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HISTORICAL REVIEN 



INTRODUCTION 

The Heat Pump, as a device to provide 1019' grade heat for 

conditioning purposes, 1s generel1y considered to have been originated 

by Lord Kelvin and its description was contained in papers presented by 

him in 1852 (75). ~e original papers desoribed a system oapable of 

transferring heat trom a co1d temperature to a higher one. S1noe air 

was to be the refrigerant, large volumes _ra required and his cylinder 

volume was to be 15.63 cubio feet. Power to drive the unit was to be 

provided by a steam engine and thus was of little practioal use. 

Although this Kelvin cycle was to become the basis of' Many ref'rigerating 

systems, the heat pump itself attracted litt1e attention unti1 1930, When 

Haldane reported considerable suocess with electrically driven units (62). 

other installations began to appear quickly and great intarest was 

stimulated in this surprising davice, that ns capable of heating 

efficiencies of from 200 to 500 percent. 

The possibility of an all-electric dream house awakened America 

and installations began appearing all over the United States. The york 

of Marvin Smith and Robert Webber led to the production of the Marvair 

and the 'l'erra !henn packaged units Which are giving excellent results in 

the field (118, 119, 143). 

Although attention was mainly focussed on its air conditioning 

applications, the industriel possibilities of the heat pump were soon 

realized and it was pressed into service in evaporation and as an 

auxiliar.y heat supply, particularly in fuel-short areas. 
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A complete bibliography of beat pump development up to 1947 has 

recently been publisbed by the Southern Researcb Institute. This paper 

includes over two bundred references to articles published on the subject 

(14). 



FUNDAMEN'l"AL PRINCIPLES 

l 'l'BERMODYNAMICS OF CYCLE 

The inherelIt thermodynamic characteristics of the heat pump 

have attracted the attention of scientists since the time of Kelvin. 

The apparent simplicity of this device, capable of suCh unusual heating 

efficiencies, has long made it a source of considerable conjeoture. r.he 

limitations of a heat engine, as clearly indicated by simple application 

of the laws of thermodynamics, is the very principle that leads to the 

prediction of these heating efficiencies of 200% to 50Q%. 

Basically the heat pump is a device capable of transferring 

heat from a low tempe rature "source" to a high temperature I/Sink". As 

such, it is identical in performanoe with a refrigerator and is 

distinguishable from it only in that, in a refrigerator, attention is 

focussed on the refrigerating effect, i.e., the heat absorbed from the 

10 ... temperature source; whereas, with the heat pump, consideration is 

given to the heating effect, i.e •• the heat rejected to the high 

temperature sink. 

The unit consists, essentially, of an evaporator, absorbing heat 

at a low temperature; a condenser, reject1ng heat to the high temperature 

sink; a compressor, transferring the refrigerant from the 1011' pressure 

(1011' temperature) side to the high pressure (high temperature) side; and 

an orifice, allowing the refrigerant to expand from the high to the 10w 

pressure side. 

Figure l represents the basic cycle which operates by the 
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evaporation, at constant low 

pressure, of the heat carrying medium, 

or retrigerant, and compressing the 

saturated vapour to a higher 

pressure. '!he vapour 18 theD 

FIGURE condensed at constant pressure giving 

up its heat and is returned to the 

evaporator through an expansion 

val ve, which is merely a controllable orifice aoross 1Ùlich 18 maiDtained 

the difference in pressure between the evaporator and the condenser. 

A quantity of heat, Q2' is absorbed in the evaporator and is 

rejeeted, along with the work of compression (W), in the condenser. The 

heat rejected in the condenser may be tenned Q1 and constitutes the 

heating etfeet. The etf1ciency of the system 18 measured by means ot 

the coefficient of perfonnanee or the COP, which is detined by 

COP = 1btal heat rejected 
Wôrlë done 

II '!'HE REVERSED CARNOT CYCLE 

--

The ideal heat engine cycle was first described by Carnot in 1824 

(40), and although his mathematioal analysis was later proved invalid, 

the prineiples he developed were shown to be sound. He established that 

the maximum thennodynamio effieieney of any heat engine operating between 

tlUO tempe ratures was a function of those tlUO temperatures alone and d1d 

not depend on the devioe employed nor on the nature ot the retrigerant: 

Effieieney = 

where rI and T2 are the absolute temperatures of the heat source and heat 

sink, respeotively. 



The effioienoy is the work produoed per unit ot heat supplied 

and thus oorresponds to 

Eftioienoy = • 

where W is the work done and QI is the heat absorbed at 'l':L. 

'!he Carnot analysis beoame the basis tor the thermodynamio study 

ot oyolio prooesses in gener&! and established the importanoe ot the 

term Q/T (the heat absorbed, or rejeoted, divided by the absolute 

5 

temperature at which the transfer ooours) in the soience ot thermodynamics. 

Thus, tor the oyo1io prooess proposed by Carnot and oonsisting ot t.o 

isotherma1 and tllO adiabatio ohanges, the tollowing relationsh1p exista: 

• 
p 

The negative sign arises trom the 

introduotion of the aooepted 

v 
thermodynamio sign convention that 

FIGURE 2 heat absorbed will be positive, heat 

rejected negati ve, while work done 

on the system ia negative andthat done by the system positiTe. 

