system is in three stages. 

Firstly, the overall performance of the heat recovery system as 

it affects the refrigeration system wi 11 be discussed. Secondly, 

the impact of the combined heat recovery refrigeration system 

on the utilization of electrical energy input, for milk cooling 

and water heating,will be analysed. Finally, the operating 

conditions which most efficiently utilize the energy used for 

milk cooling and water heating wi 11 be selected. 



6:13.1 Performance of the Heat Recovery System in Relation to 

Refrigeration 

The evaluation of heat recovery ga ins, re lative to the cost 

of heat recove ry in terms of the additional power required 

by the compressor,can be made using Eqn A2:1, i.e., 
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Ke 
QCH QC 

6:4 = ..... Eqn 
QHR 

where Ke = ratio of the additional compressor energy 

req u i re men ts to the ene rgy recovered as hot 

water 

QCH = compressor energy con sumption with heat 

recovery (kWh) 

QC = compressor energy consumption at a condenser 

pressure of 6.5 bar and no heat recovery (kWh) 

heat recovery energy (kWh) 

As only the effect of heat recove ry relative to refrigeration 

is being analysed, t hen Ke is a s uitable index,since it 

meas ures the additional energy required by the compresso r in 

recovering heat ene rgy , i. e., the va lue of Ke gives no 

indication of the total e nergy used by the refrigerati on 

system. It is apparent from Eqn 6:4 that the larger the 

value of Ke the smaller the retu rns from heat recove ry , 

i .e . , as Ke approaches unity the increas ed compressor 

energy increasingl y offsets any gains made from heat 

recove ry. 

If the price of energy for water heating and refrigeration 

are the same (i.e., a pricing ratio of 1:1) then the 

performance ratio is as for Eqn 6:4. However, on ma ny 

farms, the cost of water heating is less (two-thirds) than 

the cos t of ene rgy for milk coo ling (i.e., a pricing ratio 



of 1 :3). In terms of calculating the performance ratio, 

the energy value of the additional compressor power 

consumption must be multiplied by 3 to give an assess ment 

of the economic relationship between additional compressor 

energy consumption and heat recovery energy. Under these 

conditons the relationship is established by Ke',which is 

equal to 3Ke. 
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Plots of Ke and Ke' (calculated from data in Figures 6:22 

and 6:29) are presented in Figure 6:33 for both the air and 

water cooled systems. 

The results show that for a condenser pressure of 6.5 bar, 

and a pricinJ ratio of 1 :1, only 5% of the heat recovery 

was required to compensate for the additional compressor 

power consumption (Ke= 0.05). These values increased with 

increasing condenser pressure such that for a 12 bar 

condenser pressure Ke for the air cooled system was 0.34, 

while for the water cooled system Ke was equal to 0.26. 

This difference was due to the higher heat recovery ra t e 

for the water cooled system, as discussed in Section 6:10. 1. 

Increasing the pricing ratio increased the economic value 

of the additional compressor power consumption 3 fold,to 

give a Ke of 0. 16 for the 6 . 5 bar condenser pressure . For 

a condenser pressure of 12 bar the air cooled system was not 

viabl e (Ke' = 1 . 01) since the cost of the additional energy 

required by the compressor was greater than the savings 

from heat recovery. The corresponding value for the water 

cooled system was 0.79. 

Results for gross heat recovery, additional compressor 

energy and nett heat recovery (gross heat recovery minus 

additional compressor energy) , when cooling milk from 

23°c to 4°c at various condenser pressures, are presented 

in Figure 6:34 for a pricing ratio of 1 :1 and Figure 6:35 

for a pricing ratio of 1 :3. 
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Increasing condenser pressure resulted in an increase in 

nett heat recovery for a pricing ratio of I :l ( Figure 6:34) 
with values for the wate r cooled system of 3.88 kWh .day -I .m- 3 

at a condenser pressure of 6.5 bar and 6 kWh.day -I .m- 3 for 

the 12 bar condenser pressu re. The corresponding range of 

values for the air coo led system was 

to 4 . 3 kWh . day - 1 • m - 3 

- I - 3 from 3. 5 kWh . day . m 

The effect of increasing the pricing ratio to I :3 reversed 

the trend obtained fo r nett heat recovery using a 1:1 

pricing ratio. 

recovery was I . 8 

For the water cooled system, net t heat 
- I -3 

kWh.day .m for the 12 bar condenser 

pressure, ri sing to 3.5 kWh.day -l .m- 3 for the 6.5 bar 

condeoser pressure. The corresponding range for the ai r 
-I -3 -l -3 

cooled system was -0 . I kWh.day .m to 3.3 kWh.day .m 

Inclusion of the suction superheater increased nett heat 

recovery significantly by 17% for the l :l pricing rat io and 

by 20% for the I :3 pr i cing rati o. 

The curves in Figure 6:34 show that, even with i ncreas i ng 

Ke, nett heat recovery i ncreases with increasing condenser 

pressure. The response t o increasing Ke' in Figure 6:35 

was a decrease in nett heat recovery with increasing 

condenser pressure. Analysis o f t he slopes of the curves 

shows that:-

If the s lope of the curves in Figure 6:33 is such that 

dKe 
dCp 

or 
dKe' 
dCp 

> 0 i.e., da 
dCp 

where Cp = condenser pressure 

a = additional compressor energy 

g gross heat recovery energy 

dg 
> dCp 
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then for n = nett heat recovery, 

1 ) dn 
0 when da 

2 dg 
dCp 

> 
dCp < X dCp 

2) 
dn 

0 when 
da 

2 
dg = = xdCp dCp dCp 

3) dn 
0 when 

da dg 
< > 2 X dCp dCp dCp 

In F. 6 ~ 4 dn 1gure :J dCp > 0 since additional compressor ene rgy 

does not increase t wi ce as fast as gross heat recovery. 

The opposite is true in Fi gure 6:35, dn 
i .e . ' dCp < O,due to 

the effect of the increase in pricing ratio from 1:1 to 1:3. 

Analysis of Ke and Ke 1 only evaluates the relationship 

between heat recove ry and compressor energy requirements. 

HOvJe ver, the relat ionsh i p between the quantity of heat 

recovered and the quantity of heat availabl e fro m t he mi lk 

can be esti mated by determining the heat recovery 

efficiency (Section 2:5.2). For this system, heat recovery 

efficien cy ranged fro m 17% for the air cooled system 

operatin9 at a condenser pressure of 6.5 bars to 36% for the 

water cooled system operating at a condenser pressure of 

12 bars. This range is similar to that quoted in the 

1 i terature for desuperheater systems (24% to 35%). 

Therefore, it can be concluded that, for a pricing ratio of 

1 :1, maximum efficiency of the system in terms of nett heat 

recovery occurs at a condenser pressure of 12 bars, but 

changing the pricing ratio to 1:3 results in maximum nett 

heat recovery being obtained at a condenser pressure of 6.5 

bars. HOvJever, the overal 1 effect on total energy 

requirements for water heating and milk cooling can not 

be determined from t he analysis above. 



6:13.2 Combined Water Heating and Refrigeration Heat Recovery 

System 

The efficiency of the combined refrigeration-heat recovery 

and water heating system was calculated from the total 
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energy required for the heat recovery system (refrigeration, 

heat recovery and additional water heating) as a percentage 

of the total energy requirements of the standard system 

(heating water to a specified temperature and cooling milk 

with a refrigeration system operating at a condenser pressure 

of 6.5 bars and without a pri mary heat exchanger). 

Results of these calculations for cooling 2000 litres of 

mi 1 k from 23°c and 18°c to 4°c, and heating 300 1 it res of 

water to 65°C and 95°c from 15°c, are presented in Figure 

6:36 for a pricing ratio of 1 :1 and Figure 6:37 for a pricing 

ratio of l :3. 

For the water cooled system at a 1 :1 pr1c1ng, the results 

(Fi gure 6:36) sha,-.., that, for cooling milk fro m 23°c to 4°C 

and heating water to 95°c , the heat recovery system was 

18% to 25% (27% for suction superheater) more efficient 

in energy utilization than the standard system, whereas the 

air cooled system, operating under the sa me conditions, was 

constant at 16%, due to the pa,-..,e r consumed by the fans and 

the lower heat recovery rates compared to those for the 

water cooled system. 

Reducing milk inlet temperature by 5°c reduced the efficiency 

of the heat recovery system over the 6.5 bar to 12 bar 

condenser pressure range by an average 4% for the water 

cooled system and 3% for the air cooled system. This was 

due to the smaller reduction in heat recovery savings and 

refrigeration energy costs compared to the standard system, 

since the reduction in heat recovery had to be compensated 

for by the increase in additional water heating energy. 

This was not the case for the standard system, since 

refrigeration and water heating are independent , i.e., a 
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reduction in refrigeration energy consumption does not have 

to be compensated for by an increase in water heating 

energy. 

Decreasing final water temperature from 95°c to 65°c 

increased the efficiency of the heat recovery system by 6%, 

on average, for a 23°C milk inlet temperature and only 2% 

for the 18°c milk inlet temperature . These increases were 

the same for both the air and water cooled systems. 

The suction superheater, operating at a condenser pressure 

of 10 bars, proved to be 6% more efficient than the standa rd 

system. 

For a pricing ratio of l :3, the effect of increasing 

condenser pressure (Figure 6:37) from 6.5 bars to 12 bars 

was to decrease the efficiency of the heat recovery system 

from 10% to-1 % for the water cooled system, and 8% to -6% 

for the air cooled system. This means that, for the 12 bar 

condenser pressure for both systems and the 10 bar 

condenser pressure for the air system, the cost of milk 

cooling and water heating with the heat recovery system was 

greater than for the standard system. The reversal in the 

efficiency trend in response to changing condenser pressure 

was due to the 3 fold increase in cost for refrigeration 

energy compared with the savings from heat recovery. 

The effect of reducing milk inlet temperatures or water 

final temperature for al :3 pricing ratio was insignificant 

since the magnitude of the cost changes for changes in 

refrigeration energy consumption masked the effect of any 

changes in heat recovery savings. 

6: 13.3 Selection of Final Operating Conditions 

oased on the results presented in Figures 6:36 and 6:37, it 

is clear that selection of the final operating conditions 

which would give the best overall milk cooling water heating 



system depends on the pricing ratio of control led to 

uncontrolled electrical powe r. 

Fo r a 1 : 1 ra tio the system s hou ld operate at the hi ghest 

possible condenser pressures provided that the coo ling 

regulations are met. 
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For a pricing ratio of 1 :3 t he system should operate at the 

mini mum condense r pressure that wi 11 ensure co rrect 

opera ti on of the expansion va lve as discussed in Section 

2: 5. 4. 1. 

These specif i cat i ons apply to al 1 mil k inlet tempera t ures 

and water heating temperatures except that any hea t 

recovery system should not be ope rated un de r conditions 

whe re heat recovery, in terms of the volume of water heated, 

is surplus to hot wate r requirements for plant cleaning. 

6: 14 CONCLUS I ONS 

The va riation in performance of the refri gerat i on system, as 

expressed by C.O.P., va ri ed conside rab ly wit h changi ng operating 

conditions. Increas i ng condenser pressure from 6.5 bars to 12 

bars red uced C.O.P. signi f i cant ly by 0 .25 due to the 0.5 kW 

increase in instantaneous compressor power consumption. In 

addi tion, C.O.P. for the water coo l ed system was s igni ficant l y 

higher (0 . 35) than the air cooled system due to the power 

require d to operate the fan s (0 .36 kW) . Changing mil k inl et o r 

final temperature, o r the in cl us ion of the suct i on superheate r, 

had no s ignificant e ffect on C.O.P. 

The ability of the refri ge ration sys tem to mee t the cooling 

regulations was independent of condense r system but was 

depende nt upon condenser pres s ure and milk inl e t and final 

tempera tures. Condense r pressures above 10 bars, with a milk 

inlet temperature of 23°c and a milk final temperature of 4°c, 

failed to mee t the coo ling regu lati on ti me of 160 minutes when 

cool ins a 1200 litre load. Howeve r, dec reas ing milk inlet 



temperature and mi lk final temperature significantly reduced 

coo 1 i ng times. 

The maximisation of heat recovery from the condenser circuit in 

the form of hot water conflicted with the maximisation of 

refri geration performance, since increasing condenser pressure 

increased heat recovery by 3.8 kWh.day -] .m- 3 for the water 
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cooled system and 2.8 kWh.day-] .m- 3 for the air cooled system. 

The difference between the water and air cooled system was due to 

the heat recovered in the secondary water cooled heat exchanger. 

Increasing condenser pressure also increased the temperature of 

the water from the pri mary heat exchanger by 20°c (45°c to 64°c) 

for the water cooled system and 16°c (38°c to 55°c) for the air 

cooled system. The inclusion of a suction superheater increased 
-1 -3 

heat recovery by 1.0 kWh.day .m and water outlet temperature 

by s0 c. 

The re l ationship between the gains from heat recovery and the 

cost of additional refrigeration power consumption was determined 

from the calculation of the performance ratio, Ke. Th is ratio 

was modifi ed to Ke' when the influence of the ene rgy pricing 

r atio of 1 :3 was in c luded. The results fo r Ke (i .e., a pricing 

ratio of 1 : 1) showed that operating at a condenser pressure o f 

6.5 bars was the most eff i cient but nett heat recovery in creased 

with increas ing condenser pressure . This was not the case for 

Ke' (1:3 pricing ratio) since nett heat recovery decreased with 

increasing condense r pres s ure . 

Increasing the cost rate of refrigeration ene rgy by three times 

(pricing ratio of 1 :3) inc reased Ke' to the po int where, for the 

air cooled system operat ing at a condenser pressure of 12 bars, 

nett heat recovery was less than zero, i.e., Ke' = 1.01 . 

The evaluation of Ke and Ke' provided some of the information 

required to establish the most efficient heat recovery water 

heating system by al lowing the estimation of nett heat recovery 

available for off se tting wate r heating costs. Nett heat 

recovery calculations showed that the max i mum returns from the 
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heat recovery system were to be obtained at a condenser pressure 

of 12 bars, for a 1 : 1 pricing ratio,and at a condenser pressure of 

6.5 bars, for a 1 :3 pricing ratio . 

The results of nett heat recovery were combi ned with the results 

for refrigeration energy and additional water heatin g ene rgy and 

compared,on a percentage bas is, with the energy required for a 

standard system. Results of this calculation showed that at a 

pricing ratio of 1 :1, the heat recovery system became 

increasingly more efficient,compared with the standard system 

(18% to 25%), for increasing condenser pressures in the case of 

the water cooled system, but remained relatively cons tant at 16% 

for the air cooled system. Changing the pricing ratio to 1 :3 
reversed the trend wich the heat recovery system being 10% mo re 

efficient than the standard system operating at a condenser 

pressure of 6 . 5 bars . 

The effect of changing milk inl et tempe ratures or reducing fina l 

water temperatures on ly changed the res ult by 1% or 2%. However , 

the inclusion of the suct ion superheater i ncreased the eff i ciency 

of the heat recovery system by 6% ( i. e ., up to 31 %) at a pricing 

ratio of 1 :1, but had no s ignificant effect at a pricing ratio 

of 1: 3. 

The conclusions drawn from these results are :-

l) That overal 1, the water coo l ed heat recovery system was 

the most efficient system for cooling mi lk and heating 

water. 

2) For both water and air cooled systems, the operating 

conditions for maximum utilization of energy in terms of 

total cost depended upon the pricing ratio of water 

heating power to refrigeration po.-Jer. For a pricing ratio 

of l :1, a 12 bar condenser pressure proved the most cost 

effective, whereas a 6.5 bar condenser pressure was the 

most efficient at a pricing ratio of I :3. 



3) Efficiencies can be improved with the installation of a 

suction superheater. 

The impact of a heat recovery system on a refrigeration water 

heating system, operating under field conditions, is analysed 

in Chapter 8 using data from the field survey presented in 
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Chapter 7. Using this as a model, an economic assessrrent of heat 

recovery and its impact on the New Zealand dairy industry is made. 



160 

CHAPTER 7 

EXPERIMENT I I I RESULTS AND DISCUSSION 
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7:1 WATER HEATING 

Of the two hot water cylinders monitored at the dairy shed, one 

supplied water for vat cleaning at a temperature of 78°c while the 

other supplied hot water for plant cleaning at a temperature of 

95°c twice per day. 

7:1.1 Vat Cylinder 

Results of total power consumption, heating power (power used 

during the period needed to heat the water to the required 

te mperature) and standi ng power (power require d to maintain 

water temperatures aga i nst heat losses) are presented in 

Figure 7:1 with the data given in Table A7:1. Fror, these 

results the relationships between power consumption (total, 

heating and theoretical heating) and the volume of water 

heated were established. 

In some cases the volume of water entering the cylinder was 

either very l o.'1 , indicating that no cleaning was done , or very 

high, indicating that water had overflowed . These cases were 

rejected for the regression analysis. For the remaining data, 

a regression analysis showed that there was a high correlati on 

(0.98) between total power consumption and the volume of 

water heated. 

is given by:-

The regression equation for this relationship 

Power (kWh) = b X Volu me (1) + c ..... Eqn 7: 1 

where b = 0.067 + 0.004 kWh .1-l 

C = 5 . 2 + 0.4 kWh 

They intercept (c) represents the significant standing heat 

losses (5.2 kWh) for a full cylinder over a 24 hour period. 

This figure is equivalent to a heat loss rate of 0.22 kW 

which compares wel 1 with the average figure of 0.23 kW 

calculated from the expression:-
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Standing Power (kWh) 
Heat loss rate (kW) = ..... Eqn 7: 2 

(24 - heating ti me) (h) 

The equation for heating power (Figure 7 : 1) was found to be 

Power (kWh) = b' X Volume (1) . . .. . Eqn 7:3 

where b' = 0.069 + 0.002 kWh. 1-l 

The slopes of these two lines, and the slope of the 

theoretical heating curve (0.073 + 0.002 kWh), were not 

significantly different. This suggests that the hea t loss e s 

during heating were s mall. 

Based on the slope of the theoretical heating curve and the 

standing heat losses, results of total e xpe rimental and 

theoretical cylinder power consumption are presented in 

Fi gure 7:2, together with experimental and theoretical heating 

power consumption. The figure shows that this me thod of 

predicting total power consumption gives good agree me nt wi th 

the experi mental results. 

The figure also shows that the average total standing los ses 

(5.0 kWh per 24 hours) represent a significant proportion 

(47.5%) of the average total power of 10.5 kWh required to 

heat an average daily volume of 78 1 itres from 15°c to 78°c. 

This volume of water was 2 litres less than the recommended 

volume of 80 litres (Section 2:2.2.2). The relatively high 

proportion of energy wasted by heat loss was due to the long 

periods of ti me during which the water was held at the final 

temperature. In this instance, the use of a time clock to 

limit the heating process to the hours immediately prior to 

water drawoff could be justified (see Table A7:l). The 

variation in power consumption (Figure 7:2) was due to the 

variation in water drawoff for vat cleaning. In some 

instances the vats were cleaned every two days with double 

the required volume and, in others, once per day with the 

required volume. The overall effect was that the daily 

average was close to the required volume as previously 

discussed. 
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7:1 .2 Machine Water Cylinder 

The method of analysis was the same as for Section 7:1. 1 and 

the results are presented in Figure 7:3 (data in Table A7:2) . 

The curves are similar to those in Figure 7:1 with the 

regression equation for the total power being:-

Power (kWh) = b X Volume (l) + c ... . . Eqn 7:4 

where b = 0.075 + 0.008 kWh : l-l 

c = 9 . 99 + 1 .7 kWh 

(Correlation Coefficient = 0 . 92) 

while the regression equation for heating po.ver is:-

Po.-Jer (kWh) = b' X Volume (l) ... . . Eq n 7: 5 

where b' 0.098 + 0 . 008 kWh. 1-l 

The slopes of these two li nes are significantly diffe rent . 

This is because there is an apparent decrease in standing 

heat losses for the larger water volumes us ed . As t he volume 

of water to be heated per day increased, the time taken to 

reach the final temperature increased and the ti me available 

for standing heat losses decreased. This effect can be seen 

in Figure 7:4 where standing po.-Jer has been plotted as a 

function of the volume of the water heated. The equation of 

this 1 i ne is : -

Standing Power (kWh) = -0.024 X Volume (l) + 9.9 

..... Eqn 7:6 

The total power required to compensate for heat losses (total 

heat loss power) was the sum of the losses during heating and 

after the final temperature had been reached. The value of 

total heat loss power can be determined from the difference 
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between Eqn 7:4 and the equation of theoretical heating 

power of: -

Power (kWh) = (0.093 ~ 0.002) X Volume (1) . . ... Eqn 7 :7 

168 

From these two equations the equation of the curve (Figure 7:5) 

for total heat loss power as a function of the volume heated 

is: -

Total Heat Loss Power (kWh) = -0.018 X Volume+ 9.9 

... . . Eqn 7: 8 

It can be shown that for any cylinder the difference in slopes 

between the total heat loss power curve and the standing po.,;er 

curve is inversely proportional to heating element capacity, 

i.e., as element capacity decreases the heat losses during 

heating increase. 

The difference in magnitude in the slopes of the power cur ves 

between the vat cyli nder and the machine cylinder reflects the 

higher final temperature of the machine cylinder and the 

differences in insulation effectiveness. It was noted that 

the vat cylinder's insulation was in a poorer condition than 

the machine cylinder's. The heat loss rate for the machine 

cylinder was estimated to be 0.31 kW, based on Eqn 7:2, and 

was higher than the vat cylinder (0.22 kW) due to the higher 

water temperature. 

Using Eqns 7:7 and 7:8, theoretical and experimental total 

power were plotted against time, together with theoretical 

and experimental heating po.,;er (Figure 7:5). The figure 

sho.,;s the variability in machine cylinder power consumption 

due to the variation in hot water use . However, the mean 

daily volume of 219 1 i tres was only 31 1 i tres less than that 

recommended by the regulations (Section 2:2.2.2). The high 

peaks reflect the irregular use of the volume used for plant 

cleaning (e.g., exterior cleaning of the milk cups). Average 

total power consumption for the machine cylinder was 25.8 kWh 

per day, of which 23.3% or 6.0 kWh per day was for total heat 
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loss power consumption. The fi gure 6 .0 kWh per day for t he 

machine cylinder i s 20% greater than the 5.0 kWh per day 

fi gu re for t he vat cylin de r. Aga in, this reflec ts the h ighe r 

te mperature reg i me of the mach ine cylinder compa red to the 

vat cy li nder. 

For the machine cy li nder t he use of time clocks (as for the 

vat cy 1 i nde r) wou 1 d be j ust i f i ab 1 e. In add i t ion, the 

installation of the maximum capacity hea t i ng element available 

would assist in reducing heat losses dur i ng heating. 

7:2 REFRIGERATI ON SYSTEMS 

Resu lts of milk vo lumes , milk tempe ratures and power consumpt ion 

were determined from t he data and are presented in Tables 7:1 and 

7:2 , for the 2.25 kW and 3.75 kW systems respectively. 

S i nce mil k pickup was within the 3 hour regu lation ti me after the 

comp letion of t he mo rning mi ! king, the r.1 i l k final temperature of 

4°c was not reached. To overcome the problem of compar ing results 

fo r varying final temperatures , the milk volumes were corrected to 

g ive resu l ts for the equiva lent vol ume of mi l k coo l ed to 4°c. 
These results are presented, with power consumption, i n Figu res 

7:6 and 7:7. 