This relationship Wben oombined with a second 

readily leads to the expression of ettioiency as proposed by Carnot. 

A atudy of the Carnot efficienoy equation tmmediately reveals 

the attraotiveness of a reversed carnot cyole, that ia the transter ot 

heat from a low temperature to a higher one by the expenditure ot 

mechanical energy. Detining the effioienoy ot suoh a system as the 

heating effeot produoed, divided by the work required to produoe it, an 

expression for this ettioiency may be derived by the applioation of these 



6 

two simple expressions and becomel: 

= 
'l'l. -

This ie the exact reciprocal of the Carnot efficiency equation and it 

may be seen that the smaller the difference Tl - T2 the greater the 

efficiency. Etficiencies of several hundred percent are easi1y possible. 

Sinee efficiency generally applies to a comparison of actual to ideal 

operation and usua1ly implies a factor leu than one, the term 

ncoefficient of performance" was applied to the expression QI/W to 

describe this amplification factor. Although some authors have taken 

exception to this term for various reasons, their oritioism seams hardly 

justified and it has come into general use. '!'he ooefficient ot 

performance adequately describes the factor, whether greater or Iess 

than one, and eliminates the confusion of quoting efficiencies of 

several hundred percent which, indeed, become quite meaningless at this 

level. 

Although the importance of the reversed Carnot cycle 118.8 evident 

to Kelvin, the practical exploitation of this knowledge was net possible 

at that time. It 1V8.S net until 1930 that the use of this machine to 

produce heat attracted new interest. Haldane reported net gains in heat 

de11very over the coal used to produce the electric1ty he used, and the 

era of the heat pump was born (62). 

III THE RANKINE CYCLE 

Because of the diffioulty of building a heat engine operating 

on the Car.oot cycle, the Rankine cycle was proposed as a better means ot 

evaluating the performance of the heat engine. This is the oycle alter 

which steam plants and vapour compression refrigeration systems are 
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patterned. The Rankine refrigeration 

T 3 
cycle 18 represented on a temperature -

entropy diagram in Figure 3 and consists 

'------'1.2 of four 8teps: 

. FIGURE 3 s 

--- ---- -

(a) Absorption of heat at constant pressure (1 - 2); 

(b) Isentropic compression to higher pressure (2 - 3); 

(c) Rejection of heat at constant pressure (3 - 4)J 

(d) Isenthalpic expansion from high to low pressure (4 - 1). 

Definlng the eDthalpy of the refrigerant as Hl' H2. H3' H4 Where 

the subscripts correspond to the points in Figure 3. the heat, Q2, 

absorbed at the 1011' temperature, T2. is given by the enthalpy difference 

between points 1 and 2, and the heat rejected at high temperature (QI) i8 

similarly given by the elIthalpy difference between polnts 3 and 4. 

Thus 
Q,2 = 6H(1 2) li (H2 - Hl) 

QI • 6H(3 4) = (H4 - H3) 

-w - 6H(2 3) - (Hs - H2) - -
COP - QI H4-H3 H3 -H4 - - -- -W H2 - H:s B3 - H2 

The Carnot cycle represents an unattainab1e Ideal system since 

no machine has yet been devised 100 operate on this cyole. The Rankine 

cycle, on the other hand, is the actual method of operation of' the vapour 

compression cycle. It ia still an ideal cycle since isentropic compression 

and isobaric processes are assumed. However, comparison of' the actual 

results with the Ideal Rankine cycle represents a measure of the 
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efficiency of the maohine. The Carnot efficiency remains as a meaDB of 

oomparison of attainable cycles on the basis of percent of Carnot 

efficiency and provides an excellent method of assessing the value ot any 

heat engine cycle. 

IV THE AC'l'UAL CYCLE 

The Ranldne cycle represeuts Ideal operating conditions and can 

oruy be approached in practice. Deviations trom ideal behaviour will 

occur and these will aIl be accompanied by loss of etticiency. The most 

important deviation from ideal operation occurs in the compression step 

(2 - 3) in Figure 3 which, though represented as iseutropic in the ideal 

cycle, takes place ldth an increase in entropy, thus requiring JIlOre work 

to compress the gas trom the low to the hlgh pressure. In addition, 

pressure drops oceur in the llnes and in the heat exchangers. This 

means, ot course, that a greater pressure differeutial must be maintained 

across the oompressor than is represeIIted by the evaporating and 

condensing pressures and thus more work is required to maintain this 

pressure difference. Considerable attention is being devoted to this 

problem, and of the various designs 'lthich have been proposed for the 

reduction of frictional resistances, special mention should be made of 

the longtitudinal fin heat exchanger wbich is attracting attention 

elseWhere in industry because of its low pressure drop (31, 36). 