A regression analy s is of the cor rected data f rom the 2 . 25 kW 

sys tem produced a re lati onship be tween power consumption and milk 

vo lume of: -

Power (kWh) b X Vo lume coo led to 4°c ( 1) . . . . . Eqn 7:9 

where b 0.0069 + 0.0003 kWh . 1-l 

(Co rrela tion Coefficient = 0.80) 
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TABLE 7: 1 

Data summary for 2.25 kW refrigeration system 

Day Milk Volume ( 1 ) Temperature Total Ave. 
kWh C. O.P . 

Evening Morning Corrected Mi x Pickup 
Total (OC) 

4 1085 1210 l 81 l 14 8 15.69 2.55 

5 910 190 1100 7 4 8.67 2 . 80 

6 1000 1160 1250 14 12 11. 79 2 . 34 

7 1000 475 1467 10 4 12.39 2 . 63 

b 700 788 1488 14 4 11 ,91 2 . 76 

9 750 740 1333 13 6 8.52 3.46 

10 810 eso 1310 l 4 8 8 .07 3.59 

25 930 1360 1566 15 10 11. 31 3 .06 

26 

27 

28 880 1225 1440 15 10 9 ,96 3. 19 

29 

30 960 1340 1694 15 9 9,84 3.81 

31 

39 

40 

41 

42 

43 

44 950 1350 1573 15 10 11 .97 2.90 

45 
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TABLE 7:2 

Data summary for 3,75 kW refrigeration system 

Day Milk Vo 1 ume ( 1 ) Temperature Total Ave. 
kWh C.O.P. 

Evening Morning Corrected Mix Pickup 
Total (OC) 

4 455 455 4 3.69 2.72 

5 1485 1016 10 6 . 84 3.28 

6 

7 11 35 537 14 5 .0 7 2.34 

0 300 815 645 lb 12 4 . 56 3. 13 

9 200 485 685 17 4 5.34 2.83 

10 595 595 4 6. 12 2. 15 

25 

26 1025 1 l 85 1512 14 10 1 Z. 18 2.74 

27 850 1380 1995 16 6 12 . 84 3. 43 

2b 

29 770 12&0 l l 86 15 14.70 1 . 78 

30 

31 6 70 1280 1436 16 9 8. 10 3.92 

39 

40 830 1240 1634 15 8 l 3. 11 2.75 

41 830 13 l 0 l 6L;J 16 8 10.56 2.25 

42 830 l :>55 1882 16 8 9.03 2.03 
;'; 

43 960 1230 20 

44 

45 870 1410 1560 16 10 13.53 2.55 

;'r 
Refrigeration power fa i lure 
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and for the 3.75 kW system, of:-

Power (kWh) = b' X Volume cooled to 4°c (I) 

where b' 0.0085 + 0.0002 kWh.I-I 

(Correlation Coefficient = 0.95) 
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..... Eqn 7:10 

The differences in these slopes are significant and reflect the 

higher power requirements of the 3.75 kW system to cool the same 

load. This lower performance is also expressed in the lower 

average C. O.P. of 2.71 for the 3.75 kW system compared to the 

C.O.P. of 3. I for the 2.25 kW system. 

The cooling capacities for the two systems, of 166 l per kWh and 

125 l per kWh, for the 2.25 kW and 3,75 kW system respectively, 

were lower than the 200 1 per kWh figure suggested by Currier 

(1976). The differences were probably due to the variation in the 

conditions used. 

A comparison of cooling times with the regulations is not 

possible since the evening milk volumes we re wel l wi thin 

the system's capacity and were cooled easily within the al lowed 

3 hour time period, while for the morning volumes the milk was 

picked up at the completion of milking, i.e., within the 

regulation 3 hour time period. 

The split between evening and morning milk production was 41 % and 

59% respectively. These figures are based on 50 consecutive 

days production and compare well with the figures of 40% and 60% 

discussed in Section 2:4. l .1. 

Because of the short time period between the evening and morning 

mi lkings, the relatively low ambient night temperatures (12°c) 

and vat insulation, standing heat gains by the milk were 

insignificant. (For example, it was noted that the refrigeration 

units infrequently switch on again after the milk had reached the 

required temperature.) These gains were therefore included in 

the total refrigeration power consumption and, as a consequence, 

may account for some of the scatter in the regression analysis. 



7:3 TOTAL POWER CONSUMPTION 

Total shed power consumption data is presented, along with the 

power consumption results for both water cylinders and 

refrigeration systems, in Figure 7:8 (data in Table A7:3). 

The results show that variations in water heating contribute the 

greater proportion of the variation in total power. This was 

expected, since wa ter heating represents 50% of the total power 

consumed, while refrigeration power consumption represents only 

14.5% of the total power. 
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This data is very similar to the percentages for other dairy 

farms, as discussed in Section 2:2 . 2 and 2:2.3, with hot water 

heating being 5% above the average range of the literature values 

(40-45%), while refrigeration was 3.5% below the range of the 

literature values (18-25%) due to early milk pickup. 

7:4 CONCLUSIONS 

The development of relationships between the amount of power used 

and the volume of water heated, or the volume of milk cooled, 

al lows the prediction of power consumption for volumes other than 

those recorded. In conjunction with the relationships between 

heating and refrigeration power consumption and total farm power 

consumption (50% and 14.5% respectively), the impact of either 

increasing hot water requirements, increasing cooling requirements, 

the use of time clocks on heating elements, or the installation 

of a heat recovery system, can be more readily assessed. 
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ECONOMIC ASSESSMENT OF HEAT RECOVERY AND POTENTIAL 

IMPACT ON THE NEW ZEALAND DAIRY INDUSTRY 
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6: 1 ECONOMIC ASSESSMENT OF REFR I GE RAT I ON HEAT RECOVERY 

8:1. 1 Economic Assess ment of Experimental and Field Plants 

The results for the experi mental heat recovery system 

described in Chapter 6 were applied to the results fro m the 

field survey (Chapter 7), fro m whi ch an est imate of the savings 

potential of the heat recovery system was determined. 

Firstly, the analysis required the calculation of the daily 

total energy used by the refrigeration and water heating system 

operating under field conditions without heat recovery 

(Standard System). In Section 7:1.1 the equat i on for the vat 

cylinder water heating energy consumption in kWh, including 

standing heat losses (E ) , was expressed as:-
v 

E 
V 

= 0.067 V t va + 5.2 ..... Eqn 7: 1 

where V = daily volu me of eater heated in the vat 
vat 

cy 1 i n de r ( 1 ) 

The equation for the machine cyl i nder water heating energy in 

kWh (E) from Section 7:1 . 2 was e xpressed as:-
m 

E 
m 

0.075 V h mac + 9 .9 .. . .. Eqn 7: 4 

where V h = daily volume of water heated in the machine 
mac 

cy 1 i n de r ( 1 ) 

Using Eqns 7:1 and 7:4 gives an equation for the total water 

heating energy consumption in kWh (ETH) of:-

ETH = 0.067 (V + 1.12 V h) + ·15.1 .... Eqn 8:1 vat mac 

The equation for the daily refrigeration requirements of the 

2.25 kW field refrigeration system (E , in kWh) from 
r 

Section 7:2 was expressed as:-
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E 
r 

= o .0069 vmi lk ..... Eqn 7 :9 

where Vmi lk milk volume cooled (l) 

Adding Eqns 7:9 and b:l gives an expression for the total water 

heating and refrigeration energy requirements of the standard 

system (ETS' in kWh):-

= 0.067 (V + l. 12 V h) + 15. 1 + 0.0069 Vm., lk vat mac 

. .... Eqn 8:2 

Since the daily volume of hot water required is constant for 

any one dairy shed, .and is independent of daily milk volume, 

then taking the average daily water volumes of V = 78 litres vat 
(Section 7:1.1) and V h = 219 litres (Section 7 : 1.2) and mac 
substituting into Eqn 8:2 gives:-

0.069 vmi lk + 36. 8 .. .. . Eqn 8 : 3 

Secondly, the analysis f or the heat recovery system required 

the calculation of the daily energy requirements of the 

refr i geration and water heating system and the nett heat 

recovery energy . 

The energy require me nts for water heating were the same 

(36.8 kWh),whether the heat recovery or the standard 

refrigeration system was used. 

For a pricing ratio of 1 :1, a 12 bar condenser pressure was 

recommended in Section 6:13.3. Refrigeration energy 

consumption for the water cooled heat recovery system 

(without a primary heat exchanger) operating under these 

conditions, and cooling 2000 litres of milk from 23°c to 4°c 

(19°c differential), was 16.8 kWh (Figure 6:22) . Section 7:2 

indicated that refrigeration energy consumption was directly 

proportional to milk volume (Eqn 7:9), and if the conclusion 
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is applied to the laboratory experiment, then the refrigeration 

energy consumption in kWh (ErH) may be written as:-

16. 8 . 
2000 vmi lk 

0.0084 vmi lk • . . .. Eqn 8:4 

Expressing nett heat recovery (Q in kWh.1- 1) for the water n , 

cooled heat recovery system,as a function of gross heat 

recovery (Q in kWh. 1- 1) gives:-
g 

= Q ( 1 - Ke) 
g .... . Eqn 8:5 

· (since Q 
n 

Ke 

Q - additional compressor energy (kWh . 1- 1) and g 

additional compressor energy/Q) 
g 

There fore, the tota l daily nett heat recovery e nergy i n kWh 

can be e xpress €tl- as:-

E 
n 

( s i nee Q 
g 

= 

-:., 

[Qg (1 - Ke)] Vmi lk . . ... Eqn 8 :6 

For the water cooled heat recovery system, daily gros s heat 
-1 

recovery was 0.0081 kWh.] (Figure 6:29). Substituting this 

v a 1 u e , an d the v a 1 u e fo r Ke o f O . 2 6 ( F i g u re 6 : 3 3) , i n to 

Eqn 8 :6 gives:-

E 
n 0.0060 vmi lk ..... Eqn 8:7 

The total daily energy requirements of the heat recovery system 

(ETH in kWh) can be determined from the sum of the water 

heating and refrigeration energy requirements less the nett 

heat recovery energy (Eqns 8:3, 8:4 and 8:7); 
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= 36.8 + 0.0084 vmi lk 0 .0060 vmi l k 

0. 0024 V mi l k + 36 .8 ..... Eqn 8:8 

The daily energy savings i n kWh (E ) from installing a sav 
water cooled heat recovery system was determined from the 

difference between the energy requireme nts of the standard 

system and the heat recovery system ( Eqns 8:3 and 8:8); 

= (0.0069 vmi lk + 36 . 8) - (0.024 vmi lk + 36.8) 

0.0045 vmi lk ..... Eqn 8:9 

Assuming that the suction superheate r would increase heat 

recovery by 15% for the 12 bar wate r cooled system, then the 

constant in Eqn 8:9 would become 0.0057 kWh . 1-l. 

Applying the same procedure to the resu lts for the ai r cooled 

system gave a value of the constant in Eqn 8:9 of 

0.0015 kWh. 1-l at a 12 bar condenser pressure. 

Figure 8:la presents plots of Eqn 8:9 for the wate r cooled 

heat recovery system with and without the suction superheater, 

and also for the air coo led heat recovery system. A p lot for 

the water cooled sys tem at a 6.5 bar condenser pressure and a 

pricing ratio of 1:3 is also presented. It was evident that 

heat recovery for a 1 :3 pricing ratio was not a viable 

proposition, even at this opt i mum conditi on, and therefore no 

further plots we re done at this pricing ratio. 

Calculations for other milk temperature cooling differentials 

showed that the percentage changes in the slope of Eqn 8:9 

were the same as the percentage change in the 23°c - 4°c 

differential . 
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The percentage variations in heat recovery savings with 

changing milk temperatures have been presented as correction 

curves in Figure 8:lb. Figure 8:lb also presents lines for 

selected energy unit costs from which the value of. the energy 

recovery savings can be determined in cents.day-! The level 

of annual savings ($ .year- 1) from heat recovery is determined 

from Figure &:le. 

For example, assuming that the average daily milk production 

over 365 days of 2000 litres is cooled by a water cooled 

refrigeration heat recovery system with a suction superheater 

from 18°c to 4°c, and that 78 litres of water is heated to 

78°c and 219 litres is heated to 95°c, t he energy savings 

gained can be determined by entering Figure 8:la at 2000 litres, 

from which the energy savings for a 12 bar water cooled suction 

superheater system can be read from the vertical axis (Point A). 

Selecting the correction curve for a 14°c different i al 

(18°c - 4°c) in Figure 8:16 (Point B) the energy saving is 
-1 

determined from the horizontal axis at Po i nt D (8.8 kWh . day ) . 

The e conomic value of the saving is determined from the 

selection of the appropriate cost per kWh line (e.g., 4 cents 

per kWh at Point C) and reading across to the vertical axis 

at Point E to obtain the va l ue in cents per day 

(35 cents .day-
1) and the horizontal axis of Figure 8:lc 

(Point G via Point F) for the value in $.year-l ($135 year- 1). 
-1 

The 8.8 kWh.day energy saving represents 17% of the total 

energy required by the standard system. Following the same 

procedure for an air cooled refrigeration system yields a 
-1 

saving of 2.3 kWh (4.5% of the total), valued at 10 cents.day 

The capital outlay for heat recovery depends upon the system 

selected. For an air cooled system this involves installing a 

primary heat exchanger at a cost of $1000 (1982 pr i ce). 

Since a large proportion of refrigeration systems are currently 

air cooled, converting to a water cooled refrigeration heat 

recovery system requires the expenditure of approximately 

$2000 ($1000 for a primary heat exchanger and $1000 for 

replacing the air cooled secondary heat exchanger with a water 

cooled heat exchanger). 



The payback period for both systems were calculated for a 

nurrber of annual savings rates (a sample calculation is 

presented in Table 8:1), and are plotted in Figure 8:lc. 
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The calculation of the payback period assumed a first year 

depreciation rate of 20%, and for subsequent years 10%, while 

post depreciation profit was taxed at a rate of 55 cents per 

dollar. Yearly post tax income was summed unti 1 the original 

investment was recovered . No allowance has been made for 

opportunity cost since this is expected to be covered by the 

increase in power charges. 

Taking the annual savings for the water cooled system of 

$135 .year-
1

, and a capital investment of $2000, the payback 

curve in Figure 8:lc (Point H) gives a payback period of 

16 . 75 years. For the . air cooled system, the payback period 

exceeds 25 years. The maximum service life of the equipment 

was set at 15 years, which means that the water cooled system 

was uneconomical. 

This analysis has made no allowance for heat losses from 

piping or the intermediate storage cylinder. The losses in 

pipework are dependent upon the distance between the storage 

cylinders and the primary heat exchanger, and the level of 

insulation. The heat losses from the storage and water 

heating cylinders are dependent upon the level of insulation 

and the standing time. Standing times wi 1 l depend upon when 

hot water is used relative to the time of heat recovery, i.e., 

hot water management. Figure 8:2 gives a suggested sequence 

of events between the water heating cylinders and a buffer 

cylinder. The buffer cylinder stores the heat recovery 

water unti 1 the completion of milk cooling then dumps the 

water to the appropriate water heating cylinders where makeup 

water is added if required. Heating elements can be 

programmed with t i me clocks so that the req_yi ·red water 

temperatures are reached immediately prior to water drawoff. 

No allowance has been made for the additional maintenance 

costs or reduced service life of the compressor due to 

operating at a condenser pressure of 12 bars. 



Year 

2 

3 
4 

5 

6 

7 
8 

9 
10 

11 

12 

1 3 
14 

15 
16 

17 

18 

19 

20 

21 

22 

23 

TABLE b: 1 

Summary of payback period calculation for a $2000 investment 

and annual savings of $100 

(+ve tax= tax refund, -ve tax= tax paid) 
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Capital Annual Depree- Ta xab 1 e Tax Post Tax Accumulated 
Value Savi n9s i ati on Savings Savings Savings 

( $) ($) ($) ($) ($) ($) ( $) 

2000.0 100 400 .0 -300.0 165 .0 265.0 265.0 

1600 .0 100 160.0 -60.0 33 .0 133 .0 398.o 

1440.0 100 144.0 -44 .0 24.2 124.2 522.2 

1296.0 100 129.6 -29.6 16 .3 l 16. 3 638.5 

1166 .4 100 116 .6 -16.6 9.2 109.2 747.7 

1049 .8 100 105 .0 -5.0 2.7 102.7 850.4 

944.8 100 94.5 5.5 -3 .0 97 .0 947 .3 

650.3 100 65.0 15.0 -8.2 91.8 1039 . 1 

765.3 100 76 .5 23.5 - 12.9 87. 1 1126.2 

688.7 100 6b.9 31. 1 -1 7. 1 82.9 1209. 1 

619 .9 100 62 .0 38.0 -20.9 79. l 1288.2 

557.9 100 55 .8 44 .2 -24.3 75.7 1363.8 

502. 1 100 50 .2 49. 8 -27.4 72 .6 1436 .5 

451 .9 100 45.2 54.8 -30. l 69.9 1506.3 

406. 7 100 40 .7 59. 3 -32.6 67.4 1573.7 

366 .0 100 36.6 63.4 -34.9 65. 1 1638.8 

329.4 100 32.9 67. l -36.9 63. 1 1701 .9 

296.5 100 29.6 70 .4 -3&.7 61.3 1763 .2 

266.8 100 26. 7 73.3 -40. 3 59. 7 1822.9 

240.2 100 24.0 76 .0 -4 l. 8 56.2 1861. l 

216 .1 100 21.6 78.4 -43. 1 56.9 1938 .0 

194.5 100 19.5 80.5 -44.3 55 . 7 1993. 7 

175. 1 100 17.5 &2.5 -45.3 54.6 2048.3 
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8:1.2 Potential for Increasing Heat Recovery Savings 

Changing the energy requirements for water heating has no 

effect on the level of energy savings from heat recovery since 

the changes effect both the standard system and t.J:i~ 'heta.t 

recovery system. Reducing the energy require ments for 

refrigeration reduces the quantity of heat recovery and .as a 

consequence its efficiency over the standard system 

(Section 6:12). 

To increase the level of heat recovery for the system tested 

requi res that the rate of nett heat recovery (kW) be increased, 

since the system was operating for the maxi mum time limit 

when cooling milk from 23°c to 4°c, i.e., no potential for 

increasing kWh of energy by increasing cooling time. Heat 

recovery rate can only be increased by increasing water flow 

rate through the pri mary heat exchanger, thereby increasing 

U, or by increasing the log mean temperature difference or 

the area of the heat exchanger . 

Increasing water flow rate is not possible since this is 

fixed to give the required volume for plant cleaning . 

However, increasing the velocity of the water through the 

heat exchanger to improve the overall thermal conductance 

would require the manufacture of special cores,since none are 

commercially available (Appendix A4:2). 

The log mean temperature difference could only be increased 

either by increasing the water flow rate (which would reduce 

the water temperature rise) or by increasing vapour inlet 

temperatures by increasing the compressor head pressure 

(which would increase power consumption) or by reducing water 

inlet temperatures (which would reduce water outlet 

temperatures). 

Increasing hzat exchanger area is the only option available. 

However, the increase in heat recovery due to an increase in 

area is more complex than multiplying heat recovery by an area 

scaling factor due to the effect of decreasing the log mean 



temperature difference. In addition, increasing area by 

increasing the heat exchanger length would increase the 

refrigerant head loss and, as a consequence, increase the 

compressor power consumption. 
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Heat recovery rates for varying heat exchanger areas were 

estimated using the model developed in Appendix A6:2. and are 

presented in Figure 8:3. Using the model to predict past 2m2 

was not possible due to condensation conditions being reached. 

The results sh<M that heat recovery rate for the primary heat 

exchanger only increased by 33% for a 236% increase in heat 

exchanger area, largely due to the 12.5°c (44%) decrease in 

log mean temperature difference. This percentage increase was 

reduced to 19t when the total heat recovery rate was considered 

due to the addition of the 0.87 kW heat recovery rate from the 

secondary water cooled heat exchanger. The increase in 
2 

headless for the 2m area was estimated to 2.38 bars since the 
2 

length per leg for a 2m area is 2.38 times the length for a 
2 

0.84 m area, and headless is directly proportional to length 
2 

(1 .0 bar for 0.84 m as in Figure 6:18). The increase in 

instantaneous compressor p<Mer consumption was estimated to 

be 0.24 kW for the 2m
2 

area since the addition of the primary 

heat exchanger increased power consumption by 0. 10 kW per 

bar of headless for the O.b4 m
2 

area (Figure 6:21). 

Summing both heat recovery rate and instantaneous power 

consumption over the cooling time for the 12 bar water cooled 

condenser system resulted in 11 .56 kWh.day-] .m- 3 of heat 
-1 - 3 

recovery energy and 3.32 kWh.day .m of additional 

compressor energy. Using these two values Ke was calculated 

to be 0.29. Working through the sarne procedure as for the 

0.84 m2 area resulted in a 0.0082 slope for the energy saving 

equation (Eqn 8:9). 

The energy saving gained for the 2m
2 

heat exchanger area 
2 

under the sarne conditions as for the 0.84 m 
-1 

16.4 kWh.day which, after correcting to an 

examp 1 e was 

I 8- 4 o C coo 1 i n g 
-1 

differential (Figure o:lb), was reduced to 12.8 kWh.day 
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This energy saving represented a 25% reduction in energy costs 

over the standard system and a monetary saving of Sl cents per 

day or $187 per year. The payback period for a $2000 

investment was estimated to be 13.5 years ( Figure 8:1). 

The level of investrnent was kept constant since the increase 

in materials for the increased area would be small compared to 

the labour costs . 

It is clear that heat recovery from a 2.25 kW refrigeration 

system is margina l. However, installation of heat recovery 

heat exchangers on larger installations (3.75 kW and 5.63 kW 

systen~) would g i ve better returns since higher energy savings 

could be obtained for a si mi Jar cap ital outlay. 

8:2 THE IMP AC T OF HEAT RECOVERY ON WATER HEATING ENERGY REQUIREMENTS 

Analysis of the i mpact of gross and nett heat recovery on water 

heating energy requi rernents (lab le 8:2) shows that gross heat 

recovery for the wa ter cooled suct ion supe rhe ater system accounted 

for 51 % of the ene rgy required for water heating. Thi s pe rcen tage 

was within th e range predicted from the lite rature (Section 2 :6). 

The range i n the lite rature did not take into cons ideration the 

additional energy requi rernents of the refrigeration system, wh i ch, 

for the system tested, reduced the contribution made to water 

heating (12i) for th e water cooled suction superheater system. A 

simi lar trend was also recorded for the other systems considered 

(Table 8:2),but their percentage contributions were lower due to 

the lower heat recove ry rates. 

8:3 THE IMP ACT OF HEAT RECOVERY ON THE NEW ZEALAND DAIRY l~DUS TRY 

Although the heat recovery system tested only reduced energy 

requi rernents by 17%, an increase in heat exchanger area is 

anticipated to increase these sav ings to 25%. Applying this 

fi gure to the estimated refrigeration and water heating 
8 -1 

requirements for the whole industry of 2.08 x 10 kWh.year 
8 -1 

res ults in an energy sav ing of 0.52 x 10 kWh.year or 

$2.08 million at 4 cents per kWh . To achieve this l e vel of 



Heat Recovery 
Sys terns 

Water Cooled 
With Suction 
Superheater 

Water Cooled 
Without Suction 
Superheater 

Air Cooled 

TABLE 8:2 

The contribution of heat recovery to water heating energy requirements from heat 

recovery systems cooling 2000 litre of milk from 23°c to 4°c 

Water Heating Ref r i ge rat i on Gross Heat Gross Heat Recovered Nett Heat Nett Heat Recovered 
Energy Energy Recovery as a Percentage of Recovery as a Percentage of 

(297 litres (No heat Water Heating Energy Water Heating Energy 
total volume) recovery) 

-1 (kWh.day ) -1 (kWh.day ) -1 (kWh.day ) (%) -1 (kWh.day ) (%) 

36.b 16.b 18.63 51 14.4 39 

36.b 16.b 16.20 44 12 .0 33 

36 .b 19.4 12.80 35 8.6 23 

\.0 
0 



saving, the industry would have to invest $33 million to convert 

the 16,506 (number of dairy farms from Section 1 :1) air cooled 

refrigeration systems to water cooled heat recovery syste ms with 

suction superheating capabilities. The annual return on this 

investment is calculated to be 6.3%, which is not considered by 

the dairy industry to be economical for equipment alterations. 
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While it is not proposed that water cooled heat recovery systems 

should be installed en masse, it is suggested that farms, with 

daily milk production in excess of 2000 litres and with water 

requirements above 300 litres per day, requiring a new 

refrigeration system (greater then 2.25 kW) would benefit from the 

installation of a water cooled refrigeration heat recovery system. 
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CHAPTER 9 

CONCLUSIONS 



9:1 THE REFRIGERATION SYSTEM 

The performance of the refrigeration system varied considerably 

in response to changing operating conditions,as foll()\,vs:-
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1) Increasing condenser pressure from 6.5 bars to 12 bars 

reduced C.O.P. from 3.05 to 2.35 for the water cooled 

system, and in creased cooling times to the point where the 

system failed to meet the cooling regulations . 

2) Reducing mil k coo li ng differentials from 19°c to 11°c 

reduced cooling times by the same p roportion but had no 

significant effect on C.O.P. 

3) The additional 0.36 kW in p()\,ver consumption rate (fan 

power) for the air cooled system res ulted in a C.O.P . 

range of 2.70 to 2.00, which was 0.35 1()\,ver than the water 

system. This had no effect on cooling times. 

4) Receiver pressure below 6.0 bars resulted in incorrect 

operation of the expansion valve. 

In conclusion, to maxim ise refrigeration energy utilisation, a 

water coo l ed system operating at the ]()\,vest possible condenser 

pressure, consistent with the correct operation of the expansion 

valve , should be selected. 

9:2 HE AT RECOVERY 

The performance of a heat recovery heat exchanger, installed in 

the ref rigeration system to reduce the energy requirements for 

water heating, also varied with changing operating conditions, 

as fo 11 ows : -

1) Increasing condenser pressure from 6.5 bars to 12 bars 

increased heat recovery from 4.2 kWh.day - I .m-3 to 

8.1 kWh .day-1.m-3 (a 93% i ncrease) for the water coo l ed 

system (compared with a change of 3.8 kWh.day-1.m-3 to 

6.8 kWh.day- 1.m- 3 (71 %) for the air cooled system) and 
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increased water outlet temperatures from 4s0 c to 64°c (44%) 

(compared with 38°c to ss0 c (44%) for the air cooled 

system). The cost of these increases was increased power 

consumption (up to an extra 2.2 kWh.day-1.m-3 (26%) for 

both systems). 

2) Decreasing mi I k coo Ii ng different i a Is p roport i ona 1 ly 

reduced the total heat recovered, due to shorter cooling 

times, but had no significant effect on water outlet 

temperature, because condenser pressures remained constant. 

3) The water cooled system recovered up to I .5 kWh.day-I .m-3 

(23%) more than the air cooled system, as a result of the 

extra heat recovered in the secondary heat exchanger. 

4) The inclusion of a suction superheater increased heat 

recovery by 15%, with no significant effect on C.O.P. or 

coo I i ng times. 

9:3 ECONOMIC ASSESSMENT 

The rationalisation of the conflict between heat recovery and 

refrigeration performance was made on the basis of the ratios 

(Ke and Ke') representing the additional cost of operating the 

system above a 6.5 bar head pressure, to the savings gained from 

heat recovery. From this analysis, the conclusions were:-

l) The water cooled system was more efficient (Ke= 0.26) 

than the air cooled system (Ke= 0.34) at a 12 bar condenser 

pressure. 

2) For a pricing ratio of 1:1, increasing condenser pressure 

was justified since nett heat recovery increased, whereas, 

for a I :3 pricing ratio, nett heat recovery decreased with 

increasing condenser pressure due to the greater cost of 

compressor power. 



9:4 APPLICATION TO A TOWN SUPPLY FARM 

The app l ication of heat recovery sys t ems to a typical town mi lk 

supp ly farm, cooling 2000 l i tres of mi l k from 18°c to 4°c and 

heating 297 litres of water per day, showed that:-

1) The maximum reduction in tota l ene r gy was achieved f rom a 

12 bar water coo led suc ti on superheated system, with 

8.8 kWh.day-I (1 7%) being saved over t he standard system. 

Th is represen ted a sav ing of $135 .yea r- 1 for an energy 

cost of 4 cents. (kWh) - I. 

2) For this system, a capital cost of $2000 resulted in a 

16 .75 year payback period . 
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3) Increasing heat recovery by in creasing cooling times was 

not possib le , since the system wou l d fai I to meet the 

l ega l maximum cooling ti me , Increasing heat recovery, by 

increasin g heat exchanger area 2.38 times, produced on ly a 

sma l l i ncrease (8%) in mone tary savings . This reduced the 

payback period, for the water cooled s ucti on supe rheate r 

system, by 3.25 years. 

9:5 GENERA L CONCLUS IONS 

In genera l, hea t recovery is uneconomical for 2.25 kW refrigeration 

sys t ems as a resu l t of the re lationship between cap ita l costs and 

heat recovery savings . Howe ver, it is expected that la rger 

systems cou ld be econom i ca l due t o the increase in heat recovery 

rates fo r a neg ligibl e in crease in cap ital costs. 

In all cases, it is recommended that othe r me thods of red ucing 

e nergy consumption be i nvestigated . These include: -

1) red ucing ho t water consump tion , 

2) reducin g wate r tempe ratures in conjunction with medium or 

] Qv.l t empe r at ure detergents, and 



3) reducing water heating cylinder heat losses by improved 

insulation, or by fitting time clocks. 
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In many farm situations these methods are the most cost effective. 

Therefore, heat recovery systems should only be considered in 

conjunction with other alternatives available. 



APPEND IX A2 

DERIVAT ION OF UBBELS HEAT RECOVERY LIMITING EQUATION 

FOR FULL CONDENSING, COI L-IN-TANK, HEAT RECOVERY SYSTEM 
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ased on a cons tant milk load (M) the power required for a heat 

·ecovery refrigeration system i s Q . The power requ ired fo r the -same 
C 

;ystem with an air cooled condense r without heat recovery is Q . 
ea 

:ram wh i eh: 

Amount of heat recove ry = ~iR (kJ) 

Amo unt of powe r in crease 
due to heat recove ry = QC - Qca (kJ) 

Heat load of mil k = M (kJ) 

COPR M = 
C Qc 

COPR M = ea Qca 

COP H HR = 
QC 

Ratio o f addit iona l power 
to heat recovery = Ke 

Q -
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Qca 
i .e . ' Ke C 

. .... Eqn A2: 1 = 
QHR 

but QC 
M = COPR 

C 

Qca 
M = COPR 

ea 

QHR = QC .COP H 
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M M 
COPR COPR 

Now Ke C ea = 
QC .COPH 

1 
M COPR cOPR- ) 

C ea = 
QC COPH 

but 
M COPR = 
QC C 

1 COPR COPP-- COPR - ) C 

Ke C ea = 
COPH 

COPR 
( 1 C 

COPR 
Ke ea = 

COPH 
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HEAT RECOVERY SYSTEM 
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A3:2 CALCULATION OF TEMPERATURES 

A3:3 CALCULATION OF WATER FLOW RATES 

A3:4 FINAL ARRANGEMENT 
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A complete condensing heat recovery system was required to condense the 

refrigerant vapour and heat the specified quantity of water to a 

reasonable te mperature (approx i matel y 6o0 c). 

A3:l ASSUMPTIONS 

Assuming t hat requirements of the system a re : -

l ) A water outlet temperature = 6o 0 c 

2) An effectiveness ratio = 0.8 

3) A water inlet tempe rature = 16°c 

4) A refrigerant (Freon l 2) flow 0.082 kg . s 
-1 

rate = 

5) A condensing temperature = 34°c @ 8.5 (bar 

then the refrigerant superheated vapour temperature and water 

flow rates could be determi ned . 

A3 : 2 CALCULATION OF TEMPERATURES 

Calculation of the temperatu re leav i ng the condens i ng re g ion 

(Figure A3: l) is by: -

t . 

abs.) 

E = 0 . 8 = 
C 

t woe 
t . 

r1c 

WI 

t . 
.. . .. Eqn A3:l 

WI 

where E = Effectiveness ratio 
C 

t = temperature of the water leaving the 
woe condensing region (OC) 

t = water inlet temperature (OC) 
wi 

t = temperature of the refri aerant entering 
ri C the condensing region (OC) 

Rearranging Eqn A3:1 gives:-

t woe 
= 0.8 (34 - l6) 0 c 

30. 4°c 

+ 16°c 
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Using this result fort the superheated vapour temperature woe 
required to heat the water to 6o

0
c can be calculated from:-

E = 0.8 = 
C 

t 
wos h 

t . h r1s 

t woe 
t woe 

.. ... Eqn A3:2 

where t wosh 

t . h r1s 

= water outlet temperature from superheat 
region (0 c) 

= 

60°C 

refrigerant vapour inlet temperature 
to the superheat region (0 c) 

Rearranging Eqn A3:2 gives:-

t . h r1s 
(60 - 30.4) 0 c 

0.8 

A3:3 CALCULATION OF WATER FLOW RATES 

+ 30.4°c 

The wate r flow rate required to remove the heat in the 

condensing reg ion can be calculated from the eq uation:-

E = M x Sp H t x 6 t r w ..... Eqn A3:3 

where E = Heat in 
r refrigerant to be removed 

-1 
(kJ.s ) 

-1 M = Water mass fl ow rate (kg.s )) 
w 

Sp Ht Specific heat of water (kJ.kg -1 . oc-1) = 

6 t = W dl.fference (0 c) ater temperature 
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The value of E in Eqn A3:3 can be calculated from the refrigerant r 
mass flow rate (M) and the enthalpy change determined from the r 
Freon 12 chart. Substituting the appropriate values into 

Eqn A3:3 gives:-

E = 130 (kJ.kg- 1) x 0.082 (kg.s- 1) 
r 

from wh i eh:-

= 

M = 
w 

M (kg.s- 1) x 4.186 (kJ.kg- 1. 0 c- 1) 
w 

x (30.4 - 16) 0 c 

-1 
0.177 kg.s 

Using Eqn A3:3 for the supe rheated vapou r region and substituting 

values for temperatures, refrigerant fl ow rate and enthalpy 

changes gives:-

E = 
r 

- 1 -1 
0.082 kg.S X 27 kJ.kg 

X ( 60 - 30. 4) OC 

From which the wate r flow rate required to coo l the superheated 

vapour is:-

M = 
w 

A3:4 FINAL ARRANGEMENT 

-1 
0.018 kg.s 

On the basis of these flow rates the minimum flow rate required 
-1 

to condense the refrigerant is 0. 177 kg.s For a single heat 

exchanger the outlet temperature can be determined from:-



from wh i eh : -

E = (130 + 27) (kJ.kg- 1) x 0.082 (kg.s- 1) 
r 

0.177 (kg.s- 1) x 4. 186 (kJ.kg- 1 . 0 c- 1) 

X (t h - 16) OC 
wos 

twosh = 33. 4oc 
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Since large quantities of low temperature water were not required 

then a single heat exchanger operating as a complete condensing 

heat recovery system was not a viable alternative. 
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:1 ARRANGEMENT AND WIRING DIAGRAMS 

(See following Figures A4:1, A4:2 and A4:3 . ) 
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A4:2 TEST PRIMARY HEAT EXCHANGER DESIGN 

The design parameters for the primary heat exchanger were 

1) turbulent flow conditions for a water flow of 0.625 

litreslmin 

2) turbulent flow conditions for the refrigerant 

3) construction from currently existing technology. 

-A4:2.l Water Tube 
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Table A4:l gives the Reynolds No. for three sizes of tube 

which are commercially available. Since the 4 mm I .D. tube 

was not available with spiral finning and the 10 mm tube 

gave Reynolds No.s in the laminar region, then the only 

remaining alternative was the 7 mm I .D. stainless tube. 

A4:2.2 Cores 

To improve the heat transfer characteristics (by increasing 

water velocity) the use of cores was investigated. The 

only available sizes of stainless core had diameters of 

6.4 mm, 4.7 mm and 3.2 mm. The 6.4 mm diameter core would 

have resulted in a flow path which had potential blockage 

characteristics and the 3.2 mm diameter core would not 

achieve the desired flow pattern. Therefore, the 4.7 mm 

core was selected. 

A4:2.3 Spiral Fins 

Spiral finning 9 mm high was available in three pitches; 

158 finslm (4 Flinch), 236 finslm (6 Flinch) and 

314.68 finslm (8 Flinch). To ensure that a high degree of 

turbulence was generated, while paying due consideration 

to headloss, the 158 finslm pitch was selected. 



2 1 1 

TAB LE A4: J 

Reynolds Nurroe r for th r ee commercia ll y avai l able tubes (w ithout co res) 

and a wate r f l ow rate of 0 . 625 1 . mi n- l 

Tube Cross Wate r Ve locity Mean Wate r Viscosity R. E . 
Diameter Secti o na l Fl0.v Temperature 

~ I . D.) Area Rate Rise 

' (m) ( m2) - 1 
( l. min ) 

- 1 
( m. s ) (OC) - 2 

( M.S .m ) 

0.010 O .079 xl0 - 3 0.625 0 . 132 40 0.654 xl0- 3 2016 

0 . 007 0 . 038 x l 0 - 3 0 . 625 0.274 40 0.654 x l0 - 3 2934 

0 .00 4 0.0 13 x l 0- 3 0.625 0 . 80 1 40 0 . 654 x l0 - 3 4900 
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A4:2.4 Outer Tube 

To force the refrigerant vapour to pr incipally fla.v between 

the fins, so that a high film coefficient was developed, an 

outer tube giving mi ni mum fin tip clearance was selected. 

The on ly commercially available tube meeting this 

req u irement had an O.D. o f 31.8 mm and an I .D. of 30.5 mm . 

A4:2.5 Connections 

Refrigerant connections were 15 .875 mm O. D. flared 

refrigeration connectors cut in half and welded to the 

outs ide of the outer tube. Water connections were standard 

9.25 mm fla red nuts. 

A4:2.6 ins ul ation 

Standard polyurethane tube insulation ( 1 Armaflex 1
) was us e d . 

This insulation had a therma l conductance of 1 .59 x 10 - 3 

- 2 o -1 
kW . m . C . 

A4 :2 .7 Length 

The length of the test heat exchanger was set at 1 m. 
2 This length resulted in a water surface area of 0.027 m 

and a refrigerant surface area of 0.28 m2 (fins plus pipe) . 

The fina l arrangement is presented in Figure A4 :4. 

A4 :3 INSTRUMENTATI ON CALIBRATION CURVES AND ERRO RS 

A4:3. 1 Temperatu re 

Copper Constantan thermocoup les, digital volt meters and 

the thermocoup le rota ry switch were calibrated against an 

ice bank and boi lin g water . Since the ice bank, by 

definition, is at o0 c and an ice reference was used then 

there is no e rro r at this po int. The erro r at the boil i ng 

end of the ran ge was li mited by the reading accuracy of 

the mercury in glass thermometer. This was~ 0.5°c. 
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The d igita l volt meter had a 4 1/ 2 fig ure read out, resu lting 

in a mi ll ivo lt accuracy of 2:_ 0.005 mV. 

Using these two points the me an s lope of the ca lib ration 
0 -1 0 

cu rve was 23.36 + 0 . 12 C.mV . At JOO C this slope 

resulted in a percen t age error of 

0 
Tempe rature ( C) = (2 3.36 2:_ 0.12).mV 

= (23 . 36 :_ 0 . 5%) mV 

-A4:3.2 Refrigerant Flow 

The relationshi p between the number of pulses and volume 

fo r the rece i ve r flow meter from the manufacture r' s 
-1 ca l ib ration data was 1979 pu lses . I + 6%. 

Three checks on the variation in the "Raca l Counter" were 

made by counting pulses fo r I second and JO second 

i nterva ls. 

1) 20 consecutive 10 sec counts S = 0. 7406 Hz 

2) JO consecutive 10 sec counts S = 0.826 Hz 

3) 19 consecu tive 1 sec counts S = 0 .496 Hz 

I) = 67.8 + 0.7 Hz 

2) = 67 . 2 + 0.8 Hz 
-1 

4030 + 40 pulses.min 

3) = 66 . 6 + 0 . 5 H z 

- 1 
::::.'> pu 1 ses. mi n + 1 % 

The conversion eq uati on from pulse frequency to flow rate 

is given by:-



Flow rate (1.min- 1) = 
pulses .mi n-1 

-I pulses. I 

= Hz + 1% X 
60 

1979 + 0.6% 

= Hz+ 1% x 0.030321 + 0.6% 
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= 0.030321 x Hz+ (0.01 2 + 0.0062) l/2 

= (0.0303 X Hz) + ] .2% 

The evaporator flow meter was calibrated against the 

receiver flo,, meter, from which the calibration equation was:-

Flo.-, rate ( l .min-1) = (0.0289 x Hz) + 1.2% 

A4:3.3 Primary Water Flow 

Frequency for a primary water flow rate of 0.625 l.min- 1 

9 .4 Hz 

= 0.0665 l .min- 1/Hz 

Error in counter = .:':_ 0.05 Hz 

= + 0.2% at 25 Hz (1.6 l.min-1) 

Error in stopwatch = .:':. 0 .5 sees 

= + 0.7% at 74 seconds ( l .6 l.min- 1) 

Error in measuring 
.:':. 0 .005 1 it res 

cylinder 

= + 0.25% for 2.00 litres 

Therefore, error in flow rate calculation 

Flew rate (] .mi n- 1) = (0.0665 X Hz) + (o.72 + 0.25 2) 
112 

= (0.0665 X Hz) .::. 0.74% at l .6 l .mi n- 1 

= (0.0665 x Hz) ,:_0.7% 



216 

A4:3.4 Direct Reading Instrumentation 

The instruments which did not require the development of 

conversion equations are summarised in Tables A4:2 and A4:3. 

In all cases the accuracy to which the instrument was read 

was taken as the error for the value of the variable. 

Instrument checks were carried out on the low pressure 

Bourdon gauges and the Honeywell chart recorder, and in all 

cases calibration errors were considered insignificant 

compared to the reading error. 

A4: ·4 EXPERIMENTAL VARIABLES, DATA SHEETS AND COt\PUTER PROGRAMME 

(EXPERIMENT I I) 

A4:4. 1 List of Measurements for the Experiment Plant 

A4:4. 1. 1 List of Independent and Dependent Variables 

1) Independent Variables 

( i ) Condenser pressure 

( i i ) Primary heat exchanger water flow 

( i i i ) Primary heat exchanger refrigerant 

(Experiment I only) 

( i V) Refrigeration load (total) 

( V) Milk inlet temperature 

(Vi) ru lk final temperature 

2) Dependent Variables 

( i ) Coo 1 i n g rates 

(ii) Po.-ver consumption 

(iii) C.O.P. refrigeration 

(iv) Condenser water temperature 

(v) Refrigerant flo.-v rate 

(vi) Temperatures 

rate 

f 1 o.-v 

(vii) Secondary water cooled heat exchanger water 

flow rate 

(viii) Overall thermal conductance (U) 



TABLE A4:2 

Summary of instrumentation used on experimental plant 

Variable 

Pr~ssures 

a) Condenser 

b) Evaporator 

Compressor Power Consumption 

a) Direct Reading 

b) Calculation 

Total Compressor and Fan 
Power Consumption 

Vat S t i r re r Powe r 
Consumption 

Secondary Heat Exchanger 
Flow Rate 

Instruments 

Bourdon gauges 
(0-1400 kPa) 

Bourdon gauges 
(2 x 0-1000 kPa) 

( 1 x -100 - 1000 kPa) 

Cambridge 3 phase load 
analyser 

Volts, Current/phase 
and Power Factor 

kWh meters 

Cambridge Single Phase 
load analyser 

Weighed volume and 
stopwatch 
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Reading 
Accuracy 

+ 2.5 kPa 

+ 5 kPa 

+ 5 kPa 

+ 2.5% 

+ 2. 7% 

+ 0.5% 

+ l .6% 
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TABLE A4:3 

Summary of instrumentation used on field plant 

Vari ab 1 e 

T~mperature 

Water Volumes 

Power Consumption 

a) Total 

b) Water Heating and 
Re fr i ge rat i on 

Cooling and Heatin9 
Ti mes 

Instruments 

Honeywel 1 multichanne l 
chart recorder, copper 
Constantan thermocouples 

1 Kent ' w ate r mete rs 

3 phase kWh meter 

Single phase kWh meters 

Mu lt ichannel event 
recorder 

Reading 
Accuracy 

+ 0.5 litres 

+ O .5% 

+ 1 .0% 

+ 1 minute 
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A4:4. 1 .2 List of Measurements 

1) Temperatures 

Refr i gerant 

Tl 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

TIO 

T 11 

Tl 2 

T13 

Compressor inlet 

Compressor outlet 

Primary heat exchanger in let 

Primary heat exchanger out let 

Water cooled secondary heat exchange r inlet 

Ai r cooled secondary heat exchan ger inlet 

Water cooled secondary heat exchan ger outlet 

Air cooled seconda ry heat exchanger outlet 

Rece i ve r inlet 

Rece ive r out le t 

Expansion valve in let 

Evaporator inl e t 

Evaporator out let 

Water 

T14 Water cooled secondary heat exchan ger i n let 

Tl5 \.later coo led secondary heat exchange r out let 

Tl6 Primary heat exchanger inlet 

T17 Primary heat exchanger out 1 et 

Mi s ce 11 aneous 

T16 Ambient 

T19 Compressor head 

T20 Milk in let 

T 21 Mi 1 k-vat 
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2) Refrigerant Pressures 

P 
1 

Compressor inlet 

P
2 

Compressor outlet 

P
3 

Secondary inlet 

P 4 Receiver 

PS Evaporator inlet 

P6 Evaporator outlet 

3) Fla.-J Rates 

4) P™e r 

Pri mary water 

Secondary water 

Milk flow 

Refrigerant (re ceiver) 

Refrigerant (evapo r ator) 

K
1 

Compressor kWh 

K
2 

Compressor Watts 

K
3 

Compressor Amps 

K4 Compressor P.F. 

KS Co m~ re ss o r Volts 

KG Fan kWh 

K
7 

Stirrer Watts 
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A4:4.2 Sample Calculations and Data Sheets 

The calculated variables presented in Chapter 6 are 

calculated below for one set of measurements taken during 
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the W12 run. These measurements are presented in Table A4:4, 

as an example of the computer data collection sheets. For 

Freon properties, table values are quoted in brackets for 

comparison. 

A4:4.2. 1 Temperatures 

Using the temperature conversion equation in 

Appendix A4:3. 1, and T1 in mV (Table A4:4), as an 

example:-

T 1 ( 0 c) = 2 3 . 36 x O . 5 7 ( mV) 

= 13.3°c 

from which T1 = 286.3°K 

A4 : 4.2.2 Pressures 

Pressures P1 to P6 were converted from kPa to bar abs 

by:-

P (bar abs) 

e.g. Pi (bar abs) (150) 
100 

A4L4.2.3 Refrigeration Effect (R.E.) 