Subcooling of the liquid in the condenser results in the reduction 

of the heat content of the refrigeraut ente ring the evaporator, thu8 

increasing the refrigerating effect and, consequently, the COP of the 

cycle. Supemeating the vapour from the evaporator is necessary in 

non-flooded evaporators to ensure that the vapour returning to the suction 

side of the compressor will not be wet. The refrigerating effect is 
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increased but at the expenae of additional work. A net lOBS in COP i8 

the general result. The two effects, subcooling of the liquid and 

superheating of the Tapour, are 80metimes combined in a heat interchanger, 

in which the vapour trom the evaporator is used to cool the liquid trom 

the condenser. Although theoretically the increased retrigerating 

capacity i8 obtained at a lower cooling capacity to work ratio, in the 

actual cycle sufficient gains exist to make heat interchangers valuable 

at certain levaIs of operation. 

In addition to preventing the retum of liquid to the compressor, 

the maintenance of an adequate degree of superheat in the vapour from the 

evaporator minimizes the possibl1ity of frosting of the suction line. 

Frosting represents an addition&! heat pick-up which, since it ia net 

accompanied by a correspcnding cooling effect in the refrigerated space, 

constitutes a lOBS in the efficiency of operation. This super.neat, if 

obtained in the evaporator &lone, requires a large evaporator surtace 

because of the much lower transfer coefficients to vapours. The overall 

result is a lower evaporating temperature and 1088 in COP. On the other 

hand, the reduction of flash gas to the evaporator brought about by 

subcooling the liquid from the condenser, combined with operation of the 

evaporator With only one or two degrees of superheat at the outlet, gives 

rise to a larger cooling effect and a higher evaporator pressure. !he 

supemeater can then raise the temperature of the vapour to a temperature 

sufficient to prevent trosting while at the same time reducing the 

extraneous heat pick-up. The end result is an increase in the actual 

COP, increase in compressor capacity, and a reduction in the size of the 

evaporator (55,56). 'lhe advantage of the interchanger ia accentuated 

at lonr evaporator temperatures, but dlsappeara above 200F. 



THE BEAT PUMP 

Since the pioneering work of Haldane the heat pump has produced 

considerable interest in the United States and elseWhere. Volumes have 

been written on the possibilities of this devioe and much experimental 

work has been done. Many domestic and oommercial installations exist in 

the United States, while commercial and industrial installations haTe 

become extensive in S~tzerland. 

l TYPES OF INSTALLATIONS 

There are four basic heat pump designs, depending on the nature 

of the heat source from 1Ùlich the heat 18 eJttracted, and of the sink to 

which the heat is rejected (128): 

(1) Air to .Air 

(i) Air to Air; 

(H) Air to Water; 

(11i) Water to Air; 

(iv) Water to Water. 

This system derives its name from the use of air as both source 

and sillk; that is, the heat is withdralVll from outside air and deli vered 

up to air within the building. This heated air is then circulated 

throughout the conditioned space. There are many advantages to the use 

of air as a heat sink. The warm air from the condenser is readily 

treated for complete conditioning (i.e., filtered, washed, puritied, 

deodorized and humidified), betore delivery to the conditioned space 

and the quantity of outside air added ls readily oontrolled. Localized 
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heating effects are reduced and mo ra unifo nn temperatures mailItained by 

the regular distribution of treated air throughout tha conditioned space. 

The system is easily controlled, quick in response and flexible. 

UnfoItunately .the use of outdoor air as a heat source presents many 

problems and its use is only faasible in mild climates. 

When the utilization of outdoor air as a heat source is possible, 

certain advantages immediately resul t: the evaporator ia free from scale 

for.mation and is readily built in a packaged unit, atfording greater 

simplicityof construction (42). However, owing to the low heat transfer 

coefficient from air, the evaporator requires a very large surface and 

considerable energy must be expended in moving the air over the evaporator 

co11s. But the greatest objection to air as a heat source is the 

fluctuation of the coefficieDt of perfonaance. This fluctuation is an 

adverse one, the COP being least When the heating load i8 the greatest. 

This results in a low perfor.mance factor (COP averaged over a period of 

time) (100). This unfoItunate characteristic mates it necessary to employ 

a larger unit in order to satisfy the peak load requirements. Installation 

of such a unit costs in the neighbourhood of $SOO per ton of oooling 

capacity (117). In climates where the outside temperature seldom drops 

below 400 - 45 0 &. the unit can be economically u8ed and, under these 

conditions, auxiliary heating is generally supplied for those days When 

the source temperature falls belowthis value (118, 124). 

(11) Air to Water 

In this design. air i8 used as the heat source as described 

above, but the heat is gi ven up to water which is then circulated in a 

convention&! hot _ter heater system, or is uBed to heat the conditioned 

air. The advantage of suoh a system over the one previous1y described i8 
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that a storage tank: may be used. &ter is heated when outside air 

temperatures are tavourable and this water circulated .nen the source 

temperature is low, thus supplementing the heat pump during periods ot 

high load requirements. This means that a smaller unit may be installed, 

resulting in saving in initial cost and in running expenses (78, 122). 

(iU) Water to Air 

Water undoubtedly provides the most satistaetory heat source 

tor heat pump installations. Although still accompanied by many 

problems, the advanbages it otters make it very attractive. Its high 

heat transter coefficient and large heat capacity make smaller 

evaporators possible. 

Unfort;unately, water ls not a.lways avaih,ble as a heat source 

and olten, though available, it i8 not usable because of the tmpurities 

that i t carries. 

wnen using water as a heat source, three choices are available: 

(1) Municipal Water; 

(2) River or Lake Water; 

(3) Underground Water. 