From Eqn 2:5, 

R.E. = 

+ 1 

+ = 2. 50 

-1 kJ.kg 

where hJ = specific enthalpy at the evaporator 

outlet 
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h3b = specific enthalpy at the expansion 

valve inlet. 

The calculation of hi requires that the specific 

enthalpy of the superheated vapou r (hsH) be calculated 

for T1 3 and P6 using Eqn A4:1 1. This equation requires 

that values of hf (Eqn A4:9), Vf (Eqn A4:7), 

hfg (Eqn A4: 10) and CVAP (Eqn A4:5) be determined 

using T13 and P6 and the saturation tempe rat ure, 

calculateci from Eqn A4:3. The results of these 

calculations were:-

T13 = 281. 4°K 

p6 = 2.80 bar abs 

TSAT = 270. 1°K 

for PSAT = 2.80 bar abs (2 70) 

= 7 .059 X J0 - 4 m3 . kg- 1 

for T = 270. I °K (0 .71 099xl(J4) 

= 33. 39 kJ.kg- l 

for T = 270 .1°K (33. 29) 

= 153.74 kJ.kg-l 

for PsAT = 2.80 bar (152 .955) 

CvAP = 0.646 kJ.kg-1 .° K- 1 

for PsH = 2.80 bar 

The final value of hsH is given by:-

hsH = 33.39 + 153.74 + 0.648 (T13 - TsAT) 

= 194 .45 kJ.kg-l 

The determination of h3a was from Eqn A4:9 and Eqn A4:7 

for the expansion valve inlet temperature (T 11 ). 



From Table A4:4, T11 = 291 .0°K and substitution into 

Eqn A4:7 yields a value for Vf of:-

7.421 X JQ-4 m3.kg-1 
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for TsAT = 291.0°K (7.4846xl0-4) 

and substitution into Eqn A4:9 gives a value for hf of: 

hf = 52.86 kJ.kg-1 

for TsAT = 291.0°K (52.958) 

The difference between hsH and hf is the refrigeration 

effect, i.e., 

R.E. = (194.45 - 52.86) 

= 141 . 59 kJ. kg - 1 

A4:4.2.4 Refrigerant Flow 

The flow rate in 1.min- 1 was calculated using the 

conversion equations developed in Appendix A4:3.2. 

Converting frequency values for R4 and R5 from 

Table A4:4 gives:-

Re ce i ve r f 1 ow 

2.04 1 .min- 1 

Evaporator flow (R5) = 71 .6 H2 x 0.0289 

2.07 1.min-l 

Refrigerant mass flows were calculated from Eqn 4:10, 

in which Vf (Eqn A4:7) is calculated using T9 (293.1°K) 

for the receiver flow meter and Tio (293.6°K) for the 

evaporator flow meter. Results of these calculations 

were:-
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Receiver mass flow (Mr]) = 0.0456 kg.s- 1 

Evaporator mass flow (Mr2) = 0.0462 kg.s- 1 

A4:4.2.5 Instantaneous Compressor Power Consumption (I.C.P.C.) 

Using Eqn A4:12 and the values of:-

6.25 Amps.phase-I 

0.63 (P.F.) 

and K5 410 Volts 

res u 1 ts in I . C. P. C. being eq ua 1 to 2. 80 kW. 

A4:4.2.6 Coefficient of Performance 

Substituting the values of:-

Mr 2 = 0.0462 kg.s-1 

R.E. = 141.59 kJ.kg-l 

and I .C.P.C. = 2.80 kW 

into Eqn 4:11 results in a C.O.P. value of 2.34. 

A4:4.2 . 7 Primary Heat Exchanger Water Flow Rates 

Using the conversion equation in Appendix A4:3.3, and 

the value for R1 of 9.2 Hz from Table A4:4, results in 

a value for primary water flow rate of 0.612 1 .min-l. 

The mass flow rate (Mw) was calculated to be 
-1 0.0102 kg.s . 
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A4:4.2.8 Pri mary Heat Exchanger Heat Flow Rate 

Primary heat exchanger heat flows were calculated 

by two independent methods. Firstly, the rate of heat 

gain was calculated using Eqn 4:2. Taking values of:-

T16 = 308.0°K 

T17 = 339. 3°K 

= 0.0102 kg.s- 1 

Sp H t = 4. 186 kJ . kg- 1 . oc 1 

gives a rate of heat flow into the water, from 

Eqn 4:2), of 1. 34 kW. 

A check calculation for the heat lost by the 

refrigerant vapour was made , using the following 

expression : -

Taking values from Table A4:4 of:-

hsHl calculations 

14.0 bar 

330.23°K } 
hsH 2 calculations 

13.lbarsabs 

0 . 0 46 2 kg . s - l 

Qr was calculated to be 1 .38 kW. 



A4:4.2.9 Overall Thermal Conductance (U) 

Overa ll the r ma l conductance was ca lcul ated using 

Eqn 4 :1. Taking va lues from Table A4:4 of :-

T3 = 369 . 2°K 

T4 = 330.2°K 

T1 6 = 308 . o°K 

T1 7 = 339. 3°K 
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the log mean temperature difference was calculated to 

be 25 .8°c. The a rea of the hea t exchange r was 0.84 m2. 

Substituting these values, and the va l ue of Ow of 

1.34 kW , into Eqn 4: 1 yie lds a va l ue for U of 

6 -2 o -1 0.0 2 kW. m . C . 



ANALYSIS:PROCEDURE; 

;••···································································· • * 
• 
• 
• 
• 
• 
• 
• 
* 
• 

Aim:-

REFRIGERATION DATA ANALYSIS PROGRAM 

The aim of this program is to process the raw data 
the runs conducted on the experimental plant 
which results of power, flow, enthalpies, COPs and 
recovered are written to output files for checking 
analysis by MINITAB. 

for 
from 
heat 

and 

• 
• 
• 
• 
* 
• 
• 
• 
• 

* Input:- Data from the four data sheets(Appendix A4:4.4)are read * 
* into the DATA structure through the file DATAIN. * 
• • 
* Method:- Processing the data by calculation to give: * 
* 1) temperatures and flows from conversion equations * 
* 2) refrigerant enthalpies * 
* 3) compressor and fan power results * 
* 4) primary heat exchanger heat flows U and Ee values * 
* 5) COPs * 
• • 
* Output:- Results are printed to 5 files (#1-#5) for MINITAB * 
* analysis. A complete set of results is printed in a * 
* table format for printing (file TABLE). * 
* 
• 

• 
* 

*********************************************************************! 

!****************************** 
* * 
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* DECLARATION OF VARIABLES * 
* * 
******************************! 

DCL 1 DATA(20) ,/* Data structure -holds all test data*/ 
2 PCMER, 

3 COMPKWH FIXED DECIMAL(5,2), /* compressor kWh meter readings & running total*/ 
3 WATT FIXED DECIMAL(3,2), /* compressor Watt meter reading*/ 
3 WATT CAL FIXED DECIMAL(3,2), /* compressor calculated Watts*/ 
3 AMP FIXED DECIMAL(3,2), /* compressor amps/phase*/ 
3 VOLT FIXED DECIMAL(3), /* compressor volts*/ 
3 STWATT FIXED DECIMAL(4,1), /* stirrer Watts*/ 
3 PF FIXED DECIMAL(2,2), /* compressor power factor*/ 
3 FANKWH FIXED DECIMAL (5,2), /* fan kWh readings & running total*/ 

2 PRESSURE(6) FIXED DECIMAL(8,4),/* compr essor pressures 

2 FLOWS(6) FLOAT DECIMAL, 

2 TEMPS(21) FIXED DECIMAL(5, 2 ), 

PRESSURE(1) = comp inlet 
PRESSURE( 2 ) = comp outlet 
PRESSUR E(3 ) = condense r 
PRESSURE(4) = receiver 
PRESSURE(5) = evaporator inle t 
PRESSURE(6) = evaporator outlet*/ 

/* flow rat es 
FLOWS ( 1 ) = 
FLOWS(2) = 
FLOWS (3) = 
FLOWS ( 4) = 
FLOWS (5) = 
FLOWS(6) = 

refrig receiver(l/min) 
water condenser(l/min) 
water primary(l/min) 
refrig receiver(kg/s) 

/* temperatures 
TEMPS(1) = Re frig. 
TEMPS(2) = 
TEMPS( 3 ) = 
TEMPS (4) = 
TEMPS(5) = 

evaporator(l/min) 
evaporator(kg/s)*/ 

comp inlet 
comp outlet 
primary inlet 
primary outlet 
wa t er cond. inlet N 

N 
I.!) 



TEMPS(6) = 
TEMPS(9) = 
TEMPS(8) = 
TEMPS (9) = 
TEMPS ( 1 0) = 
TEMPS ( 1 1) = 
TEMPS(12) = 
TEMPS(13) = 
TEMPS ( 14) = 
TEMPS(15) = 
TEMPS(16): 
TEMPS(17)= 
TEMPS(18) = 
TEMPS ( 19) = 
TEMPS (20) = 
TEMPS (2 1 ) = 

Water 

air cond, inlet 
wat er cond . outlet 
air cond . outlet 
rece iver inlet 
rece iver outlet 
expansion valve inlet 
evaporator inlet 
evapo r ator outlet 
cond . i nle t 
cond, out le t 
pr ima ry inl et 
prima ry outlet 

compressor head 
milk inlet 
vat temp 
ambient */ 

2 FREON TOT(2) FIXED DECIMAL(5). / * running totals of fre on vol . (2 flow meters) */ 
2 TIME FIXED DECIMAL(4 ) . / * total time since sta rt* / 
2 ENTHALPIES. 

3 CQ,1PH FIXED DECIMAL(6 , 3) . / * enthal py change during compr ess i on*/ 
3 DSH FIXE D DECIMAL(6 . 3). / * enthalpy level of Delivery Supe rHeat*/ 
3 CONDH FIXED DECIMAL(6, 3), / * enthal py change during CONDensation*/ 
3 SCCOND RECH FIXED DECIMAL(6 , 3) , / * SubCooled CONDenser RECeive r e ntha lpy di f ference*/ 
3 REC EXPH FIXED DECIMAL(6, 3) . / * RECeive r EXPansion valve enthalpy diffe r ence*/ 
3 EVAPH FIXED DECIMAL (6 , 3) . / * enthalpy change ac ross the evapo r ator= R.E.* / 
3 CEVAPH FIXED DECIMAL(6.3). / * Compr essor - EVAPorator out let entha l py di fference */ 

2 COP(2) FIXE D DECIMAL(6,4), / * actual and theoretical C. O. P.s*/ 
2 CQ,1P EFF FIXED DECIMAL(4.3), / * compr essor effic i ency* / 
2 PRIM EX CHANGER, 

3 EXCHQ( 2) FIXED DECIMAL(6,3), / * EXCHa nge r heat flows(Q) l)water Q 
2) refr i gerant Q */ 

/ * Log Mean Temperature Difference */ 3 LMTD FIXED DECIMAL( 6 , 3) . 
3 UA FIXED DECIMAL(7.4), 
3 CWAT FIXED DECIMAL(7 , 5) , 
3 CREF FIXED DECIMAL(7, 5) . 

/ * over all therma l conductance (U) x Area */ 
/ * specific heat (C) x mass f low o f WATer */ 
/ * specific heat (C) x mass flow of REFrigerant */ N 

w 
0 



3 NTU FIXED DEC IMAL(6, 3) , 
3 EC FIXED DECIMAL(6,4 ) ; 

/ * Number of Transfer Units */ 
/ * Effectiveness Coeffi c ient* / 

DCL STOP TIME (4 ) FIXED DECIMAL(3,0); / * stop times for 7oC and 4oC cooli ng*/ 
DCL KWH7(4 ) FIXED DE CIMAL( 5 , 2) ; / * comp kWh and fan kWh for 7oC stop times*/ 
DCL KWH4(4) FIXED DECIMAL(5,2); / * comp kWh and f an kWh for 4oC stop times*/ 
DCL FILENAME (8) CHAR (80) VAR; / * array for interactive naming of files */ 
DCL FREONTOTS(8) FIXED DECIMAL(3,0); / * freon totals (2 flow meters) for each stop time*/ 
DCL FILLTIMES (2) FIXED DECIMAL(3,0); / * vat loading times(800 and 1200 lit r es) */ 
DCL FIRSTKWH(4) FIXED DECIMAL(5,2); / * initial kWh meter readings for each start up*/ 
DCL ( I,J,Q1 ,Q2,C,CMIN, SCH) FIXE D DECIMAL(7 , 5) ; / * loop counte r s and constants etc . */ 
DCL NROW S FIXED DECIMAL; / * Number of ROWS of data f or each run*/ 

! ****************************** 
* * 
* DECLARATION OF FILES * 
* * 
******************************! 

DCL TABLE FILE STREAM OUTPUT; 
DCL RESULTS FILE STREAM OUTPUT; 
DCL #1 FILE STREAM OUTPUT ; 

/ * table of processed results*/ 
/ * combined file of the next 5 files-checking*/ 
/ * output file for MINITAB input*/ 

DCL 112 F !LE STREAM OUTPUT ; 
DCL 113 FILE STREAM OUTPUT; 
DCL 114 FILE ST REAM OUTPUT; 
DCL 115 FILE STREAM OUTPUT ; 
DCL DATAIN FILE STREAM INPUT; 
DCL SC REEN FILE STREAM INPUT ; 
DCL CONSOLE FILE STREAM OUTPUT; 

/ * output file for MINITAB input*/ 
/ * output file for MINITAB input*/ 
I* output file for MINITAB input*/ 
/ * output file for MINITAB input*/ 

/ * raw data input file*/ 
/ * terminal input file*/ 
/ * terminal output file*/ 

DCL FINISHED 8I T(1 ) STATIC INIT('O'); / * input file end flag*/ 

! ****************************** 
* * N 
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* DECLARATION OF FUNCTIONS * 
* * 
* Based on equations in * 
* Appendix A4: 4.2 * 
******************************! 

!********************~****************** 
* * 
* SATURATION PRESSURE FUNCTION * 
* 
* 
* 
* 
* 

Calculates saturation 
pressure for corresponding 
temperature (oK) 

* 
* 
* 
* 
* 

***************************************! 

SPRESS:PROCEDURE(SAT_TEMP) RETURNS(FIXED DECIMAL(6,4)); 

DCL SAT_TEMP FIXED DECIMAL(5,2); 
DCL SAT PRESS FIXED DECIMAL(6,4); 
SAT_PRESS:((SAT_TEMP-157.564)/85.69)**3.8226; 

RETURN ( SAT_PRESS); 

END SPRESS; 

!*************************************** 
* * 
* 
* 

SATURATION TEMPERATURE FUNCTION * 
* 

* Calculates saturation temperature * 
* fran corresponding saturation * 
* 
* 

pressure * 
* N 

w 
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***************************************! 

STEMP:PROCEDURE(SH_PRESS) RETURNS(FIXED DECIMAL(5,2)); 

DCL SH PRESS FIXED DECIMAL(6,4); 
DCL SAT_TEMP FIXED DECIMAL(5,2); 

SAT_TEMP:85.963*(SH_PRESS)**. 2616+157.564; 

RETURN ( SAT_TEMP); 

END STEMP; 

!*************************************** 
* * 
* VAPOUR SPECIFIC HEAT FUNCTION * 
* * 
• Calculates the specific heat of • 
• the superheated vapour.Requires • 
• the superheat pressure. * 
* * 
***************************************! 

CVAP:PROCEDURE(SH PRESS) RETURNS(FIXED DECIMAL(6,4)); 

DCL SH PRESS FIXED DECIMAL(6,4); 
DCL VAP_C FIXED DECIMAL(5,4); 

VAP C:0.6 1244*10**(0.008849*SH_PRESS); 

RETURN(VAP_C); 

END CVAP; 

!*************************************** N 
w 
w 



* * 
* LIQU ID SPECIFIC HEAT FUNCTION * 
* * 
* Calculates the specific heat of * 
* the liquid.Requires the satur ation * 
* tanperature and uses the * 
• SATURATION PRESSURE FUNCTION. • 
• * 

·····································••; 
CF : FROCEDURE(SAT_TEMP) RETURNS(FLOAT); 

DCL SAT TEMP FIXED DECIMAL(5,2); 
DCL LIQ-C FLOAT DECIMAL; 
LIQ_C=0: 888 *1 0** (0 . 0066*SPRESS(SAT_TEMP) ); 

RETURN (LIQ_ C); 

END CF; 

! *************************************** 
* * 
* LIQUID SPECIFIC VOLUME FUNCTION * 
• * 
* Calcu l ates the specific volume of • 
* the liquid .Requires the saturation * 
* temperature • • • * 
***************************************! 

L VOL: PROCEDURE (SAT TEMP) RETURNS (FLOAT DECIMAL) ; 

DCL SAT_TEMP FIXED DECIMAL(5 , 2) ; N 
\.JJ 
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DCL LIQ_VOL FLOAT DECIMAL(5); 
DCL TEMP FIXED DECIMAL(5,2); 

TEMP:388.3-SAT TEMP; 
LIQ VOL:1/(558-=-085+(0.777*TEMP)+(17.943*(TEMP**0.5))+ 

- ( 117.436*(TEMP**0.333)) - (3 .40204E-4* (TEMP**2))); 

RETURN (LIQ_VOL); 

END LVOL; 

! *************************************** 
* * 
* LIQUID ENTHALPY FUNCTION • 
* * 
* Calculates the enthalpy of the * 
* liquid . Requires tempe r ature and • 
* uses LIQUID SPECIFIC HEAT,LIQUID * 
• SPECIFIC VOLUME and SATURATION * 
* PRESSURE FUNCTIONS. * 
* * 
***************************************! 

HF :ffiOCEDURE(SAT_TEMP ) RETURNS(FIXED DECIMAL(6 , 3)); 

DCL SAT_TEMP FIXED DEC IMAL (5 , 2) ; 
DCL LIQ ENTH FIXED DECIMAL( 6 , 3); 

LIQ ENTH:(0 . 888*1 0** (0 . 0021*SPR ESS(SAT TEMP )) )* 
(SAT TEMP-233)+(LVOL( SAT TEMP)+ 
6.556E-4) /2 *(SPRESS (SAT_TEMP)-0.641 7); 

N 
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RETURN(LIQ_ENTH); 

END HF; 

!*************************************** 
• * 
* LIQUID/VAPOUR ENTHALPY FUNCTION * 
* * 
• Calculates the enthalpy change • 
* for vaporization. Requires the * 
* SA1URATION PRESSURE FUNCTION and • 
* the saturation temperature. * 
* * 
***************************************! 

HFG:PROCEDURE(SAT TEMP) RETURNS(FIXED DECIMAL(6, 3)); 

DCL SAT TEMP FIXED DECIMAL(5,2); 
DCL FG_ENTH FIXED DECIMAL(6, 3); 

FG_ENTH:165.063*10**(-0.0ll*SPRESS(SAT_TEMP)); 

RETURN(FG_ENTH); 

END HFG; 
!*************************************** 
* * 
• SUPERHEAT ENTHALPY FUNCTION * 
* * 
* Calculates the enthalpy of the * 
* superheated vapour.Requires the * 
* LIQUID ENTAHLPY,LIQUID/VAPOUR * 
* and LIQUID SPECIFIC HEAT * 
* FUNCTIONS. Superheat temperature* N 
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• 
* 

a nd pr essure a r e al so r equired . * 
* 

***************************************! 

HSH:PR OCEDURE(SH_TEM P,SH_PRESS)RETURNS(FIXED DECIMAL(6 , 3)) ; 

DCL SH TEMP FI XE D DECI MAL(5 , 2) ; 
DC L SH-PRESS FIXED DECIMAL(6 , 4); 
DCL SH-ENTH FIXED DECIMAL(6 , 3); 
DC L SAT_TEMP FIXED DECIMAL(5 , 2) ; 

SAT_TEMP: STEMP (SH _PRESS) ; 

SH ENTH:HF(SAT TEMP) +H FG(SAT TEMP)+(SH TEMP- SAT TEMP) 
- * CVAP (SH_PRESS) ; 

RETURN (S H_ENTH ) ; 

END HSH; 

! *************************************** 
* * 
* SLBCOO LED ENTHA LPY FUNCTION * 
• * 
• Calc ulates the enthalpy of the * 
* subcoo l ed l iquid . Requires LIQUID * 
* SPECIF I C HEAT and SATURATION * 
* TEM PER ATURE FUNCTIONS and * 
* subcooled t empe r ature and * 
* pressur e. * 
* * 
***************************************! 

HSC :PROC EDURE(SC_TEM P, SC_ PRESS)RETURNS(FIXED DECIMAL(6 , 3)) ; 
N 
w 
-..J 



DCL SAT TEMP FIXED DECIMAL(5,2); 
DCL SC PRESS FIXED DECIMAL(6,4); 
DCL SC-TEMP FIXED DECIMAL(5,2); 
DCL SC=ENTH FIXED DECIMAL(6,3); 

SAT_TEMP:STEMP(SC_PRESS); 

SC ENTH:HF(SAT TEMP)-(SAT_TEMP-SC_TEMP)*CF(SAT_TEMP); 

RETURN ( SC_ENTH); 

END HSC; 
!****************************** 
* 
* 
* 

MAIN PRO GRAM 
* 
* 
* 

*•****************************! 

/*Cbtain file names from terminal*/ 
OPEN FILE(SCREEN) TITLE('TTY -DEVICE'); 
OPEN FILE(CONSOLE) TITLE('TTY -DEVICE'); 
GET FILE(SCREEN) LIST(FILENAME); 
PUT FILE(CONSOLE) LIST('File names are: 1 ,FILENAME); 
CLOSE FILE(CONSOLE); 
CLOSE FILE(SCREEN); 

/*Open rema1n1ng files using filenames from s c r een for titles*/ 
OPEN FILE(DATAIN) TITLE(FILENAME(1)); 
OPEN FILE(RESULTS) TITLE(FILENAME( 2 )); 
OPEN FILE(TABLE) TITLE(FILENAME( 3 )) PRINT PAGESIZE( 60) LINESIZE(1 32 ); 
OPEN FILE(#1) TITLE(FILENAME(4)); 
OPEN FILE(#2) TITLE(FILENAME(5)); 
OPEN FILE(#3) TITLE(FILENAME(6)); 
OPEN FILE(#4) TITLE(FILENAME(7)); 
OPEN FILE(#5) TITLE(FILENAME(8)); N 
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/*Set end of file condition*/ 
ON ENDFILE(DATAIN) FINISHED='1 'B; 

/*Read in data structure while file is not empty*/ 
DO WHILE ("FINISHED); 

GET FILE(DATAIN) LIST(FIRSTKWH,KWH7,KWH4,FREONTOTS, 
F ILLTIMES ,STOP _TIME, NROWS); 

GET FILE(DATAIN) LIST((COMPKWH(J),WATT(J),AMP(J), 
VOLT(J),STWATT(J),PF(J),FANKWH(J),TIME(J) 
DO J=1 TO NROWS)); 

GET FILE(DATAIN) LIST(((PRESSURE(I,J) DO J:1 TO 6),(FLOWS(I,J) 
DO J=1 TO 5),FREONTOT(I,1),FREONTOT(I,2) 
DO I= 1 TO NROWS) ) ; 

GET FILE(DATAIN) LIST(((TEMPS(I,J) DO J:1 TO 15) 
DO I=1 TO NROWS) ) ; 

GET FILE(DATAIN) LIST(((TEMPS(I,J) DO J:16 TO 21) 
DO I:1 TO NROWS)); 

GET FILE ( DATA IN) SKIP (2); 

END; 

/*Calculate power totals from kWh meter readings at each stop time*/ 
/*canpressor power X 3 for 1 phase to 3 phase */ 
KWH7(1)=(KWH7(1)-FIRSTKWH(1))*3; 
KWH4( 1 )= (KWH4 ( 1 )-FIRSTKWH ( 1)) *3; 
KWH4(3)=(KWH4(3)-FIRSTKWH(3))*3; N 
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KWH7(2)=(KWH7(2)-FIRSTKWH(2)); 
KWH4(2):(KWH4(2)-FIRSTKWH(2)); 
KWH4(4):(KWH4(4)-FIRSTKWH(4)); 

/*Repeat all calculations for*/ 
/*each line of data. */ 
DO I:1 TO NROWS; 

/*Convert mV to oK */ 
DO J:1 TO 21; 

TEMPS(I,J):TEMPS(I,J)*23.364+273; 
END; 

/*Convert kPa to bar abs. */ 
DO J:1 TO 6; 

PRESSURE(I,J)=PRESSURE(I,J)/100.0+1.0; 
END; 

/*Calculate compressor and fan kWh*/ 
/ *n.rming totals */ 
C OMPKWH (I)= ( Ca-1PKWH (I )-FIRSTKWH ( 1)) *3; 
F ANKWH ( I ):FA NKWH ( I )-F IRSTKWH (2); 

/*Calculate instantaneous compressor*/ 
/ *pcwer consumption. * / 
WATT_CAL(I)=(3*VOLT(I)*AMP(I)*PF(I))/(SQRT(3)*1000); 

/ *Calculate enthalpies * / 
COMPH(I):HSH(TEMPS(I ,2),PRESSURE(I,2))-HSH(TEMPS(I,1), 

PRESSURE(I, 1 )); 

DSH(I):HSH(TEMPS(I,2),PRESSURE(I,2))-(HF(STEMP 
(PRESSURE(I,3)))+HFG(STEMP(PRESSURE(I,3)))); N 

-+'"" 
0 



/*Use TEMPS(I,7) for water cooled system instead of T8 */ 
CONili(I):HF(STEMP(PRESSURE(I,3)))+HFG(STEMP(PRESSURE(I,3) 

) )-HSC (TEMPS (I, 8) ,PRESSURE( 1, 3)); 

/*Use TEMPS(I,7) for water cooled system instead of TEMPS(I,8) */ 
SCH:HF(TEMPS(I,8)); 

SCCOND_RECH(I):SCH-HF(TEMPS(I,10)); 
REC_EXPH(I):HF(TEMPS(I,10))-HF(TEMPS(I,11)); 

EVAPH(I)=HSH(TEMPS(I,13),PRESSURE(I,6))-
HF(TEMPS(I,ll)); 

CEVAPH(I):HSH(TEMPS(I,l),PRESSURE(I,1))-(EVAPH(I)+SCH); 

/*Convert flow Hz to 1/min. */ 
/*or kg/s • */ 
FLOWS(I,1):FLOWS(I,1)*0.030321; 
FLOWS(I,3):FLOWS(I,3)*0.06608+0.001122; 
FLOWS (I , 4) = ( FLOWS (I, 1 ) /6E4) /LVOL (TEMPS (I, 9)); 
F La.JS ( I , 5) =FLOWS (I , 5 ) * 0 . 02 86 8 ; 
FLOWS(I,6):FLOWS(I,5)/6E4/LVOL(TEMPS(I,10)); 

/*C-alculate overall and thermodynamic*/ 
/*COPs and compressor/motor efficiency*/ 
COP(I, 1):FLOWS(I,6)*EVAPH(I)/WATT CAL(I); 
COP(I,2):EVAPH(I)/COMPH(I); -
COMP_EFF(I):COP(I,1)/COP(I,2); 

/*Calculate heat loss form refrigerant*/ 
/*and heat gain by water. */ 
E XCHQ (I, 1):FLOWS (I, 3) /60* (TEMPS (I, 17 )-TEMPS (I, 16)) *4. 186; 
EXCHQ(I,2):FLOWS(I,4)*(HSH(TEMPS(I,3),PRESSURE(I,2))-HSH I') 

~ 



(TEMPS(I,4),PRESSURE(I,3))); 

/*Calculate Log Mean Temperature Difference*/ 
Q1: (TEMPS(I,3)-TEMPS(I,17)); 
Q2 = (TEMPS( I, 4)-TEMPS(I, 16)); 
IF Q1>Q2 
THEN LMTD(I) :(Ql-Q2)/LOG((Ql/Q2)) ; 
E LSE IF Q 1 <Q2 

THEN LMTD (I): (Q2-Q 1) / LOG( (Q2/Ql)); 
ELSE IJ,1TD(I ):Q1; 

/ *Calculate overall thermal conductance x * ! 
/ *area product */ 
U A(I) =EXCH Q (I, 2) / LMTD(I); 

/*Calculate Ee */ 
CREF(I) :FLOWS(I ,4)* ((CVAP (PRESSURE(I,2)) +CVAP(PRESSURE(I , 3) 

) ) /2) ; 
CWAT(I ):FLOWS(I, 3)/60*4 .1 86; 

IF CWAT (I) >= CREF(I) 
THEN 00; 

C:CREF(I)/CWAT(I); 
CM IN:CREF (I); 

END; 
ELSE DO ; 

C:CWAT(I)/CREF(I); 
CMIN:CWAT(I); 

END; 

NTU(I):UA(I) /CMIN; 

EC(I):(1-EXP(-NTU(I)*(1-C)))/(1-C*EXP(-NTU(I) N 
.::-­
N 



*(1-C))); 

END; 

/*Convert oK to oC for printing*/ 
DO I:1 TO NROWS; 

DOJ:1T021; 
TEMPS(I,J):TEMPS(I,J)-273; 

END; 
END; 

/*Output results to MINITAB files and*/ 
/ *RESULTS file. * / 

/*O.itput to RESULTS and MINITAB 111 files */ 
PUT FILE(RESULTS) EDIT((COMPKWH(J),WATT(J),WATT CAL(J),AMP(J),VOLT(J), 

STWATT(J),PF(J),FANKWH(J),(PRESSURE(J,I) 
DO I:1 TO 6) 
DO J:1 TO NROWS)) 

( COL ( 1 ) , 4 F ( 5 , 2 ) , 2 F ( 6 , 1 ) , F ( 5 , 2 ) , 
F(5,2),F(5,2),2 F(6,2),3 F(5,2)); 

PUT FILE(/11) EDIT((COMPKWH(J),WATT(J),WATT CAL(J),AMP(J),VOLT(J), 
S TWATT ( J) ,PF (J), FANKWH (J), ( PRESSURE (J, I) 

DO I:1 TO 6) 
DO J:1 TO NROWS)) 

( COL ( 2 ) , 4 F ( 5 , 2 ) , 2 F ( 6 , 1 ) , 3 F ( 5 , 2 ) , 
2 F (6 , 2) , 3 F ( 5, 2) ) ; 

/*Clitput to RESULTS and MINITAB 112 files*/ 
PUT FILE(RESULTS) EDIT(((TEMPS(I,J) DO J:1 TO 10) 

DO I:1 TO NROWS)) 
( COL ( 1 ) , F ( 5 , 2) , 2 F ( 7 , 2) , 7 F C 6 , 2) ) ; 

N 
_J:-

1..,..l 



PUT FILE(/12) EDIT(((TEMPS(I,J) DO J:1 TO 10) 
DO I:1 TO NROWS)) 

(COL(2),F(5,2),2 F(7,2),7 F(6,2)); 

/*OJtput to RESULTS and MINITAB 113 files*/ 
PUT FILE(RESULTS) EDIT(((TEMPS(I,J) DO J:11 TO 21) 

DO I:1 TO NROWS)) 
( COL ( 1 ) , 11 F ( 6 , 2) ) ; 

PUT FILE(/13) EDIT(((TEMPS(I,J) DO J:11 TO 21) 
DO I=1 TO NROWS)) 

( COL ( 2 ) , 11 F ( 6 , 2) ) ; 

/*OJtput to RESULTS and MINITAB #4 files */ 
PUT FILE(RESULTS) EDIT(((FLOWS(I,J) DO J:1 TO 6),ENTHALPIES(I) 

DO I:1 TO NROWS)) 
( COL ( 1 ) , F ( 5 , 2) , F ( 6 , 2) , F ( 5 , 2) , 

F(7,4),F(5,2),F(7,4),2 F(6,2),F(8,3),2 F(7,3), 
F(8,3),F(7 ,3)); 

PUT FILE(/14) EDIT(((FLOWS(I,J) DO J:1 TO 6),ENTHALPIES(I) 
DO I:1 TO NROWS)) 

( COL ( 2 ) , F ( 5 , 2 ) , F ( 6 , 2 ) , F ( 5 , 2 ) , 
F(7,4),F(5,2),F(7,4),2 F(6,2),F(8,3),2 F(7,3), 
F(8,3),F(7 ,3)); 

/*Output to RESULTS and MINITAB 115 files*/ 
PUT FILE(RESULTS) EDIT((FREONTOT(I,1),FREONTOT(I,2),TIME(I),(COP(I,J) 

DO J:1 TO 2) ,COMP EFF (I), 
PRIMEXCHANGER(I) DO I=1 TO NROWS)) 

( COL ( 1 ) , 2 F ( 4 ) , F ( 4 ) , 3 F ( 5 , 2) , 
2 F (6 , 3) , F ( 7 , 3) , 5 F ( 6 , 3) ) ; 

PUT FILE(#5) EDIT((FREONTOT(I, 1),FREONTOT(I,2),TIME(I),COP(I,1),COP(I , 2), 
COMP_EFF(I) ,PRIMEXCHANGER(I) DO I:1 TO NROWS)) N 

.t:" 

.t:" 



(COL(2),2 F(4),F(4),3 F(5,2), 
2 F (6 , 3) , F ( 7, 3) , 5 F ( 6 , 3) ) ; 

/*Print table of all results with headings*/ 

/ *Page 1 */ 
PUT FILE(TABLE) EDIT('NUMBER OF COLUMNS IS',NROWS)(SKIP,COL(1), 

A , F( 3) ) ; 

/*Page 2*/ 
PUT FILE(TABLE) PAGE; 
PUT FILE(TABLE) EDIT('COMP KWH','WATTS','WATTS CAL' ,'AMPS','VOLTS', 

'S1WATTS ',' PF', 'FAN KWH' ,'NOMINUTES') 
(SKIP, COL(l) ,A,COL ( 14) ,A, COL (24) ,A, 
COL(38) ,A,COL(50) ,A,COL(60) ,A, 
COL (75 ) , A, COL ( 85) , A, COL ( 9 6) , A) ; 

PUT FILE(TABLE) EDIT((POWER(I),TIME(I) DO I=1 TO NROWS)) 
( SKIP ( 2 ) , COL ( 1) , 9 ( F ( 6 , 2) , X ( 6 ) ) ) ; 

/*Page 3*/ 
PUT FILE(TABLE) PAGE; 
PUT FILE(TABLE) EDIT('COM IN','COM OUT','COND', 

'RECEIV', 'EVAP IN', 'EVAP OUT') 
(SKIP(2),COL(3),A,COL(18),A, 
COL (3 5 ) , A, COL ( 51 ) , A, COL ( 6 7) , A, 
COL(83) ,A); 

PUT FILE(TABLE) EDIT(((PRESSURE(I,J) DO J=1 TO 6) DO I=1 TO NROWS)) 
( SKIP ( 2) , COL ( 1) , 6 ( F ( 6, 2) , X ( 1 0) ) ) ; 

/ *Page 4*/ 
PUT FILE(TABLE) PAGE; 
PUT FILE(TABLE) EDIT('COI' ,'COO','PRI','PRO','WRI', 

'ARI', 'WRO', 'ARO', 'REI', 'REO', 
'EXI', 'EVI', 'EVO', 'WWI', 'WWO', 
' PWI' • 'PWO' t 'HED' I 'MKI ' • 'VAT' t N 

.l::'" 
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'MOT')(SKIP.COL(1), 21 (X(3) ,A) ) ; 
PUT FILE(TABLE) EDIT(((TEMPS(I,J) DO J:1 TO 21) DO I=1 TO NROWS)) 

(SKIP(2),COL(1),21 (F(6,2))); 

I *Page 5*/ 
PUT FILE(TABLE ) PAGE; 
PUT FILE(TABLE) EDIT('REFRIG FLOW' ,'CONDENSER WATER FLOW' , 

'HOT WATER FLOW', 'FREON MASS FLOW', 
' FREON TOT 1 1 , 'FREON TOT2' , 'COP ' , 'COPT' • '%') 

(SKIP ( 2) , COL ( 3) , 7 (A, X ( 5)) , A, X ( 3) , A); 
PUT FILE(TABLE) EDIT((FLOWS(I,1),FLOWS(I,5 ) ,(FLOWS(I,J) 

/ *Page 6*/ 
PUT FILE (TABLE) 
PUT FILE(TABLE) 

PUT FILE ( TABLE ) 

PUT FILE (TABLE) 

/ *Page 7 */ 

DO J:2 TO 4), 
FLOWS(I,6),FREONTOT(I ,1),FREONTOT( I, 2) , 
(COP(I , J) DO J=1 TO 2), 
COMP EFF(I) DO 1=1 TO NROWS)) 

( SKIP (2) , COL ( 1 ) , 2 F ( 6, 3) , COL (22) , F ( 6 , 3) , 
COL(47) , F(6, 3) ,COL(63) , 2 F(7 ,4) , COL(86) , 

PAGE; 

F (5) , COL ( 10 1 ) , F( 5 ) , COL ( 11 2) , F ( 5 , 3) , COL ( 120) , F ( 5 , 3) , 
COL(129) ,F(4 , 2)); 

EDIT('ENTHALPIES','PRIMARY EXCHANGER') 
( COL(25),A,COL(100) ,A ) ; 

EDIT('COMPH','DSH' ,'CONDH' ,'SCCOND_RECH'. 
I REC_EXPH'. 

I EVA PH I. I CEVAPH I' I EXCHQW I. I EXCHQR I. 
I LMTD I . 'UA I' 'CWAT' t 'CREF I' 'NTU,. 'EC I ) 

(SKIP(2),7 (A , X(4)),COL(73) , 8 (A ,X(4) )) ; 
EDIT((ENTHALPIES(I),PRIMEXCHANGER(I) 

DO 1:1 TO NROWS))(SKIP(2) , F(7,3), 
3 F (8 , 3 ) , 2 F ( 12 , 3) , F ( 1 0 , 3) , COL ( 7 3 ) , 
F(6,3), 2 F(9,3). 5 F(7,3)) ; 

N 
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PUT FILE(TABLE) PAGE; 
PUT FILE(TABLE) EDIT('TIMING STATISTICS','COOLING 800 LITRES', 

'COOLING 2000 LITRES ')(SKIP , COL(50) ,A, 
SKIP( 2 ) , COL ( 21 ) , A, COL ( 7 3) , A) ; 

PUT FILE(TABLE) EDIT('COOLING TO 7 OC','COMPRESSOR KWH', 
KWH7(1 ))(SKIP(2),A,SKIP, 
COL (3 ) , A, COL ( 3 3) , F ( 5 , 2 ) ) ; 

PUT FILE (TABLE) EDIT ( 'FAN KWH' ,KWH7(2)) (SKIP , COL(3), 
A , COL ( 3 3 ) , F ( 5 , 2 ) ) ; 

PUT FILE(TABLE) EDIT('FILL TIME (MIN)' ,F ILLTIMES(1) 
) (SKIP, COL(3) ,A,COL (33) ,F(5)); 

PUT FILE(TABLE) EDIT('COOLING TIMES (MIN)' ,'FROM START', 
STOP TIME (1), 'FROM END OF ' 

! ! ' FILLING' ,STOP TIME(1 )-FILLTIMES(1) 
) (SKIP , COL (3 ) , -
A, 2 (SKIP,COL(5),A,COL(33),F(5) 
) ) ; 

PUT FILE(TABLE) EDIT('FREON TOTAL (LITRES)' ,FREONTOTS(1) ,FREONTOTS(2)) 
( SKIP , COL (3 ) , A, COL ( 3 3) , 2 F ( 5 ) ) ; 

PUT FILE(TABLE) EDIT('COOLING TO 4 OC','COMPRESSOR KWH', 
K WH4 ( 1 ) , KWH 4 ( 3) ) (SKIP ( 2 ) , A , SK IP, 
C O L (3 ) , A, COL ( 3 3 ) , F ( 5 , 2 ) , COL ( 8 1 ) , F ( 5 , 2 ) ) ; 

PUT FILE(TABLE) EDIT('FAN KWH',KWH4(2),KWH4 (4))(SKIP,COL(3), 
A , COL ( 3 3 ) , F ( 5 , 2) , COL ( 8 1 ) , F ( 5 , 2) ) ; 

PUT FILE (TABLE) EDIT( 'FILL TIME (MIN)' ,FILLTIMES( 1) , 
FILLTIMES(2))(SKIP,COL(3), A,COL(33) ,F(5), 
COL(81) ,F(5)); 

PUT FILE(TABLE) EDIT('COOLING TIMES (MIN)' ,'FROM START ', 
STOP TIME(2),STOP TIME(4),'FROM END OF' 
I!' FILLING' ,STOP TIME (2) -FILLTIMES(1), 
STOP TIME(4 )-FILLTIMES (2)) (SKIP , COL ( 3), 
A ,2 (SKIP,COL (5) ,A,COL(33) ,F (5) , COL(81) , 
F(5))); 

PUT FILE(TABLE) EDIT('FREON TOTAL (LITRES)' ,FREONTOTS(5) , N 
.c­
....... 



FREONTOTS(6),FREONTOTS(7) , 
FREONTOTS(8))(SKIP , COL(3) ,A, COL(33) , 
2 F (5 ) , COL ( 8 1 ) , 2 F ( 5 ) ) ; 

/ *Close all output files*/ 
CLOSE FILE(RESULTS); 
CLOSE FILE (TABLE ) ; 
CLOSE FILE (/1 1); 
CLOSE FILE (lf2); 
CLOSE FILE (/f3) ; 
CLOSE FILE ( /f4); 
CLOSE FILE (/f5) ; 

END ANALYSIS; 

N 
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A4:5 DEVELOPMENT OF EQUATIONS AND ERROR ANALYSIS 

A4:5.l Development of Refrigerant Equations 

A4:5. l. l Saturation Pressure (PSAT) 

The relationship between saturation pressure in bar abs 

(PSAT) and saturation temperature in °K (TSAT) is 

presented in Figure A4:5 with the relationship between 

dTSAT/dPSAT and PSAT presented in Figure A4:6. 

The equation for the line in Figure A4:6 (determined 

from a least squares analysis) is:-

dTSAT 
log -- = -0.7384 log PsAT + log 22.488 

dPSAT 
... . . Eqn A4: l 

Transposing Eqn A4: l and rearranging gives:-

dTsAT 
-0. 7348 

22.488 PSAT .dPSAT 

and after intesration gives:-

TsAT 
22.488 

0.2616 

where C = constant 

P 0.2616 
SAT + C 

. .... Eqn A4 : 2 

..... Eqn A4: 3 

The constant C (157.564°K) was evaluated by 

substituting a value of PsAT (3.0861 bar abs) and the 

corresponding value of TsAT (273°K) from Freon 12 

tables into Eqn A4:3. 

Substituting the value for C into Eqn A4:3 and 

rearranging gives the final expression for PsAT of:-
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= ( TSAT - 157.564)3.823 
PsAT 

85,963 

250 

..... Eqn A4:4 

A comparison of the values of PSAT from Eqn A4;4 and 

the Freon tables is presented in Table A4:5, from which 

the mea n error was calculated to be~ 0.3%. 

A4:5. 1 .2 Speci fie Heat of the Superheated Vapour (CvAP) 

Analysis of the data for CvAP in kJ.kg- 1.°K-l and 

suction superheat pressure in bar abs. (PsH) produced 

the equation for the straight line of CvAP against PsH 

in Figure A4:7 of · -

(0.008849 x r5H) 
CvAP = 0.61244 x 10 ..... Eqn A4:5 

The difference between va lues of CvAP obtained from 

Eqn A4:5 and Freon tables for a range of pressures is 

presented in Table A4 :6 . The mean error in CvAP was 

calculated to be+ 2%. 

A4:5. l .3 Specific Heat of the Liquid (Cf) 

A plot of Cf against PsAT is presented in Fi gure A4:8, 

from wh ich the equat ion devel oped using the least 

sq uares me thod was: -

(0.006 1 PsAT) 
0 .888 X ]0 ..... Eqn A4:6 

Tab l e A4:7 presents the differences between values 

obtained from Eqn A4:6 and the Freon tables. From 

this table the mean error for Eqn A4 :6 was calcu l ated 

to be + 0. 3%. 
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TABLE A4:5 

Differences between table and calculated values of PSAT 

TsAT PSAT Di ffe rence % Difference 

( OK) (bar abs) (bar abs) 

Table Equation 

253 1 . 5093 1 .4912 -0.0181 -1 . 20 

263 2. 1912 2. 1826 -0.0086 -0. 39 

273 3.0&61 3. 0860 -0.0001 0.00 

283 4.2330 4.2396 0.0066 0. 15 

293 5 .6 729 5 .6041 0.0112 0.20 

303 7.4490 7.4632 0.0142 0. 19 

313 9.6065 9.6233 0.0168 0. 17 

323 12. 193 12. 213 0.020 0 . 16 

333 15.259 15 . 285 0.026 0. 17 
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TAB LE A4 :6 

Differences between equation and Freon tab l e values fo r CvAP 

PsH CVAP Di fference % Difference 
(bar abs) (kJ . kg-l .oK-1) (kJ.kg - 1.oK- 1) 

Tab le Equation 

2. 1912 0.626 0.640 0.014 2. 23 
3.0861 0.647 0 . 652 0.005 0.77 

3.6255 0 . 660 0 . 659 -0.001 - 0. 15 

6 . 8782 O.716 0. 705 - 0 . 01 1 - 1. 54 

7. 4490 0.727 0. 713 - 0.0, 4 -1.93 

9 . 6065 0.759 0. 745 - 0.014 - 1. 84 

12. 19 32 0. 792 O. 785 - 0.007 -0.88 

15 . 2592 0.839 0.836 - 0 . 003 - 0. 36 

Table values were calculate d from:-

hsH hsAT 
= 

30 

where hSH = speci fie entha lpy at 30°c superheat for PsH (average 

for range of values expected from expe r i menta l results) 

(kJ.kg- 1) 

- 1 
= specif i c enthalpy at satura t i on for PsH (kJ.kg ) 

= s upe rheat pressu re (ba r abs) 

253 
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TABLE A4:7 

Differences between tabl e and calculated values for Cf 

PSAT Cf Di ffe re nee % Di ffe re nee 

(bar abs) ( kJ. kg - 1 • o K- l) (kJ.kg-1 _oK-1) 

Table Equation 

1.50:;)3 0.901 0.905 0.004 0 . 44 

2. 1912 0.912 0.914 0.002 0 . 22 

3 .0 861 0 .925 0.927 0.002. 0.22 

4.2330 0 .94 1 0.943 0 .002 0. 21 

5. 6 729 0.962 0.964 0.002 0 . 21 

7.4490 0 .9b6 0.330 0 .00 4 0.41 

9.6065 1.017 1.022 0 .005 0.49 

12. 193 1 .055 1 .063 0.005 0.47 

15.259 1. 111 1 . 113 0.002 0. 18 
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A4:5.1.4 Speci fie Volume of the Liquid (Vf) 

Metricating the equation for Vf from McHarness et al. 