Clty water ls, in practically aIl communities, too expensive 

for use as a heat source. The demand on the city water plant would be 

exceedingly large and, although it would be satistactory trom other 

considerations, it cannet be considered too seriously as a tuture heat 

source. In Port;land, Oregon, permission was once obtained to return the 

water to the city mains (60). Speoial attention to the evaporator lines 

was, of course, necessary to prevent any contamination of the city water 

supply. Although this method i8 pe~~ssible in isolated cases, it can 

hardly be visualized as a common practice with extensive use of heat pump 

installations. 
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River or lake water, of course. ls l1m.ited to communities 

bordering on such water supplies, and even more particularly to buildings 

within close proximity to the body of water. Pumping costs must be kept 

within reasonable limits, else the economic advantage of the whole 

installation may be lost. 

Ground water, when ava1lable in sufficient quantities, provides 

an excellent source of heat for heat pump installations. Ground water 

tempe ratures vary roughly from 720 F. in the Southern united states to 

370 F. in Southern Canada. 

'rhe temperature requirements of ground water are generally 

considered to be between 400F. to 600 F. (15, 49, 60, 116, 135, 153). 

Ground water utilizatlon usually consists of construotlng two wells to 

the water table, with a reasonab1e distance separatlng them. Water is 

then pumped from one weIl to the evaporator, the waste being returned to 

the seoond weIl. The water in returning through the ground is raised to 

its original temperature leve1 and ls recyc1ed through the system. 

Unfortunately, if the water requirements are too large, the source 

temperature will be lowered and may become too low for economic use (129). 

The cost of sinking the wells is a major item but the advantage of a 

constant tempe rature source. added to the advantages of a water source, 

may justify this expenss. 

A atrong argument in favour of such a system ia found in the 

good results obtained with su ch a source in the Equitable Building 

installation in Portland, Oregon. This installation has a capacity of 

450 tons and uses two wells as heat source at 64.50F. and 62.50 F. The 

system il fully automatlc with clockostats partially shutting down 

overnight. '!he system proTides heating or cooling, or both, as required. 
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Electrlcal energy ls available at 7 mills per kw-hr and running costs are 

approximately 46 cents per million B.t.u. Stewn oosts are about 22,% 

hlgher, and since the publioation of these figures they have inoreased 

still further (15, 19, 23, 60, 86, 87). The ooeffioient of performanoe 

of this installation i8 3.5 while installation oosts were 29 cents per 

cubic foot, or about $1,250 per rated ton. 

(iv) W&ter to Water 

In this type of unit water ls again used as a heat source but 

the heat pump delivers its heat to a closed system in ~oh water is 

recirou1ated and used to heat the oonditioning air. The advantages and 

disadvantages of a water source as previously described are still 

present but the advantage of a heat storage medium oao be incorporated. 

Although the perfonnaoce factor (100) in a water souroe heat 

pump is generally better than the air source unit (42) it still runs 

for a small percentage of the time (20% - 3Q%) (103), since it is 

designed to supply maximum load requirements which May occur only 

occasionally. The possibility of storing heat in a large tank pennits 

the use of a smaller unit, running a greater portion of the time. The 

peak 10ad requirements in exoess of actual unit capaoity are supplied 

from the storage tank whioh 18 oharged during the low demand periods. 

II GROUND AS A BEA! SOURCE 

Earth provides an unlimited source of heat and in almost aIl 

climat es this heat is available at the desired temperature not far below 

the surface. In oold olimates operational temperatures May be obtained 

at greater depth but are not inaccessible. Unfortunately, the transfer 

of the haat trom the soil to the refrigeraot presents a proble.m that, 

in some districts, appears unsurmountable. 
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The heat transter coefficient from sail ta a buried ooil la 

very la"" with values of 0.5 to 1 being reported by various authors 

(73, 97). This is of the order that might be expected trom an air ooi1 

and if the temperature differential across the evaporator is to be kept 

sma1l, seventy ta one hundred square feet of ooil would be required for 

every thousand B.t.u. of heat transferred. If this area i8 to be 8upplied 

by buried oo11s a very large installation is neoessary. Large initial 

expense is lnvol ved and large pressure drops can be expected. A f'urther 

sffect 18 the dropping off of the coi1 capacity with time. 

Basically, the satisfaotory use of ground ooi1s as a heat source 

depends on the presence ot sutticient moisture to provide adequate heat 

transfer between earth and ooi1. Vihen the evaporator is used as a heat 

source, operating on the heating oyc1e, the temperature gradient set up 

causes moisture migration toward the ooi1. On the oooling cyole the 

affeot is opposite. ThuB a sandy soil, whioh allows moiature migration, 

will give satisfaotory results on the heating oycle, while a solI riCh 

in clay, whioh will inhibit moiature migration, will be more favourable 

on the oooling cycle (61, 139). The moisture migration a1so decreases 

with time (139) and there i8 undoubtedly a oonneotion between this 

effect and a similar deorease in the ooi1 oapaeity. 