( 1955) gives:-

:::; 

1 
558.025 + 0.777(388.3T) + 17.943(388.3-T) 12 

+ 11 7.436(388.3-T) 
113 

- 3.40204 x 10- 4 (388.3 -T) 2 
..... Eqn A4 :7 

where T :::: te mperature in °K 

The differences between the values ob~a i ned from 

Eqn A4:7 and t he Freon table are presented in Tab l e A4 :8, 

from wh i ch the mean error was calculated to be -0.98%. 

A4:5 . l .5 Speci fie Enthalpy of the Liquid (hf) 

The gene ral fo rm of the equation for hf from McHarness 

et al. ( 1955) was :-

l J 1 PSAT 
= C f . dT + 

233 0.6 417 

vfl + vf2 
(---) 

2 
· dPsAT 

. .... Eqn A4:8 

The integ ration of this equation by substituting 

Eqn 4:5 (Cf) and Eqn 4:6 (Vf) resu lted in Eqn 4:7. 

However, an a lt erna ti ve method us in g a modified 

ve rs i on of Eqn A4:6 and Eq n A4: 7 was selected fo r the 

computer programme as a resu l t of t he limits for 

Eqn 4:5. The equation us ed in the computer prog ra mme 

was:-
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TABLE A4:8 

Differences between table and calcu l ated va l ues for Vf 

T vf Difference % Di ffe re nee 

(OK) (m3 X 10-3.kg- 1) (m3 X ]0 - 3.kg- ]) 

Tab l e Eq uation 

273 0.71530 0. 71053 0. 00537 -0. 75 

283 0.73327 0 . 72737 0.00590 -0.80 

293 0. 7)246 0 . 74592 0 .00654 -0.87 

30 3 O ,973&6 0 . 76654 0 .00732 -0. 95 

313 O. 79t102 o. 78972 0.00830 -1 .04 

323 0.82~73 0 . 8161 5 0. 00958 -1 . 16 

333 0 .858 14 o. b4654 0 .0 1130 - 1. 32 
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(0 .0021 x PSAT) 
hf = (0.888 X 10 ) (T - 233) 

vf 1 + 6.556 X 10-4 

+ ( ) ( PSAT - 0 . 64 17) 
2 

. .... Eqn A4:9 

where T liquid temperature °K 

233 = temperature (OK) for hf = 0 kJ.kg- 1 

6.5 56 X 10-4 = vf (m3.kg-1 ) for hf ;;: 0 kJ.kg-l 

0.6417 = p (bar abs) for h f = 0 kJ.kg- 1 

Table Ai.i:9 presents the differences between the tab l e 

values and those calculated from Eqn A4:9. The me an 

error calculated fro m Tabl e A4:9 was+ 0.2%. 

Cal c ulati o ns of hf, t o all ow fo r the 0. 5% e rro r 1n 

t emperatu re (0 c) r es ulte d i n an o ve rall me an e rro r of 

0. 3%. 

A4:5. 1 .6 Specific Enthalpy o f Vapo ri s ation (hf
9

) 

-1 
Data for hfg in kJ.kg and PsAT in bar abs i s plotted 

in Fi gure A4:9, fro m whi ch the equation of the strai ght 

1 i ne i s: -

h fg = 
(-0.0 1102 5 PsAT) 

165.063 X 10 . .... Eqn A4: 10 

The difference tab l e (Table A4:10) resulted in a mean 

er ror of + 1 . 3~~ . 

A4:5. 1 .7 Specific Entha l py of the Superheat Vapour (hsH) 

The specific enthalpy o f the superheat vapour was 

calcu l ated from the sum of hf, hfg and change i n 

enthalpy in the superheated vapou r re gion, i .e., 
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TABLE A4:9 

Differences between table and calculated values for hf 

T p hf Difference % Di ffe ren ce 

(OK) (bar abs) (kJ.kg- 1) (kJ.kg-1) 

Table Equation 

253 1.0593 17 . 816 17. 889 0.073 0. 41 

263 2. 1912 26.074 26.924 0.050 0. 19 

273 3 .0861 36.052 36.056 -0. 004 0.01 

283 4. 2330 45.357 45.322 -0.035 0 .08 

293 5. 6 729 54.&73 54. 768 -0 . 105 -0. 19 

303 7.4490 64. 592 64 . 443 -0. 143 -0 .22 

313 9.6065 74.5b7 74.430 -0. 157 - 0 . 21 

323 12. 19 3 84. 9 36 84.790 -0. 146 -0. 17 

333 15.259 '.35. 742 95.62.3 -0. 119 -0 . 12 
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FIGURE A4:9 

Relationship between spe c ific enthalpy of vaporization 
for Freon 12 and saturation pressure 
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TABLE A4: 10 

Differences between table and calculated values of hfg 

PSAT h fg Difference % Difference 

(bar abs) -1 (kJ.kg- 1) (kJ.kg ) 

Table Equation 

1.5093 160.918 158.945 - 1.973 -1 . 2 3 

2. 1912 156.312 156. 186 -0. 126 -0.08 

3.0561 151 .477 152 .6 52 1. 175 0.78 

4.2330 14£. 36 3 148.257 1 .894 1. 29 

5.6729 140.907 142 . 930 2.023 1 . 44 

7.4490 135 .026 136.633 1 .60, 1. 19 

9.6065 128 .611 129.358 0.747 0.58 

12. 193 121. 512 121. 144 -0.368 -0 . 30 

15.259 113. 519 112 .076 -1 .443 -1 . 27 
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= + + CvAP (TsH - TsAT) 

... . . Eq n A4: 11 

where TsH temperature of superheat vapour (°K) 

CvAP = specific heat of the vapour for the super 

heat pressure (PsH) (kJ.kg- 1 . 0 1< -1) 

Table and calculated values of hsH for 20°K of 

superheating are presented in Table A4:l l, fro m wh i ch 

the me an error was calculated to be+ 0.7%. The e f fect 

of the 0.5% error in tempe rature was calculated to be 

::_ 0.03%, and for the+ 0.05 bar erro r in pressure, 

+ 0. 13%. Combining these errors results in an overall 

mean error of+ 0.7%. 

A4:5 . 2 Errors for Calculated System Variables 

A4:5 . 2 . 1 Error in Refri ge ration Effe ct (R.E. ) 

The equation for R.E. (Eqn 2:5) was taken from 

Section 2:3. l .6 where:-

R.E. (kJ.kg- 1) 

Using typical values of 200 kJ.kg-l for hsH and 

60 kJ.kg-l for hf, and the respective errors from 

Sections A4:5. 1 .5 and A4:5 . 1 .7, then:-

200 kJ.kg-l + 0.7% 200 + l .4 kJ.kg-l 

60 kJ.kg-l + 0.3% 60 + 0. 18 kJ.kg- 1 

Applying these values to the above equation results 

in: -
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TABLE A4 : l l 

Differences between table and calculated values of hsH 

TsH PsH hsH Di ffe rence % Di fference 

(OK) (bar abs) - l 
( kJ.kg ) -1 

(kJ. kg ) 

Table Equation 

283 2. 19 l 2 195.672 195.774 0. 102 0 .052 

293 3 .0861 200 . 4bb 201.639 1 . 151 0.574 

303 

313 

323 7.4490 214.254 215.403 1. 149 0.536 

333 9.6065 218.527 2lb.84l 0.314 0. 144 

343 12. 19 3 222.583 22 l .910 -0. 6 73 -0. 302 

353 15.259 226.375 224.845 -1 . 530 -0. 6 76 

TsH 20°K of superheating ( typical value) 



R.E. = 200 + 1 .4 kJ.kg-1 60 ~ 0. 18 kJ. kg - l 

1; 
140 + (1 .4 2 + 0.18 2) 2 kJ.kg- 1 

4 4 -1 1 0 + 1 . kJ. kg 

140 kJ . kg -l + l .0% 

A4:5.2.2 Error in Calculated Instantaneous Compressor Power 

Consumption in kW (I .C.P.C.) 

The equation of instantaneous compressor power 

consumption is:-

3 x Volts x Amps/phase x P.F. 

264 

I. C .P. C. = --------------..... Eqn A4: 12 
\}3 X ]000 

Where the error in volt meter reading = + 0.25 V 

Error 1n volts (meter reading x 4) 

Error 1n amps/phase meter reading 

+ l .0 V 

= + 0.025 A 

Error in amps/phase (meter reading x 5)= + 0. 125 A 

Error in P.F. = + 0.01 

Taking typical examples of 

then:-

Volts = 410 + 1 .0 V 

Amps/phase = 6.00 + l .25 A 

P.F. = 0.60 + 0.01 

I. C .P. C. 

= 2.556 + 2.7% 
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A4:5.2.3 Error in Coefficient of Performance 

In Section 4:4.2.2 the equation for C.O . P. (Eqn 4:11) 

was:-

COP = 
R.E . x Mr 

I .C .P. C. 

Taking typical values for 

R.E. = 140 kJ.kg-l + 1.0% (Eqn 2:5) 

M = r 
2 .03 1. min-1 + 1. 7% x 1322 m3. kg -l ~ 0 . 98% 

60000 

( Eq n 4: 10) 

0.0447 + 2. 0% 

I . C. P. C. 2. 556 kW + 2. 7% 

results in a t ypical value f o r C. O.P. of:-

COP = 140 X 0 . 0447 + (0 . 012 + Q.022 + 0 . 0272) 1/2 
2.556 

= 2.45 + 3.5% 

A4:5.2.4 Error in Heat Recovery Rate 

From Section 4:4. l Eqn 4:2 was:-

EXCHQ = Mw x Sp Htw x t:.t 

where Mw = 

= 

mas s f 1 ow r a t e o f w a t e r ( k g . s - l ) 

(error=+ 1.0% Section A4:4.3) 

specific heat of water (kJ.kg-1 . 0 c- 1) 

(4. 186 kJ.kg-l .0 C- 1) 
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1H = temperature rise (0 c) 

= (two +0.5% twi :_ 0.5%) 

Taking typical values of 

t-\v = 0.01042 kg.s- 1 + 1 .0% 

6 t = ( ss0 c + o. 5% 1 s0 c :_ o . 5%) 

= 4o 0 c + 0.7% 

then:-

EXCHQ = 0.01042 x 4. 186 x 40 + (0.01 2 + 0.0072) 
112 

= l .74 kW+ 1 .22% 

A4:S.2.5 Error in Overall Thermal Conductance (U) 

The calculation of U, in kW.m- 2 . 0 c 1, is given by:-

u 

where Q = 

A = 

6 tm = 

Q 
6 t A 

m 
( Eq n 4: 1) 

heat flow into the water 

EXCHQ 

heat exchanger area (m2) 

log mean temperature di ffe re nee 

(T3 - T17) - (T4 - T16) 

ln 
T3 - T17 
(---) 
T4 - T16 

(oC) 

Taking typical values for each variable and their 

errors gives:-
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EXCHQ = 1. 74 kW+ 1 .22% (Section A4:5.2.5) 

A = 0.84 2 + ~ 7°1, m ) . a (area of pri mary heat 

exchanger for wh i eh fin height and tube 

diameter were measured to an accuracy of 

0.5 mm, and length to an accuracy of + -

T3 = 90°c + 0 .5% = 90 + o. 45°c 

T4 = 35°c + 0. 5% = 35 + 0. l 8°c 

T16 = 15°c ~ 0 .5% = 15 + o.o&0 c 

T17 = 55°c + 0 .5% = 55 + 0.23°c 

from wh i eh:-

35 + 0 . 51°c = 35°c + 1 . 5% 

20 + o. 20°c = 20°c + 1 .0% 

15°c + 3. n 

= 0. 56 + 1 .8% 

Evaluation of these variables resulted in a value for 

overal 1 thermal conductance of:-

u = 
1 • 74 

0.84 X 26.78 

+ 7 .0% 

5mm) 
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A6:1 DATA TABLES 

(See fol lowin g pa ges) 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

TABLE A6: l 

Re fri gerant flow rates (1.min- 1) data summary 

Boo LITRE LOAD 

W 12 W 10 W 7.5 w 6.5 

2.35 ~0.03 2.47 ~0.03 2.41 ~0.03 2.37 +0.03 

1 .91 ~0.02 1 .88 ~0.02 1 .90 ~0.02 1 . 83 ~0.02 

2. 16 +0 . 04 2. 18 +0.04 2. 18 +0.04 2. 16 +0.04 

1200 LITRE LOAD 

W 12 W 10 W 7. 5 w 6.5 

2 . 06 +0.02 2. 11 +O. 0 3 2. 19 +O. 0 3 2. 15 +0.03 

1 .76 +0.02 1. 80 +0 .02 1 . 87 +O. 02 1.86 +0.02 - -

1. 95 +O. 04 1 . 9 8 _:_O . 0 4 2.04 +0.04 2.02 +0.04 - -

A 12 A 10 A 7.5 A 6.5 

2.26 +0.03 2.30 +0.03 2.33 +0.03 2.31 +0.03 - - - -

1 . 81 +0.02 l .81 +0.02 1.86 +0.02 l .97 +0.02 - - - -
2.07 +0.04 2. 10 +0.04 2 . 14 +0.04 2. 18 +0.04 

A 12 A 10 A 7.5 A 6.5 

2 .08 +0.02 2. 10 +O. 03 2. 13 +0.03 2 . 13 +0 . 03 -

1.78 +0.02 l. 83 +O. 02 1 .76 +0 .02 1. 80 +O. 02 

l . 9 3 +O . 04 1. 99 +O. 84 1.98 +0.04 2.01 +0 . 04 
- N 

........ 
0 



~17 ,5 

MAX 2.41+J.03 

MIN 1.90+0.02 

MEAN 2. 18+0 . 04 

W7 .5 

MAX 2. 13+0.03 

Ml tl 1 .27+0 .02 

t1EAN 2. 04+0. 04 

TABLE A6:2 

Refrigerant flow (1 .min- 1) data s ummary for 23°C and 18°C milk inlet temperature 

and 4°c and 70C final mi lk t empe rature 

Soo LITRE LOAD 

W7.5/7 W7.5/7/18 WJ.5/18 A7. 5 A7.5/18 WlO Wl0/18 AlO Al0/18 

------------------ - ----- - --- - - - --------------

2.33+0.03 2. 16+0. 03 2. 18+0. 03 2.33+0.03 2. 14+0. 03 2.47+0.03 2.23+0.03 2.30+0.03 2. 13+0. 03 

2.01+0.02 2.03+0.02 1 .89+0.02 1 .86+0.0 2 l .82+0.02 l. 88+0. 02 l ,85+0.02 1.81+0 . 02 1. 78+0.02 - - - -

2.21+0.04 2. 12+0. 04 2.06+0.04 2. 14+0 . Ql1 2.02+0.04 2. 18+0 . 04 2.05+0.04 2. 1 O+O . 04 1.99+0.04 - -
---------- -------

1200 LITRE LOAD 

W7.5/7 W7.5/7/18 W7.5/18 A7.5 A7.5/18 WlO Wl0/18 AlO Al0/18 

2. 18+0 . 03 2.04+0.02 2 .01+0.02 2. 13+0. 0 3 2.01+0.02 2. 11 +O. 03 1. 93+0. 02 2. 10+0.03 l .95+0.02 -

2.01+0.02 1.95+0.02 1 ,87+0.02 1.76+0.02 1 . 71 +O. 02 1.80+0.02 1.78+0 . 02 1.83+0.02 1.72+0.02 - -

2. 11 +Cl. 04 2.01+0.04 1 . 9 7+0 . 04 1 , 98+0 . 04 1.90+0.04 1.98+0.04 1 .89+0.04 1.99::._0.04 1.85+0.04 

--
N 

........ 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

W 12 

144.87 

140 . 14 

142.91 

W 12 

14 l. 72 

138 . 79 

140.42 

W 10 

146.44 

141 .24 

144.03 

W 10 

143.67 

139.82 

141. 89 

IAtllt. Ab : j 

Refri ge ration e f fe ct (kJ .kg-l) da ta s ummary 
-1 (Erro r = 2.52 kJ .kg ) 

w 7.5 

148.02 

141. 89 

145.30 

w 7.5 

144.63 

141. 89 

143 . 34 

Soo LITRE LOAD 

w 6.5 

147.49 

142 .2 5 

145 .28 

1200 LITRE LOAD 

w 6.5 

144 .85 

141.96 

143.54 

A 12 

144.77 

139. 77 

142 . 61 

A 12 

142. 17 

139.98 

14 l. 28 

A 10 

146 . 34 

141 . 23 

144 . 35 

A 10 

142. 49 

140.49 

141. 55 

A 7.5 

147 .03 

141. 30 

144.44 

A 7. 5 

144.04 

141. 40 

142.95 

A 6.5 

148 . 28 

144.49 

146 . 76 

A 6.5 

145 . 79 

142.80 

144.58 

- - ----- ---------------- N 
-.....J 
N 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

TAt:IU:. Ab:l.f 

Refrigeration effect (kJ.kg-l) data summary for various milk inlet and final temperatures 
-1 

(Error= +2.52 kJ.kg ) 

w 7 .5 

146.02 

141 .89 

145.30 

W 7 .5 

144.63 

141 .89 

143.34 

800 LITRE LOAD 

W 7.5/7 W 7.5/7/18 W 7.5/18 A 7. 5 A 7.5/18 W 10 \.J 10/18 A 10 

--------·------ --·-----------------

146 . 72 

143.20 

145.33 

W 7.5/7 

144 . 63 

142.82 

143.95 

147.74 

141. 95 

144.45 

·----·------------

147.03 

l 4 l. 30 

144.44 

145.79 

143.49 

146.65 

120C LITRE LCAD 

\,J 7. 5/7 / 1 '6 w 7.5/1S A 7.5 A 7. 5/18 

146. L1L: 

141 . 211 

144.03 

\·/ l 0 

--------------· 

145.0l 143.57 143. 20 144.04 l 4L1. 08 144.63 

143.05 142.52 141 . 74 l 41 .40 14 l . 13 139.82 

144. l 7 143 . 14 142 .5 4 142 .95 142.90 141 .89 

------ - -----------------

143.36 

1 Lro. 42 

142.22 

146.34 

141. 23 

144.35 

-------·-----

~, 10/ 18 A 10 

141. 72 142.49 

139. 76 140 . 49 

140.69 141 . 55 

A 10/18 

143.90 

lL0.78 

142.83 

A 10/18 

142.97 

140.26 

142.06 

--------
N 
-....J 
w 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

TABLE A6:5 

Instantaneous power consumption data summary 
(kW) 

800 LITRE LOAD 

\.J 12 W JO w 7. 5 w 6.5 

2.95 .:!:_0.08 2.85 .:!:_0.08 2.59 +0.07 2.44 +0 . 07 

2.62 +0.07 2.44 +0.07 2.26 +0.06 2. 13 +0.06 - - - - ·· 

2.82 +0.07 2.65 +0.07 2.45 +0.07 2.30 +0.07 

1200 LITRE LOAD 

W 12 W JO w 7.5 w 6.5 

2.84 +0.08 2.65 ~_0.07 2 .5 5 .:!:.0 . 07 2.33 +0.06 

2.56 +0.07 2.43 +0.07 2.28 +0.06 2.21 +0.06 
--

2.70 +0.07 2.56 .:!:_0.07 2.39 +0.07 2.28 +0.07 

------

A 12 A 10 A 7. 5 A 6.5 

2.98 +0.08 2.81 +0.08 2.55 +0.07 2.39 +0.06 - - - -

2.56 +0.07 2.42 +0.07 2.28 +0.06 2.20 +0.06 - - - -
2.77 +0.07 2.63 +0.07 2.43 +0 . 07 2.32 +0 . 07 

-----·-----

A 12 A JO A 7.5 A 6.5 

2.85 +0.08 2.71 +0.07 2.45 +0.07 2.32 +0.06 

2.65 .:!:.0.07 2.52 +0.06 2. 16 +0.06 2. 15 +0.06 

2.73 +0.07 2.61 +0.07 2.34 +0.07 2.24 +0.07 

--------· ----- - ·------· 
N 

-.....J 
.t-
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Instantaneous power consumption data summary for various milk inlet and final temperatures 

800 LITRE LOAD 

W7. 5 W7.5/7 W7.5/7/18 W7.5/18 A7.5 A7.5/18 WlO \~ I 0/ I 8 AIO AI0/18 

MAX 2.59+0.07 2.58::_0.07 2.44+0.07 2.39+0.06 2.55+0.07 2. 1f3+0.06 2.85+0.08 2.65+0.07 2.81+0.08 2.68~0.07 

MIN 2.26+0.06 2.37+0.06 2.38+0.06 2.22+0 .06 2. 28+0 .06 2.22+0.06 2.44.!_0.07 2.44+0.07 2.42.!_0.07 2.43.!_0.07 

MEAN 2.45+0.07 2.42:!:._0.07 2.41:!:._0.07 2.33:!:._0.07 2,43,!_0.07 2.37+0.06 2.65+0.07 2.56+0.07 2.63+0.07 2.56+0.07 

1200 LITRE LOAD 

W7. 5 W7.5/7 W7.5/7/18 W7.5/18 A7.5 A 7. 5/ I 8 \,J 10 WI0/18 AIO AI0/18 

MAX 2.55::_0.07 2.47::_0.07 2.42::_0.07 2.40::_0.06 2.45::_0.07 2.40::_0.06 2.65::_0.07 2.55::_0.07 2.71+0.07 2.58+0.07 

MIN 2.28+0.06 2.35~0.06 2.34~0.06 2.21+0.06 2. 16+0.06 2. 19+0.06 2.43+0.06 2.33+0.06 2.52+0.06 2.29+0.06 

MEAN 2.39::_0.07 2.42~0.07 2.39::_0.07 2 .33::_0.07 2.34::_0.07 2.38::_0.07 2.56::_0.07 2.47::_0.07 2.61::_0.07 2.49::_0.07 

N 
-.._J 

\.n 



MAX 

MIN 

MEAN 

MAX 

MIN 

MEAN 

IMULL MU./ 

COP data Summary 

800 LITRE LOAD 

W 12 W 10 w 7.5 w 6.5 A 12 A 10 A 7.5 A 6.5 

2.57 ~o. 10 2.84 ~0 . 11 3. 11 ~o. 12 3.24 ~o. 12 2.47 ~0.10 2. 71 ~0 . 11 3.05 ~o. 12 3.27 ~o. 12 

2. 26 ~o. 09 2. 44 ~o. 1 o 2. 70 ~o. 11 2. 76 ~o. 11 2.22 ~0.09 2.38 ~o. 10 2.59 ~o. 10 2.95 ~o. 12 

2. 4 3 +O. 10 2. 66 +O. 11 2. 92 +O. 12 3. 08 +O . 12 2.39 +O. 10 2 . 59 +O. 10 2.88+O.11 3. 14 +O. 12 

1200 LITRE LOAD 

W 12 W 10 \~ 7. 5 w 6.5 A 12 A 10 A 7. 5 A 6.5 

2. 35 +O. 10 2. 56 +O. 10 2.82+O.11 2. 97 +O. 12 2.34 +0.09 2. 52 +O. 10 2. 84 +a. 11 3.04 +0.12 -

2. 13 +0.09 2.33 +0.09 2. 6 3 ±_O. 11 2 . 70 ~o. 11 2. 10 +O. 08 2.29 +0.09 2. 60 +O. 10 2. 71 +O. 11 

2.26 +0.09 2. 46 +O. 10 2. 76 +O. 11 2. 88 +O . 11 2.25 +0.09 2. 42 +O. l 0 2.73 +0.11 2. 94 +O. 12 - - -
N 
-....J 
(j\ 