Researoh on buried ooi1 design is resulting in basic heat 

transter theories and the advaneement of mathematioa1 analyses capable 

of predicting operation and its change ovar a pariod of years (26, 34, 

44, 61, 65, 66, 76, 107, 139). other work is being conducted to 

investigate the effect of hygroscopio tilla in inoreasing the heat 

transfer and in reducing its decrease with time (99). The lack ot a 

standard earth classifioation i8 hampe ring this work. 

Manufaotured units using ground colIs are in use and are 



reported to be giving satisf'actory results. Theil' cost i8 about $1.750 

f'or a 3 hp. unit. plus installation costs (approximately $300). They 

give perfonnance factors of' around 3.5 (143). 

III COEFFICIENT OF PERFORMANCE 

The coefficient of perfor.mance of a heat pump i8 given by 

COP • 
Heat1ng effect 

Work 

that i8. the heat 8upplied to the conditioned space divided by the work 

supplied to the oompressor. The ideal or Carnot COP 18 found to be a 

funot1on of the absolute temperatures invol ved and 18 gi ven by 

COP --
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Where T2 and Tl are the source and sink temperatures. respectively. From 

this relation, it can be seen that the lower the temperature difference 

between the two temperatures involved the greater is the coefficient of 

performance. 

The COP a8 defined above actually represents that of the heat 

pump itself', but certain auxiliary equ1pment (fans, pumps, etc.) is 

required f'or the delivery of the heat to the conditioned space. These 

auxiliarles consume energy while produc1ng no heating effect and so 

reduce the Ove raIl Performance Coefficient of the system considerably. 

In future discussion this tenn will be used to apply to the rat10 of the 

heating effect produced to the total energy (includlng auxiliaries) 

consumed. 

The operat1ng conditions vary considerably over e:ny heating 

season, especially in air source unite, and Parkerson's def'inition of a 

8easonal perfor.mance factor. as ment10ned previously on page Il, will be 

used to apply to the weighted average COP, 



.. i • e •• Seasonal Pe rto rmance Facto r : Tbtal Heating Effeot 
'l'otâl Eiïergy Consumed 

This actually represents the total heat deli vered during the 

heating season for each unit of energy consumed or paid for. 

TO make the heat pump a competitive form of domestic heating. 

the coeffioient of performance and the performanoe factor must be made 

as high as possible. 'l'he first and most obvious me ans of accomplish1ng 

this is to reduce the temperature di.f'ferential between whioh the unit 

operates. Originally, heat pump designs called for a condensing 

temperature ot 1500F. and above, to maintain suffi01ent temperature 

potential in the oonditioner ooil. Modern designs are tending toward 

lower temperature levals, and l200F. to l3()OF. and 10wer are being used 

satisfacto rily (48). 

The low aide temperature is governed by the temperature of the 

available heat souroe and hare the problem beoomas one of heat Bouroe 

avallablllty. Fort Y to fi.f'ty degrees F. i8 desirable but not easi1y 

obtained and beoomes more diff10ult in col der olimates. 

Increase ln the COP can be obtained .ithin the unit itse1f by 
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the use of a 8uction line heat exchanger or heat iuterchanger. Thil heat 

exchanger transfers heat from the hot liquld leaving the condenser to the 

oold vapour from the evaporator. The evaporator efficienoy ls increased 

as is also the coefficient of performance. Although there are limits to 

its effectiveness, the use of a heat interchanger is becoming general, 

parbioularly mere lower evaporator temperatures are invol ved (36, 55. 56). 

Reduotion of the outside power requiremeuts to a minimum and 

careful attention to pressure drops within the system .ill a11 tend to 

increase the overall perfonnance coefficient. 
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IV BEAT PUMP EQUIPMENT 

The heat pump proper, like the re~rigerator, consists ot ~our 

principal components: a compressor, condenser, evaporator and a pressure 

reducing val Te. These uni ta vary wide1y in design and application and 

considerable 1iterature has been devoted to each. Owing to space 

limitations, only theirmost tundamental aspects will be considered. 

(i) Compressors 

'!he compressor is the heart of the heat pump. 1"here are three 

basic types of compressors, each with its speci~ic area o~ application, 

depending on the size of the installation: rotary compressors (0-1 hp.), 

reciprocating compressors (0-200 hp.) and centrifugaI compressors 

(150 hp. and above) (82). It can therefore be conciuded that, except 

~or very large industrial installations, reciprocating compressors are 

standard equipment in heat pump installations. Many variations within 

this general c1assi~ication exist, depending on numher and arrangement 

of cylinders, sp1ash or ~orced feed 1ubrication, design and arrangement 

of valves, cooling and other teatures. The combination of these many 

factors depends sometimes on speci~ic requirements but ls otten largely 

dependent on the preference of the manu~acturer. 

Compressora are generally rated on a volume basia, based on the 

volume handled at inlet conditions. 'lbe vo1UJ1le required will be giTan 

by 

v = 
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l'here v • volumetrie oapaoity of oompressor, in c.f.m. J 

= specifie volume of refrigerant at suotion oonditions, 

in (cu. ft. )/(lb.); 

Q'2: evaporator heat load. in (B.t.u.)/(min.); 

H2 
: enthalpy of refrigerant leaving evaporator, 

in (B.t.u.)/(lb.); 

~ ;; enthalpy of refrigerant ente ring evaporator. 

in (B.t.u.)/(lb.); 

e = volumetrie efficiency, no units. 

rhe volumetrie efficienoy, e, is given by 

e - 1 + c [1 - r:~ 1 ! 1 -

where c - clearance volume, no units; -
Pl - oondensing pressure; -
P2 - evaporating pressure; -
n = constant lying between 1 for isother.mal compression 

• for adiabatic compression. 