COP data summary for various milk inlet and final temperatures 

800 LITRE LOAD 

\.J]. 5 W7.5/7 W7.5/7/18 W7.5/18 A7. 5 A7.5/18 WlO WJ0/18 AlO AI0/18 

MAX 3.11+0.12 3.02+0.12 2.82+0.11 3.06+0.12 3.05+0.12 2.92+0.11 2.84+0.11 2.69+0.11 2.71+0.11 2.61+0.IO 
- - -

MIN 2.70+0. l 1 2.73+0.11 2.73+0.11 2 . 73~0. II 2.59~0. JO 2.67:~- 11 2.44:~- 10 2.39~0 . 10 2.38~0. 10 2 . 33~0.09 

MEAN 2.92+0.11 2.92+0.11 2.79+0.II 2.88+0.11 2.88+0.11 2.82+0.11 2.66+0.11 2.56+0.JO 2.59+0.11 2.51+0.IO 

1200 LITRE LOAD 

W7. 5 W7.5/7 W7.5/7/J8 W7 . 5/18 A7.5 A7.5/J8 WIO Wl0/18 AIO AI0/18 

MAX 2. 82+0. I I 2. 88+0. 11 2. 72+0. I I 2.97+0.12 2. 84+0. 1 I 2. 77+0. I I 2. 56+0. I 0 2. 46+0. 10 2. 52+0. 10 2. 4 7+0. I 0 - -

MIN 2. 63+0. I I 2. 74+0. 11 2 .6 7+0. 11 2. 69+0. 11 2 .60+0. 10 2. 49+0. I 0 2.33+0.09 2.37+0.09 2.29+0.09 2.29+0.09 

MEAN 2.76+0. 11 2. 82+0. 11 2. 70+0. 1 I 2. 71+0. 1 I 2. 73+0.1 I 2. 68+0. I I 2. 46+0. 10 2. 41+0. I 0 2. 42+0. 10 2.38+0.09 - - - - - -

N 
-...J 
-...J 



IAOLt. AO : 'j 

COP data summary for with and without primary heat exchange r 

800 LITRE LO AD 

A 12 A 12/NP A 10 A 10/NP A 7 . 5 A 7.5/NP 

--------· 

MAX 2. 4 7 +O. 10 2. 72 +O. 11 2 . 71 +O. 11 2. 9 3 +O. 12 3.05 +O. 12 3.28 +O. 13 

MIN 2.22 +0.09 2.32 +0.09 2. 38 +O . 10 2. 48 +O. 10 2.59 +O . 10 2.97 +O. 12 -

MEAN 2. 39 +0. 10 2.5) +0.10 2. 59 +O. 10 2. 74 +O. 11 2. 88 +O. 11 3. 16 +O. 1 3 

------· 

1200 LITRE LOAD 

A 12 A 12/NP A 10 A 10/NP A 7. 5 A 7.S/NP 

MAX 2.34 +0 . 09 3. 08 +O . 12 2.52 +0.10 2 . 70 +O . 11 2 . 84 +O. 11 3. 08 +O. 12 

MIN 2.10 +0.08 2.27 ~0.09 2.29 +0.09 2 .39 +0.09 2 .60 +O. 10 2.91 +O. 11 

MEAN 2.25 +0.09 2.42 +0.10 2. 42 +O. 10 2. 57 +O. 10 2. 73 +O. 11 3. 00 +O. 12 - -

-
N 
-..J 
co 



Heat recovery rate (kW) data summary 

800 LIT RE LOA D 

W 12 W 10 w 7.5 W 6 .5 A 12 A 10 A 7.5 

(Model Result s ) ----·----· 

MAX 2. 11 1. 79 1. 40 1. 19 1 .74 +0.02 1.55 +0.02 1 . 27 +O. 02 

MIN 2.01 1. 73 1. 32 1. l 4 l . 66 +O. 02 1 .38 +0.02 1 . 1 5 +O. 02 -

MEAN 2 .08 1. 76 1 . 31 1. 17 1 .70 +0.02 1.47 +0.02 1.22 +0.02 -
------------

1200 LITRE LOAD 

~J 12 W 10 w 7 . 5 W 6.5 A 12 A 10 A 7. 5 

(Model Results) 
--------

MAX 2. l 6 l .80 1.39 l . 2. 3 1.75+0 . 02 1 .5 3 +0.02 l .23 +0 . 02 

MIN 2.01 1. 75 1. 32 l. 18 1 .55 +0.02 1.37 +0.02 1. 10 +0.02 -

MEAN 2. 13 1. 78 1. 36 1. 21 1.65 +0.02 1.46 +0.02 1. 18 +0.02 

A 6.5 

1 . 1 5 +O. 02 

1 . 05 +O.01 

1.12 +0.02 -
·- - --

A 6.5 

1. 14 +0.02 

0 . 98 +0.02 

1.09 +0.02 

N 
........ 
I..D 
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6: 2 DEVELOPMENT OF PR I MARY HEAT EXCHANGER MATHE MAT I CAL MODEL 

A6: 2. 1 Aim 

The ai m of this model was to de t ermine the water outlet 

temperature and heat flow for a heat e xchanger, of known 

di mensions, transferring heat fro m refrigerant vapour to 

water, given the refrigerant vapour and water inlet 

temperatures and flow rates, as well as the refrigerant inlet 

and outlet pressures. 

A6:2.2 Theory 

A6 : 2.2. l ~eter mination of Fil m Coeffic i ents and U Values 

The change in water temperatures and the rate of heat 

flow in a heat e xchan ger is dependent upo n the heat 

e xchange area, overall thermal conductance (U) and the 

temperature re gime. 

The U valu e for an y heat e xchan ger can be e xpress ed as : -

-1 u 

where U 

C = 

+ 
-1 

C + .... . Eqn A6:l 

overall thermal conductance (kW.m- 2 . 0 c- 1
) 

fil m coefficients (kW. m- 2 . 0 c- 1) 

the ther mal conductance of the material 
-2 o -1 

separating the two films (kW. m . C ) 

In practice C is large relative to f and therefore can 

be neglected. 

Rewriting Eqn A6: 1 for a heat exchanger using 

superheated refrigerant vapour and water gives:-



-1 u 

where f f re 

f 
wat 

= 

f 
wat 

-1 
+ 

-1 
f ref 
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. .... Eqn A6:2 

refrigerant fi Im coefficient (kW.m- 2 .0 c- 1) 

water fil m coefficient (kW.m- 2 . 0 c- 1) 

Standard texts (knudsen and Katz, 1958) suggest that for 

an annulus: 

f = 0.023 
wat 

k 
X X 

d 

d V 0 . 8 
p . . 

( e ) 

\J 
e 

C 
0.4 

• \J 

X ( __e_) X .. . .. Eqn A6: 3 

where k = 

d = e 

p = 

V = 

\J = 

Cp = 

k 

-2 0 -1 
th ermal conduct i v i t y (kW. m . C ) 

equi valent di mens i on = d2 - dl for 

annulus (m) 

density -3 (kg. m ) 

velocity 
-1 

( m. s ) 

vi seas i ty 
-2 

(N.S.m ) 

specific heat (kJ.kg-l _oc-1) 

For a particular heat exchanger using water 

M 
V 

w = A 

3 -1 
where M = flow rate of water ( m . s ) 

w 

A = cross sectional area of flow (m2) 

an 
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Then equation A6:3 can be rewritten as:-

f wat = ..... Eqn A6: 4 

-1 
where b equals a constant dependent upon water 

properties and physical characteristics of the heat 

e xchanger. 

Substituting into Eqn A6 : 2 gives:-

-1 u b.M -0.8 
w 

+ 
-1 

f ref ..... Eqn A6:5 

This equation has the for m of the straight line equation 
-1 -1 

of y = bx + c. When M = 00 f f = U . 
w re 

On this basis it is possible to esti mate f fun de r a 
re 

particular set of refrigerant conditions by plottin g U as 

f . f M -O. 8 d d . . h . a unction o , an eterm1n1ng t e intercepts. 
w 

Al 1 other values must be kept constant. This i s the 

method der i ved by Wilson ( 1915) and is known as the 

Wi lson plot technique. 

In general, variations in refrigerant flow rates and inlet 

temperatures will result in different fref values. For 

each refrigerant flow rate (M ) the value of f f wi 11 be r re 
a function of the heat exchanger temperature regime since 

temperature affects vapour viscosity, specific heat and 

thermal conductivity. Thus values off f for different re 
refrigerant flow rates and inlet temperatures can be 

found by plotting the results of a series of experiments . 

An attempt was made to predict values off fusing a re 
simple linear model. 

by:-

It was assumed that f f was given re 
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-1 
f 
ref + + C ..... Eqn A6:7 

where k 1, k2 and Care constants 

t = mean inlet temperature 
m 

= 
( t r i + tw i) 

2 

M = refrigerant flow rate 
r 

-1 
Thus by plotting graphs off f against t at a re m 
constant flow rate k

1 
can be determined, and 1 ikewise 

- 1 
k

2 
can 0e found from plots off f against M using 

_
1 

re r 
values off f fort = 0 (i.e., values of the re m 
intercepts wi th the f f axis). re 

For the water side, the value of bin Eqn A6:4 will also 

vary with the temperature regi me due to changes in 

viscosity and thermal conductivity. It was assumed that 

these variations in b can be expressed as:-

b B. t + D 
m 

. .... Eqn A6:8 

where Band Dare constants. 

-1 
Values of b may be obtained from the slope of U against 

M -o. 8 plots. 
w 

Combining Eqns A6:5, A6:7 and A6:8, 

-1 u (B.t + D) M -0. 8 
m w + 

..... Eqn A6: 9 



A6:2.2.2 Calculation of Effectiveness Ratio of Outlet 

Temperatures 

The determination of U from experi mentall y determined 

f f values,at specified water flow rates, refrigerant re 
and water inlet temperatures, allows the calculation of 

284 

the Effectiveness Ratio of the heat e xchanger (E) from 
C 

the equation:-

where 

Ee = 

NTU = 

= 

A = 

C = 

C . = 
m1 n 

C max 

- Exp(-NTU [1-C]) 
..... Eqn A6: l 0 

- C X Exp(-NTU [1-C]) 

nu mber o f transfer units 

UA 

C mi n 

heat transfer area ( m2) 

C mi n 

C ma x 

minimum specific heat X mass f low rate 

product (kw. 0 c- 1) 

maxi mum specific heat X mass flow rate 

product (kw. 0 c- 1) 

Exp ( n) n 
= e 

Depending upon the mass flow rates either the water or 

the refrigernat vapour mass flow rate X specific heat 

product wi 11 be minimum while the other is a maximum. 

E can be used to find the ratio of the actual 
C 

temperature change of one of the fluids to the maximum 

possible temperature change since 
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E = 
C 

tri - tro 

t r i - tw i 
... . . Eqn A6.ll 

where tri = refrigerant inlet temperature (0 c) 

tro = refrigerant outlet temperature (0 c) 

twi = water inlet temperature (0 c) 

rearranging Eqn A6 : ll gives:-

t ro = t r i - E ( t r i - tw i ) 
C 

..... Eqn A6: 12 

Once th e refrigerant outlet temperature has been 

deter mi ned (Eqn A6:12), the heat flow from the super­

heated vapour can be calculated using the inlet 

temperature, refrigerant pressure s and the superheat 

enthalpy equation (Eqn 4 :9), i.e., 

.. . . . Eqn A6 : 13 

where Qref refrigerant heat flow (kW) 

M = mass flow rate of the refrigerant 
r - l 

(kg . s ) 

specific enthalpy 
-1 

hl = inlet (kJ.kg ) 

-1 
h2 = outlet specific enthalpy (kJ.kg ) 

Assuming the heat e xchanger is insulated the n the heat 

lost from the vapour wi 11 be absorbed by the water, 

from which the water outlet temperatures can be 

determined using the equation:-
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two = twi + ..... Eqn A6: 14 

where two = -.,..,ate r 

twi = water 

M X Sp Ht 
w 

outlet temperature 

inlet temperature 

(oC) 

(oC) 

Sp Ht = specific heat of water (kJ.kg-1.oc-1) 

Qref = heat flow (kW) 

flow 
- l 

M = water mass rate (kg.s ) w 

A6:2.3 Materials and Method 

The experimental equipment described in Section 4: l was used 

with the heat exchanger designed in Section 5:5. 

Four water flow rates ranging from 0.8 l. min-l to 10 l.min-l 

were used with each of the 

(l 8 2 0 d 2 3 1.m .,n-1) . , . an . 

(6.5, 7.5, 10 and 12 bar). 

three refrigerant flow rates 

at four condenser pressures 

Water inlet temperatures were 

control led so that condensation would not occur at high 

water flow rates. 

The results of U were plotted against 

which the twelve values of band f f re 

-0 8 
values of M · from 

w 
were obtained using 

Equation A6:5. The values of band f f were plotted to 
re 

obtain relationships in terms oft 
m 

(average of the two inlet 

temperatures), refrigerant and water flow rates. Once the 

full relationship for U was determined a computer program to 

determine water outlet temperatures and heat flows was 

developed using Eqns A6:l0 to A6:l4. 

~6:2.4 Results 

-0 8 - l - l 
Results of Mr, Mw · , U , href t and bare presented in 

m 

Table A6:l l and graphically in Figures A6:l to A6:3. 



TABLEA6;11 

Data s ummary fo r Wi lson p lot test ru ns 

M - 0.8 -1 
h 

-1 
Condenser M t u ref k r w m 
Pressure 

(Bar) 
-1 

(1.min ) 
-1 (min. l ) (oC) (m2. 0 c . kw - 1) 2 o -1 (m . C.kW ) (kJ.min -1 -2 0 -1 . m . C ) 

6.5 2.25 0.155-0 . 629 51. 5 9. 1;8-11 . 05 8.66 5.76 

2.03 0.155-1.064 51. 5 9.95 - 15 .83 8 . 99 6.43 

1. 81 0.157-1.064 52.0 10 . 80-16. 29 9.97 6.07 

7.5 2.25 0. 15 3- 1 . 120 58.5 9.70-14 . 71 8.75 5 . 36 

2.03 0. 198-1 .010 56.5 10.32- 14.35 9 . 13 5.65 

1. 78 0. 172-0 . 648 55.0 10.73-13.63 9.68 6. 10 

10.0 2.30 0.192-1.510 73.0 10.02-14 .90 9 .2 7 3,70 

2.03 0. 185-0.911 68.0 10 . 79 - 13.48 10. 10 3. 70 

l .82 0.188-0.870 67 .0 l l . l 3- l 3. 79 10. 28 3.94 

12.0 2.30 0.212-1.120 77 . 0 l O. 4 7- l 3. 3 l 9, 77 3. 16 

2.00 0.21 2-1.064 75 .0 10.64-12 .90 10.42 2.88 

1. 78 0.210-0 . 833 73.0 11.62- ]3.10 11 .03 2.38 

N 
co 
-...J 
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Fom the slope of the graph off f-l against t (Figure J\6:1), 
re m 

the value of k 1 was found to be 0.0575 (Eqn A6:7). 

Similarly the plot off f-l against M -l gave values of 
re r _ 1 

k2 = 11 .03 and C = 0.465. The values off ref were obtained 

fro m the intercept of the lines in Figure 6:1 and are thus 
- 1 

the values off ref when tm = 0. Thus Eqn A6:7 may be 

written as:-

1 1 . 0 3 M - l + 0 . 46 5 
r 

.... . Eqn P,6 : 15 

The constants Band D in Eqn A6:8 were determined from plots 

of b against t 
m 

( Figure 6 : 3) where the values of b were 
-1 -0 8 

of U against M · 
w 

obtained from the p lot From the 

graph, B = -0.167 and D = 15.6. Substituting into Eqn A6:8 

gives:-

b = 15. 6 0. 16 7 t 
m 

Thus substituting in Eqn A6:10 gives:-

u- 1 = [(15.6 - o.167t) M -o . s] 
m w 

. . ... Eqn A6 : 16 

+ [ 0 . 0575t 
m 

-1 
+ (0.465 + 1 l.03M ) ] ... .. Eqn A6: 17 

r 

Calculation of water outlet temperatures and heat fl™s 

fol lows on from Eqn A6: 10. 

A6:2.5 Discussion 

The computer program (Appe ndi x A6 : 3) was tested using the 

data from al 1 the water cooled system runs specified in 

Table 3:2. The results ot the testing gave good agreement 

between the model and the experiment results for the water 

fl™ rate data used,with:-

two (model) = two (experi mental) + 2.5°c 

Q f (model) = Q f (experimental) + 0. 1 kW re re 



M9BE6:PROCEDURE; 
! ********************************************************************* 
* • 
* 
• 
• Aim:-
* 
* 
* 
• 
* 
* 
* 

Input:-

PRIMARY HEAT EXCHANGER MODEL 

The aim of this program is to calculate heat exchanger 
heat flows and water outlet temperature for a constant 
water flow rate. 

Data for the water cooled condenser system runs of: 
1) Head,condenser and receiver pressure 
2) W a t er in 1 e t temperature 
3) Re frig er ant inlet temperature 

* 
• 
* 
• 
• 
* 
• 
• 
* 
• 

4) Refrigerant flow rate(receiver) ______ _____ . _____ . . nw r:::at-t:lfrt:ll""OiuAr) * 
-· --- - -·-o-· ---- ---- - --- ... - ---- ---, 

was l' <!,, rl not.J us e d . * 
• • 
* Method :- Using the model calculations developed in Appendix A6:1, * 
* an estimate of overall thermal conductance was made * 
* from which values for Effectiveness coefficient (Ee), • 
• refrigerant outlet temperature,heat flow and,finally, * 
• water outlet temperature were determined for each row of* 
* data. • 
• 
* Output:- Results for both the original data and the model were 
• printed to a table file(MODRES) and to an input file 
• for MINITAB (MODMINI) . 
• 

• 
• 
* 
• 
* 

*********************************************************************! 

;••···························· • * 
* DECLARATION OF VARIABLES * 
• • 
* * ******** ********************I 

)> 
O" 

\.,.) 

I 
rn 
)> 
-i 
rn 
X 
n 
I 
)> 
z 
C"> 
rn 
;o 

:?: 
0 
Cl 
rn 
r 
-u 
;o 
0 
C"> 

$! 
~ 
3: 
n, 

N 
\J) 



DCL 1 -DA-'f-A(20), 
2 PRF.SSURE(3) FIXED DECIMAL(8,4), 

2 FLOWS(3) FLOAT DECIMAL(7), 

2 TEMPS (7) FLOAT DECIMAL(7), 

2 PRIMEXCHANGER, 
3 EXCHQ(2) FIXED DECIMAL(6,3), 

3 LMTD FIXED DECIMAL(6,3), 
3 UA FIXED DECIMAL(7, 4), 
3 UAMOD FLOAT DECIMAL(7), 
3 CWAT FIXED DECIMAL(7, 5), 
3 CREF FIXED DEC IMAL(7, 5), 
3 CMIN FIXED DEC IMAL(7, 5); 
3 C FIXED DECIMAL(7,5); 
3 NTU FIXED DECIMAL(6, 3), 
3 EC FIXED DECIMAL(6,4) 

DCL CMIN FIXED DECIMAL(? ,5); 
DCL C FIXED DECIMAL(? ,5); 
DCL FILENAME(2) CHAR(80) VAR; 
DCL (Q1 ,Q2, 

FLOWIN,NROWS) FIXED DECIMAL(7,5); 
DCL (I,J) FIXED; 

/* Data structure - holds all the data*/ 
/* i:: ressures 

FRESSURE(1) =comp.outlet 
FRESSURE(2) = condenser 
l 'RESSURE(3) = receiver*/ 

/* :'low rates 
rLOWS(1) = refrig. flow (1/min) 
FLOWS(2) = water flow ( 1/min) 
FLOWS(3) = refrig. flow (kg/s) */ 

/* temperatures 
TEMPS(1) = refrig. prim. inlet 
TEMPS(2) = refrig. prim. outlet 
TEMPS(3) = receiver 
TEMPS(4) = water prim. inlet 
TEMPS(5) = water prim. outlet 
TEMPS(6) = refrig. prim. outlet (model) 
TEMPS(?) = water prim. outlet (model) */ 

/* EXCHanger heat flows(Q) 1) from refrig. 
2) to water*/ 

/* Log Mean Temperature Difference*! 
/* overall thermal conductance(U) x area(A) */ 
/* UA from model*! 
/* specific heat(C) x mass WATer flow rate*/ 
/* specific heat(C) x mass REFrig. flow rate*/ 
I*= CWAT if CWAT<CREF or CREF if CREF<CWAT */ 
/* C:CMIN/CMAX */ 
!* Number of Transfer Units*/ 
/* Effectiveness Coefficient*/ 
!* = CWAT if CWAT<CREF or· CREF if CREF<CWAT */ 
/* C=CMIN/CMAX */ 
/* array for interactive naming of files*/ 

!* Temp. diffs(Q1,Q2) water flow, number data rows*/ 
/* loop counters*/ N 

\.D 
N 



!****************************** 
* * 
* DECLARATION OF FILES * 
* * 
******************************! 

DCL #1 FILE STREAM INPUT; /* data input fil es*/ 
DCL #2 FILE STREAM INPUT; /* data input files*/ 
DCL #3 FILE STREAM INPUT; !* data input files*/ 
DCL #4 FILE STREAM INPUT; !* data input files*/ 
DCL #5 FILE STREAM INPUT; !* data input files*/ 
DCL SCREEN FILE STREAM INPUT; /* terminal input file *i 
DCL CONSOLE FILE STREAM OUTPUT; /* terminal output file*/ 
DCL MOORES FILE STREAM OUTPUT; /* model results file (printer) */ 
DCL MODMINI FILE STREAM OUTPUT; /* model results file (M : NITAB) */ 

DCL FINISHED BIT(1) STATIC INIT('O'); /* end of file flag*/ 

!****************************** 
* * 
* DECLARATION OF FUNCTIONS * 
* 
* 
* 

Based on equations in 
Appendix A4:4.1 

* 
* 
* 

******************************! 

!*************************************** 
* * 
* 
* 
* 
* 

SATURATION PRESSURE FUNCTION 

Calculates saturation 
pressure for corresponding 

* 
* 
* 
* N 

I.() 

w 



• temperature (oK) • 
• • 
·····························**********! 

SPRESS:PROCEDURE(SAT_TEMP) RETURNS(FIXED DECIMAL(6,4)); 

DCL SAT TEMP FIXED DECIMAL(5,2); 
DCL SAT-PRESS FIXED DECIMAL(6,4); 
SAT_PRESS:((SAT_TEMP-157,564)/85.69)**3.8226; 

RETURN ( SAT_PRESS); 

END SPRESS; 

;••····································· * * 
• SATURATION TEMPERATURE FUNCTION * 
• * 
* Calculates saturation temperature* 
* fran corresponding saturation * 
* pressure * 
• * 
***************************************! 

STEMP:PROCEDURE(SH_PRESS) RETURNS(FIXED DECIMAL(5,2)); 

DCL Si PRESS FIXED DECIMAL(6, 4); 
DCL SAT_TEMP FIXED DECIMAL(5,2); 

SAT_TEMP:85.963*(SH_PRESS)**.2616+157.564; 

RETURN (SAT_TEMP); 

END STEMP; 
N 
I.!) 