The efficiency of a compressor falls off with increasing 

compression ratio and its capaoity will increase with increasing suction 

pressure. The efficiency decreases with speed. Various mechanical and 

thermodynamic ineffioiencies exist in a compressor due to superheating 

of ente ring gas bl" hot cylindera, expansion through valve ports, ete., 

and these must be carefUlly considered in compressor design. 

(11) Condensera 

~e choice of a condenser for a heat pump will. of course, 

depend on the type of heating medium invol ved. 'l'he theory of heat 

transfer and design of condensera i8 covered in many excellent texts 
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and the only limitation in heat pump condensers is d1ctated by the 

restriction that the temperature d1fterential must be kept at a minimum. 

Increase ot the temperature difterential acrOS8 the condenser to 

economize on surface area must arise at the expenae ot h1gher head 

pressures and a 1088 in COP. For air circulation systems finned tubes 

are commonly used, whl1e for water heating systems shell-and-tube or 

double-pipe arrangements May be employed. An economic balance obviously 

exista in aIl cases and specifie choiee would depend on local conditions. 

Considerable data on heat tranafer coefficients tor varioua retrigerants 

are available (19, 74, 108, 109, 110). 

(11i) Evaporators 

The tunction ot the evaporator is to abaorb heat trom the heat 

source. Two generd methods ot operation May be reeognized: an 

evaporator May be operated in a flooded or non-tlooded. state. Sma1ler 

uni ta employ the non-tlooded evapo rator aImost exclus! valy; this type 

operates only partly full of retrigerant, the remainder of the evaporator 

being used to superheat the refrigerant. In a flooded type evaporator, 

the unit i8 essentially full of refrigerant and 18 followed by a 

separator to prevent liquid entraimnent. The vapour leaving the 

evaporator i8 then saturated. Since heat transfer to the liquid 

refrigerant is considerably greater than to the vapour, superheating of 

the vapour in the non-tlooded evaporator ia obtained at the expenae of 

capacity and with a lower evaporator pressure. In amall units this ia 

not a serious handicap and the cheaper installation counterbalances the 

alight 10s8 in operatiug etficiency. In very large installations the 

converse is generally true. Finned tubes or shell-and-tube exchangers 

are general1y used and in aIl cases the tempe rature ditferential must 

be maintained as small as possible. Recently, talling film-type 
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evaporators have become popular for water coolers because of the very 

high U's attainable. Data on heat transfer coefficients for evaporation 

are available (33~ 152). 

(i v) Expansion Val ftS 

1'he pressure differential between the condenser and the evaporator 

is maintained by a pressure-reducing valve which in most installations 

combines this function with that of control. 

Small units may be satisfactorily controlled by a simple constant 

pressure expansion valve. This valve contains bello1V8 lIhich control the 

val ve seat. Changes in evaporator pressure actuate the bellows which 

open or close the valve to counteraot the flow change. During the off­

cycle, the build-up of evaporator pressure closes the valve and prevents 

the flow of refrigerant to the low side. An adjusting screw makes 

possible the selection of any desired evaporator pressure. 

'!he thennostatic expansion valve combines the constant pressure 

fUnction with that of constant temperature at the outlet of the evaporator, 

thus maintaining constant superileat. A bulb at the outlet of the 

evaporator follows the tempe rature fluctuations at this point and 

transters them as pressure tluctuations to a diaphragm within the valve 

body. This diaphragm actuates the val ve to control the flow of the 

refrigerant to the evaporator. Since the evaporator pressure is impressed 

on the. opposite side of the diaph~~ the resulting action maintains a 

constant difterentia1 across the evaporator or a constant superheat. 

In flooded evaporators, varlous valves may be used such as a 

tloat valve, which controls the liquid level, or others. In some cases, 

injector8 are used, but regardless of their fonn aIl valves per.tor.m a 

simllar tunction, that of' maintaining a pressure ditterence between 

condenser and evaporator while control1ing refrigerant tlow to maintain 
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constant conditions. 

V BEAT PUMP AtlXILIARIES 

The previous section was devoted to the description of the rour 

main parts of any refr1geration or heat pump circuit. lbe installed 

heat pump includes varioua other eqQipment necessary for automatic. 

trouble-free operation. These have been classified in the following 

description as auxiliaries, and the most important of these ls the motor 

to d ri ve the comp res so r • 

(i) Drive Mator 

Although some attention has been given to the use of ooal, oil 

or gas as potential basio energy sources, electricity remains as the 

source of energy commonly used to drive heat pump installations. 

And why not? An electrical system ia the most read11y adaptable to 

automatic operation. Convenient and clean, it is eas11y controlled and 

is available at reasonable cost in most looalities. 