.s:-



;••····································· • • • VAPOUR SPECIFIC HEAT FUNCTION • 
• • 
• Calculates the specific heat of • • the superheat ed vapour.Requires • • the superheat pressure . • 
• • 
·····································••; CVAP:PROCEDURE(SH_PRESS) RETURNS(FIXED DECIMAL(6,4)); 

DCL SH_PRESS FIXED DECIMAL(6,4); 
DCL VAP_C FIXED DECIMAL(5,4); 

VAP C:0,61244*10**(0,008849*SH_PRESS); 

RETURN ( VAP _ C); 

END CVAP; 

;••····································· • * 
* LI~ID SPECIFIC HEAT FU NCTION * 
• 
• 
• 
• 
• 

• 
Calculates the specific heat of * 
the liquid.Requires the satur ation* 
temperature and uses t he * 
SA1URATION PRESSURE FUNCTION. • 

• * 

·····································••; 
CF:PROCEDURE(SAT_TEMP) RETURNS(FLOAT); 

DCL SAT TEMP FIXED DECIMAL(5,2); N 
\.0 
\.n 



DCL LIQ C FLOAT DECIMAL; 
LIQ_C:o-:-aaa•1o••co.0066*SPRESS(SAT_TEMP)); 

RETURN (LIQ_ C) ; 

END CF; 

!*************************************** 
• • 
* LIOJID SPECIFIC VOLUME FUNCTION * 
• • 
* Calculates the specific volume of * 
* the liquid.Requires the saturation* 
* temperature. * 
• * 
***************************************! 

LVOL:PROCEDURE(SAT TEMP) RETURNS(FLOAT DECIMAL); 

DCL SAT_TEMP FIXED DECIMAL(5,2); 
DCL LIQ_VOL FLOAT DECIMAL(5); 
DCL TEMP FIXED DECIMAL(5,2); 

TEMP:388.3-SAT TEMP; 
· ,LIQ VOL= 1 /(558-:-oas+ (0. 777*TEMP)+ ( 17. 94 3* (TEMP**O. 5) )+ 

- (117.436*(TEMP**0.333))-(3.40204E-4*(TEMP**2))); 

RETURN ( LIQ_VOL); 

END LVOL; 

N 
\J) 
(j\ 



;••····································· * * 
* LIQJID ENTHALPY FUNCTION * 
* * 
* Calculates the enthalpy of the * 
• liquid.Requires temperature and • 
* uses LIQUID SPECIFIC HEAT,LIQUID • • SPECIFIC VOLUME and SATURATION * 
* PRESSURE FUNCTIONS. • 
* * 
***************************************! 

HF:PROCEDURE(SAT TEMP) RETURNS(FIXED DECIMAL(6,3)); 

DCL SAT_TEMP FIXED DECIMAL(5,2); 
DCL LIQ_ENTH FIXED DECIMAL(6,3); 

LIQ ENTH:0.888*10**(0.0021*SPRESS(SAT TEMP)))*(SAT TEMP-233)+ 
- (LVOL(SAT_TEMP)+6.556E-4)/2*(SPRESS(SAT_TEMP)-0.6417); 

R ETIJRN ( LIQ_ENTH); 

END HF; 

!*************************************** 

* * 
* LIQJID/VAPOUR ENTHALPY FUNCTION * 
* * 
* Calculates the enthalpy change * 
* for vaporization. Requires the * 
* SATURATION PRESSURE FUNCTION and * • the saturation temperature. * 
* * N 

\J) 
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····································•••; 
HFG:PROCEDURE(SAT TEMP) RETURNS(FIXED DECIMAL(6,3)); 

DCL SAT TEMP FIXED DECIMAL(5,2) ; 
DCL FG_ENTH FIXED DECIMAL(6,3); 

FG_ENTH:165.063*10**(-0.011*SPRESS(SAT_TEMP)); 

RETURN ( FG_ENTH); 

END HFG; 

;••····································· * * 
• SUPERHEAT ENTHALPY FUNCTION • 
* • 
* Calculates the enthalpy of the • 
• superheated vapour.Requires the • 
• LIQ.JID ENTAHLPY,LIQUID/VAPOUR • 
* and LIQUID SPECIFIC HEAT • 
• FUNCTIONS. Superheat temperature* 
• and pressure are also required, * • * 
***************************************! 

HStt:PROCEDURE(SH_TEMP,SH_PRESS)RETURNS(FIXED DECIMAL(6,3)); 

DCL 3-i_TEMP FIXED DECIMAL(5,2); 
DCL SH_PRESS FIXED DECIMAL(6,4) ; 
DCL SH ENTH FIXED DECIMAL(6,3); 
DCL SAT_TEMP FIXED DECIMAL(5,2); 

SAT_TEMP= STEMP(SH_PRESS); 

SH ENTH=HF(SAT TEMP)+HFG(SAT TEMP)+(SH TEMP-SAT TEMP) - - N 
I..O 
00 



*CVAP(SH_PRESS); 

RETURN(SH_ENTH); 

END HSH; 

!*********······························ 
* * 
* SLBCOOLED ENTHALPY FUNCTION * 
* * 
* Calculates the enthalpy of the * 
* subcooled liquid.Requires LIQUID * 
* SffiCIFIC HEAT and SATURATION * 
* TEMPERATURE FUNCTIONS and * 
* subcooled temperature and * 
* pressure. * 
* * 
***************************************! 

HSC:PROCEDURE(SC_TEMP,SC_PRESS)RETURNS(FIXED DECIMAL(6,3)); 

DCL SAT TEMP FIXED DECIMAL(5,2); 
DCL SC PRESS FIXED DECIMAL(6, 4); 
DCL SC-TEMP FIXED DECIMAL(5, 2); 
DCL SC=ENTH FIXED DECIMAL(6,3); 

s ·AT_TEM P:STEMP(SC _PRESS); 

SC_ENTH:HF(SAT_TEMP)-(SAT_TEMP-SC_TEMP)*CF(SAT TEMP); 

RETURN ( SC_ENTH); 

END HSC; 
!****************************** 
* * N 

I..O 
I..O 



* 
* 

MAIN PROGRAM * 
* 

******************************! 

/*Obtain file names from terminal*/ 
OPEN FILE(SCREEN) TITLE('TTY -DEVICE'); 
OPEN FILE(CONSOLE) TITLE('TTY -DEVICE'); 
PUT FILE(CONSOLE) LIST('Enter filenames ,design flows and number of rows'); 
GET FILE(SCREEN) SKIP LIST(FILENAME,FLOWIN,NROWS); 
PUT FILE(CONSOLE) LIST('Fi~e names are:',FILENAME); 
CLOSE FILE(CONSOLE); 
CLOSE FILE(SCREEN); 

/*Open rema1n1ng files*/ 
OPEN FILE(MODRES) TITLE(FILENAME(1)) PRINT PAGESIZE(60) LINESIZE(132); 
OPEN FILE(#1) TITLE(FILENAME(2)); 
OPEN FILE(#2) TITLE(FILENAME(3)); 
OPEN FILE(#3) TITLE(FILENAME(4)); 
OPEN FILE(#4) TITLE(FILENAME(5)); 
OPEN FILE(#5) TITLE(FILENAME(6)); 
OPEN FILE(MODMINI) TITLE(FILENAME(7)); 

/*Set end of file condition*/ 
ON ENDFILE(#5) FINISHED: 1 1 'B; 

/*Read in data while files not empty*/ 
DO WHILE(AFINISHED); 

GET FILE(#1) EDIT((PRESSURE(I,1),PRESSURE(I,2),PRESSURE(I,3) 
DO I:1 TO NROWS)) 
(X(48),2 F(6,2),F{5,2),SKIP); 

GET FILE(#2) EDIT((TEMPS(I,1),TEMPS(I,2),TEMPS(I,3) DO I:1 TO NROWS)) 
(X(14),2 F(6,2),X(24),F(6,2),SKIP); w 

0 
0 



GET FILE(#3) EDIT((TEMPS(I,4),TEMPS(I,5) DO I:1 TO NROWS)) 
(X(31),2 F(6,2),SKIP); 

GET FILE(#4) EDIT(((FLOWS(I,J) DO J:1 TO 3)DO I:1 TO NROWS)) 
(F(6,2),X(7),F(4,2),F(7,4),SKIP); 

GET FILE(#5) EDIT((UA(I),CREF(I) DO I:1 TO NROWS)) 
(X(48),F(5,3),X(7),F(5,3),SKIP); 

GET FILE(#5) SKIP(2); 

END; 

/*Repeat model calculations for each row of data*/ 
DO I:1 TO NROWS; 

/*Set water flow rate*/ 
FLOWS(I,2):FLOWIN; 

/*Calculate UA model*/ 
UAMOD(I):(1/(((0,465+11.03*(1/FLOWS(I,1)))+ 

(0.0575*((TEMPS(I,1)+TEMPS(I,4))/2)))+ 
((15,16-0.167*((TEMPS(I,1)+TEMPS(I,4))/2))* 

FLOWS(I,2)**-0.8))*0.84); 

/*Calculate CMIN and C and then NTU and EC*/ 
CWAT(I):(FLOWS(I,2)/60,0*4,186); 

IF OiAT(I) >= CREF(I) 
THEN DO; 

C:(CREF(I)/CWAT(I)); 
CMIN:CREF(I); 

END; 
ELSE DO; w 

0 



C:(CWAT(I)/CREF(I)); 
CMIN:CWAT(I); 

END; 

NTU(I):(UAMOD(I)/CMIN); 

EC(I):((1-EXP(-NTU(I)*(1-C)))/(1-C*EXP(-NTU(I) 
*(1-C)))); 

/*Calculate refrig. prim. outlet temperature*/ 
TEMPS(I,6):(TEMPS(I,1)-EC(I)*(TEMPS(I,1)-TEMPS(I,4))); 

/*Calculate heat flow in primary*/ 
EXCHQ(I,2):(FLOWS(I,3)*(HSH((TEMPS(I,1)+273),PRESSURE(I,1))-HSH 

((TEMPS(I,6)+273),PRESSURE(I,2)))); 

/*Calculate water outlet temperature (model) */ 
TEMPS(I,7):(EXCHQ(I,2)/4.186/FLOWS(I,2)*60.0 + TEMPS(I,4)); 

/*Calculate water heat flow (check) */ 
EXCHQ(I,1):(FLOWS(I,2)/60,0*4.186*(TEMPS(I,7) - TEMPS(I,4))); 

/*Calculate Log Mean Temperature Difference*/ 
Q1= (TEMPS(I,1)-TEMPS(I,7)); 
Q2: (TEMPS(I,6)-TEMPS(I,4)); 
+F (Q1>Q2) & (Ql>O & Q2>0) 
THiN LMTD(I):(Q1-Q2)/LOG((Q1/Q2)); 
ELSE IF (Q1<Q2) & (Q1>0 & Q2>0) 

END; 

THEN LMTD(I):(Q2-Q1)/LOG((Q2/Q1)); 
ELSE LMTD(I):Q1; 

/*Print results to output files (MOORES & MODMINI) */ w 
0 
N 



/*Page 1 MOORES*/ 
PUT FILE(MODRES) PAGE; 
PUT FILE(MODRES) EDIT('PRESSURES','REF IN','REF OUT' ,'RECEIVER') 

(SKIP(2),COL(25),A,SKIP(2),COL(5), 
X(4),A,X(13),A,X(12),A); 

PUT FILE(MODRES) EDIT(((PRESSURE(I,J) DO J:1 TO 3) 
DO I:1 TO NROWS)) 

(SKIP(2),COL(5),3 (F(10,2),X(10))); 

/*Page 2 MOORES*/ 
PUT FILE(MODRES) PAGE; 
PUT FILE(MODRES) EDIT('FLOWS','TEMPERATURES')(SKIP(2),COL(10), 

A , COL ( 8 0 ) , A ) ; 
PUT FILE(MODRES) EDIT('REF FLOW' ,'HOT WAT FLOW','REF MASS FLOW', 

I REF IN I' I REFOUT I' I RECEIV I' I WA TIN I' 'WA TOUT I' 
'REFOUTm','WATOUTm')(SKIP(5),COL(1), 
A, X( 5) , A, X (3), A, X (6) , A, X (7) , A, X (7) , A, X ( 8) , A, 
X(7),A,2 (X(6),A)); 

PUT FILE(MODRES) EDIT(((FLOWS(I,J) DO J:1 TO 3),(TEMPS(I,J) 
DO J:1 TO 7) DO I:1 TO NROWS)) 

(SKIP(2),10 (X(3),F(10,4))); 

/*PQge 3 MOORES*/ 
PUT FILE(MODRES) PAGE; 
PUT FILE(MODRES) EDIT( 'HEAT FLOW', 'LMTDm', 'UA', 'UAm', 1 CWAT', 'CREF', 

1 NTUm 1 , 'ECm 1 ) (SKIP(5) ,COL( 1), 
X ( 6), A, X ( 10) , A, X ( 13) , A, X ( 12) , A, 3 (X ( 11 ) , A), 
X(12),A); 

PUT FILE(MODRES) EDIT((EXCHQ(I,2),LMTD(I),UA(I),UAMOD(I),CWAT(I), 
CREF(I),NTU(I),EC(I) DO I:1 TO NROWS)) 

(SKIP(2),COL(5),8 (F(10,4),X(5))); 
w 
0 
w 



/*MINITAB file*/ 
PUT FILE(MODMINI) EDIT(((TEMPS(I,J) DO J:1 TO 7),UAMOD(I),EC(I), 

EXCHQ(I,1),LMTD(I) DO I:1 TO NROWS)) 
( CCL ( 1 ) , 7 F ( 7, 2) , 3 F ( 7, 4) , F ( 7, 3) , SKIP) ; 

/*Close output files*/ 
CLOSE FILE(MODRES); 
CLOSE FILE(MODMINI); 

END MODEL; 

w 
0 
.i::-
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APPENDIX A7 

EXPERIMENT I I I DATA TABLES 



TABLE A7: 1 

Vat cylinder water heating power consumption (3 x l week) 

Day Volume of Water Heating Load Standing Load Total % 
Entering Cylinder Power Standing 

-1 Time Power 
1. (kWh)-l 

Time Power 
(l .day ) (h) (kWh) (h) (kWh) (kWh) 

4 ;', 3 - - - 2.20 5,72 5. 72 100.0 
5 ;'d, 39 4.60 9.60 4. l 2.06 4.30 13,90 30.9 
6 ;•, 5 - - - 2.00 5.52 5,52 100.0 
7 155 5. 13 11 .59 13.4 l. 70 3.84 15.43 24.9 
8 177 5,86 13.02 13.6 2.20 4.89 l 7 .91 27.3 
9 146 4.87 10.57 13.8 2.26 4.90 15.47 31. 7 

l O ;~ 10 - - - 2.23 5. 13 5. 13 100.0 

25 158 4.60 9.60 16.5 2.00 4. 17 13. 77 30. 3 
26 54 l .66 3.77 14.3 2.30 5.22 8.99 58. 1 
27 ;';;',;', 20294 14.86 34. 18 593. 7 0.90 2.07 36. 25 5.7 
26 0 4.73 9. 79 - 2.40 4 .97 14.67 33,7 
29 0 - - - 2.26 6. 16 6. 16 100.0 
30 128 4. 26 9.50 13. 5 2. 16 4.82 14.32 37. l 
31 0 - - - 2.30 5.21 5.21 100.0 

39 126 2.53 6.74 l 8. 7 2.20 5.86 12.60 46.5 
40 54 1. 6 7 3 .98 13 .6 2.57 6. 12 10. 10 60.0 
41 42 1. 40 3 .07 13.7 2.33 5. 12 8. 19 62.5 
42 bo 2.67 5.83 13,7 2.33 5.08 10 .91 46.6 
43 0 - - - l. 70 4.33 4.33 100.0 
44 71 2.53 5.42 13. l 2.03 4.35 9. 77 44.5 
45 ;'d 43 0.73 1. 72 25.0 1 .87 4.41 6. 13 71.9 
-

;~ Assumed as zero volume 
i~i~ Rejected on the basis of l.(kWh)-1 less than 10 w 
*;~* Rejected on the basis of l. (kWh)-1 greater than 20 0 

a-



TABLE A7:2 

Machine cylinder water heating power consumption (3 x I week) 

Day Volume of Water Heatin~ Load Standing Load Total % 
Entering Cylinder Morning Evening Power Standing 

(litres) -
Time Power 

I . (kWh) - I 
Time Power 

J.(kWh)-l 
Ti me Power 

Morning Evening (h) (kWh) (h) (kWh) (h) (kWh) (kWh) 

4 183 98 8.20 18 .60 9.8 4.20 9 . 53 JO. 3 1.56 3.54 31 .6 I 11. 2 
5 109 133 4.93 I I . 20 9 . 7 4.80 10.90 12 .2 1. 83 4. 16 26.26 15.8 
6 115 121 6. 13 14.30 8 .0 5.40 12.59 9.6 1.83 4.27 31. 16 13.7 
7 I JO JOO 4.73 I l. 74 9 .4 4.40 10.92 9.2 1.90 4. 71 27.37 17.2 
8 98 104 5. 13 10.86 9.0 4.86 10 .92 10. l 2.20 4.66 25.80 18.0 
9 104 79 4.60 l O. 3 l 10 . l 3.66 6 . 21 9.6 2.40 5.38 23.90 22.5 

JO l 16 101 4. 10 9 ,92 11. 7 4. 73 11. 33 8.9 2. 13 5. 10 26.25 19.4 

25 119 145 5.33 12.50 9,5 6. 13 14.37 10. l 1.63 3.82 30.69 12.5 
26 87 88 4.00 9 . 19 9,5 4.06 9.32 9.4 2. 13 4.89 23.40 20.9 
27 97 90 4.40 10 .21 9.5 4.00 9.28 9.7 2.26 5.24 24.73 21 .i 
26 156 104 5.bo l 3. 12 11 .9 4.80 10.86 9.6 l .86 4 .21 28. l 8 14.9 
29 104 92 4.60 I I. 12 9.4 4.26 9.87 9.3 I.BO 4. 17 25. 16 16.6 
30 101 203 4.67 10.45 9 . 7 6 . 40 14.33 14.2 l. 80 4.03 28.81 14.0 
31 - 36 - - - l. 50 3. 79 9.4 2.40 6.07 9.86 6 l. 5 

39 119 89 5.47 12.66 9.4 3.80 8.80 10. l 2.07 4.79 26.25 18.3 
40 88 140 4.00 9. 13 9.6 6.00 13.69 10.2 l .87 4.27 27.08 15.8 
41 125 158 5.27 12 . 03 10.4 5 .6 7 12.94 12 . 2 l .80 4. l l 29.07 14. l 
42 .~ 263 162 5,80 13.29 19.8 7 .6 7 l 7. 57 9.2 I .40 3 .21 34.06 9.4 
43 * 124 362 5.53 12.68 9.8 7.33 16 .80 21 ,5 l. 23 2.82 32.30 8.7 
44 l 14 107 5. 13 l I. 78 9,7 4.67 10.72 10.0 l.77 4.06 26.57 15. 3 
45 102 95 4.53 10.44 9.8 4.33 9.98 9.5 2.07 4.77 25. 19 18.9 

... - I w 
"Rejected on the basis of l .(kWh) greater than 15 0 

'-J 
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TABLE A7:3 

Summary of total, water heating and refrigeration power 
consumption (kWh) for a 50 day monitoring period 

Day Total Water Heating Consumption Refrigeration Consumption 
Farm Machine Vat Total %Farm 3HP 5HP Total %Farm 

Total Total 

69.3 34.07 10.32 44 . 39 64. 1 2.37 15. 21 17.58 25 . 4 
2 100.8 25. 19 4.59 29. 78 29.5 13. 5 13.50 13. 4 
3 129,9 32.02 14.68 46. 70 36.2 12.87 3.36 16.23 12 . 5 
4 103.2 31.67 5. 72 37,39 36.2 15.69 3,69 19,38 18.8 
5 135 .6 26.26 l 3 .91 40. 17 29.6 8.67 6.84 15 . 15 11 . 2 
6 128.7 31. 16 5.52 36.68 28 .5 11. 79 11. 79 9.2 
7 86. l 27.37 15 . 43 42 . QO 49. 7 12 . 39 5.07 17.46 20.3 
8 92 .4 25.80 l 7. 91 43.71 117. 3 11 .91 4.56 16 . 47 17.8 
9 120.6 23 .90 15.47 39. 37 32.6 8. 52 5.34 13 . 86 11 .5 

10 67.8 26.25 5. 13 31. 38 46. 3 8.07 6 . 12 14. 19 20.9 
11 102 .0 24.58 10. 71 35.29 34 .6 1. 41 13. 29 14. 70 14.4 
12 64.8 25.82 5. 14 30 .96 47,7 14.97 14 .97 23 . l 
13 68.7 26.01 11.61 37 .62 54 . 7 13. 11 ]3.11 19. l 
14 98.7 29. 53 10 . 52 40.05 40.6 11 .40 11 .40 11 .6 
15 101. 1 26.51 5.75 32 . 26 31.9 15. 18 15. l 8 15 .0 
16 96.9 24.31 ]3 . 11 37.42 38 .6 9.90 9 .90 10.2 
17 53.4 27 ,97 4. 13 32 . 10 60. 1 8 . 13 5 .94 14 .07 26 . 3 
l 8 106 .2 21 .87 9.78 31 .65 29 .8 1.53 13.44 14 .97 14. l 
19 107 .4 34.57 l 7. 15 51.72 48 . 2 11 .52 1 . 32 12 . 84 12 .0 
20 68. 7 26. 10 10.33 36.43 53.0 15.72 2. 19 17 .91 26 .0 
21 101 .4 27.25 4.07 31. 32 30 . 1 14 . 13 14. 13 13.9 
22 
23 
24 63. 3 16. 11 13.49 29.60 46. 8 14 ,97 14.97 23.6 
25 99.0 30.69 13 . 77 44.46 44.9 11 . 31 11 . 3 l 11 .4 
26 69 .6 23.40 8.99 32.39 46.5 12 . l 8 12. 18 17,5 
27 91.5 24. 73 36 .25 60.98 66 .6 12 . 84 12.84 14.0 
28 103 .8 28. 18 14.76 42.94 41. 4 9 .96 9,96 9.6 
29 68. 7 25. 16 6 . 61 31. 77 46. 2 14 . 70 14. 70 21 .4 
30 99.0 28.81 14.32 43 . 13 43 . 6 9 . 84 9.84 9.9 
31 67 .2 9 .86 5. 21 15.07 22.4 8. 10 8. 10 12. 1 
32 103 .8 30 .80 10.57 41 . 37 39.9 13.47 13.47 13 .0 
33 93.6 32.39 6.50 38.89 41.5 11. 76 11. 76 12 .6 
34 101 .4 26.51 10.69 37.20 36. 7 14.58 14.58 14. 4 
35 99,0 28. 13 12.34 40.47 40 .8 12.63 12.63 12.6 
36 67 .5 31. 20 4.68 35.88 53 . l 8.82 8.82 13.1 
37 67 .5 31 .22 3.55 34. 77 51. 5 7.35 4.35 11 . 70 17.3 
38 101. 7 20. 18 10.79 30 .97 30. 4 6.69 6 . 48 13. 17 12.9 
39 90.0 26.25 12.oO 36.85 43.2 12.69 12.69 14. 1 
40 103 .2 27.08 10 . 10 37. 18 36 .0 13. 11 13. 11 12.7 
41 29.07 8. 19 37.26 . 16 .56 16.56 
42 96.9 34.06 10 .91 44 .97 46 .4 9,03 9 .03 9.3 
43 66.3 32.30 4.33 36 .63 55.2 13 .11 13.11 19.8 
44 101 .1 26.57 9. 77 36. 34 35.9 11. 79 11. 79 11.7 
45 63 .9 25 .19 6. 13 31. 32 49.0 13.53 13 .53 21 .2 
46 92.9 26.30 7.70 34.00 36.5 12 .21 12 .21 13. 1 
47 132.6 29.65 15.48 45. 13 34 .0 14.91 14 .91 11 .2 
48 64.2 25.27 7.45 32. 72 51 .0 15.51 15.51 24.2 
49 68.7 25,72 7 .94 33.66 49 .0 14.25 14.25 20. 7 
50 69.0 23.69 21 .84 45.53 66.0 14. 19 14. 19 20.6 
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