However, the use or an electric motor to drive domestic 

installations presents Many problems. The power available ror such 

installations on this continent is generally 6O-cyole, single phase, 

A.C. power and the operational oharacteristics of a motor working on 

such a supply include Many objectionable factors. Such a motor has a 

low power factor at other than its rated load. starting torqQe, pull-in 

torque, and pull-out torque must be carerully matohed to the requirements 

of the compressor (lOS). This means that, men running, the unit DJ.tst 

operate at full load and oapacity modulation is not possible with a simple 

unit, mereae 1Ih11e the load is developlng, the motor has unfavourable 

demand character1stio8. '!'he general shortage or three-phase power 

increases cost of motor and starting equipment (71). 



Since to take care of the peak requirements the unit must be 

ove rdesigned , it usually operates under 10w load factors, which are 

quoted at various values from ten to twenty-five percent (l, 103). 
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These low load factors are objeotionable to the uti1ities since it means 

that large quant1ties of equipment are lying id1e for extended per10ds 

and this, of course, wou1d have the ultimate effeot of increasing the 

unit kilowatt-hour rate. 

Whether or not the daily peak load of a heat pump installation 

will coincide with nor.ma1 dai1y load requiremeDts from the utilities, 1s 

debatab1e, although incomplete data seem to ind1cate that the peak load 

requirements w.Ul be sl1ghtly different (1). Regard1ess of 1ts 

relationship with nonnal load requirements, the peak heat pump 

require.menta of various installations in a given area will coincide and 

these peaks will not be great1y different from the normal load 

requirements. Although the general opinion is that elect ri cit y rates 

should decrease with extensive use of heat pump heating systems, 

investigation by utilities indicates that because of the poor load faotor 

it ie possible that rates would inorease (46, 64). 

Use of heat storage has the effect of inoreasing the load faotor 

(45) and this 18 favoured by the util1ties. With a high load factor 

special electricity rates (lower than the existing ones) are possible. 

To improve the power factor and the load factor, special automatic 

controls are necessa~ and these are sufficieDtly expensive to have a 

marked effect on the first cost. 

(il) Control 

Control of the heat pump is a complex f'unction. The "ride 

variation in load requirements makes control on the capacity essential. 

The installation must be capable of de1ivering the required load under 
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extreme conditions and thus, under reduced load requirements, the unit 

i8 oonsiderably overdesigned. The delivery of full load heat to the 

conditioned spaoe under these conditions, without its equal dissipation 

to the outside, results in an increase in the air te.mperature until the 

t~ are again in balance. Some means of controlling the capacity is 

therefore obviously required and, as pointed out above, for a simple 

electrioal unit, this oan only be aooompli8hed by interrupting the 

operation. r.his may be aocomplished by tempe rature or pressure control, 

thus operating the unit between fixed temperature limits. 

In inter.mediate seasons, fast change-over from the heating to 

the cooling cycle i8 required and it is desirable to have an automatic 

operation. This may be accomplished by four-way valves wnich can be 

aotuated by the temperature requirementsto switch the refrigerant flow 

from the heating to the oooling cycle. 

wnere ioing is likely to occur on the evaporator or the lines, 

automatic de-icing is required. This may be acoomplished by reversing 

the cycle but a simpler me ans is to make the evaporator coil the element 

of a heating circuit, and when the trost builds up beyond the allowable 

limit, the unit is out out and this oirouit is eut in. In large 

installations heating and cooling may be required simultaneously and 

this must be provided by automatic control. 

Thus the control necessary to proTide automatio operation ot a 

heat pump installation beoomes an extremely complicated network. The 

latter is further camplicated by the use of single phase power. ~e 

system required to pre vent undesirable reactions on the supply system 

and to cater to the idiocyncracies of the single phase motor puts 

considerable strain on the control network and many auxilia~ controls 

are nece8sa~ to maintain a fully automatic, trouble-free system (51). 
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(ii1) P1ping 

Refrigerant piping may be c1assified under the three headings of 

1iquid lines. high pressure gas lines. and low pressure gas 1ines. Since 

pressure drop in the lines impairs operating efficiency. these lines 

should be as short as possible and so sized that the pressure drop is 

as small as possible. If the lines are too large. however. more refrigerant 

ia required and this, added to the increased cost of the lines, will 

produce an unnecessarily expensive installation. In sma11 refrigeration 

units adequate ve10city for oi1 return limits the line size, but aince 

larger units ~uld include an oil trap for oi1 separation this ceases to 

be a factor. In heat pump installations the condenser and evaporator 

serve double dut y, interchanging their function on heating and cooling 

cycles. The requirements of the installation may make long lines 

necessary and thus eareful attention to line sizes is particularly 

important. Compromises are neeeasary, and the design satisfying the 

worst condition will generally prevail. 

(iv) OUcta, Fans. etc. 

Where air is used as the heating medium. means mustbe provided 

to circulate the air through the conditioned space. Conventional fans 

used in nonnaI air conditiGners are used successfully but the ducts require 

special design (71). To provide for emergency eaused by breakdown or 

1eaks deve10ping in the system, shut-off and blow-off valves are provided 

at strategie points. If water ia used as a heat source. scaling of the 

exchangers will occur and adequate facilities for descaling must be 

provided. For complete conditioning. provisions for humidification or 

dehumidification, fil te ring and deodorizing the air with their attendant 

controls, will aIl fonn part of the heat pump system. 



VI APPLICATIONS OF THE BEAT PUMP 

~e applications of the heat pump May be olassified under three 

headings: 

(i) 

(ii) 

(11i) 

Domestic Installations; 

Commercial Installations; 

Industrial Installations. 

~e tiret two cover the use of the heat pump in domestic homes 

and commercial enterprises, principally as an air conditioning unit. 

Industrial applications cover a wide va ri et y ot uses where recovered 

waste heat at low temperatures can be reconverted to usable heat at a 

higher tem.perature level. 

(i) Domestic Installations 

26 

MOst of the researcn projects on heat pumps at present in progress 

are directed towards domestic use. The goal, of course, is a !ully 

automatic electric home, heated in winter, C'Ooled in summer without 

requiring care, outside of occasional inspection and repaire The 

advantages of such a system are many and include clean heat, !'ully treated 

air, lack ot chimneys, no need for removable double windows or sliding 

sashes, more responsive system, greater comfort, etc. It is ditficult to 

compare these luxury conditions with conventi&! heating methods on a cost 

basis, but they are advantages that are an integral part of this device. 

The market appears to be great but not so great as would at 

first be imagined. The heat pump, at present, will not compete with 

oonventional heating systems, due to its high flrst cost. It ls, however, 

competitl ve with any other system that combines the adV8.l'It;ages of winter 

heatlng plus summer cool1ng (79). ~e market tor the heat pump then 

appears to be limited to buyers who can &fford the luxuries ot summer 

cooling and this elimlnates its use in speculative bullding (71). It 
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has been stated that swmner coo1ing was teasib1e in houses costing above 

$6,000 (U.S.A. 1947) (79). This 8eems to be a very 10w 1imit and it 

seems more 1ikely that this minimum should be raised to trom $15,000 to 

$20,000 tor this country. 

A number ot packaged units are avai1able 1n the United States 

inc1ud1ng lilncie Gear Works' Marvair (117). Drayer Hansen's Airtopia and 

General Engineering and Manutactur1ng Company's "Miracula" (80. 81). 

Another domestic use that 1s receiving attention 1s in hot 

water heat1ng and experimental work is be1ng devoted to the study or this 

problem (126. 148, 149). 

(ii) Commercial Installations 

Since many commercial establishments with heat pump installations 

can make use ot packaged unite, commercial installations are theretore 

generally interpreted to mean unite specirically des1gned tor the 

particu1ar use. that is, custom bui1t units. A number ot ditterent type 

unite are in use in various parts of the world. 

The largest installation of its kind was installed in the 

Equitable Building in Portland, Oregon. '!'.his complex installation has 

already been mentioned and has been described extensively in the 1iterature 

(15, 19, 23. 60. 86. 87, 95). This installation uses underground water 

as a heat source and consists of multiple units. It is complete1y 

automatic. providing heating or cooling, or any combination of the two, 

as desired. 

The Westinghouse Building in Emeryvi11e. California. uses an air 

to air system with heat reoovery from exbaust gases. Change-over troll 

heating to oooling is obtained by damper control on the air streams. 

City water i8 used as an auxlliary source when air temperatures tall 

below 350 F. The system i8 completely automatic and provides for filtering 
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and humidification of the conditioning air (27). 

The first application of the heat pump to motion-pioture theatres 

was made in Buenos Aires (111). WeIl water at 640 - 68oF. pro vides the 

source of heat. For change-over from heating to oooling the water and 

air fl01l8 are altered ..mile the refrigerant flow is unchanged. lbe 

compressor is a four cylinder machine and capacity control is obtained 

by unloading cylinders, thus operating one, two, three or four cylinders. 

The UDUsually high source tempe rature leads to excellent performance 

factors. 

Many other installations ex1st throughout the United States and 

these are of various types (28, 29, 123, 130). 

Beat pumps have received considerable tmpetus in Sw1tzerland and 

a number of commercial installations are reported in that country (49. 63, 

83, 85). 

(lil) Industria1 Installations 

The use of heat pumps in heavy industry in America has not a8 yet 

become a widelpread practice. The abundance of coal and its resultant low 

priee has been a major deterrent. As long as the price of coal remains 

10w and that of electricity reasonably high it ia unlikely that much 

consideration will be given ta the heat pump as a major source of heat 

supp1y. Switzerland on the other hand has long suffered from the high 

priee and scarcity of eoal, while electricity is abundant and eheap. Even 

so, direct use of electricity cannot compare with co&! burning. The use 

of the heat pump, however, is an exoellent substitut. for expensive and 

scaree co81. The use of heat pumps as auxiliary heat suppliera with 

existing systems providing peak 10ad requirements has resulted in 

oonsiderable savings (2, 20, 83, 114, 132). 

The use of heat pump in evaporators resu1ts in economies unmatehed 



by any other method and their use as such a device can be expected to 

increase (32. 105. 115. 134. 137). The concentration of milk (88). 

heating of swimming baths (142). are other uses to which the heat pump 

has been put. 
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An interesting application of the heat pump is to be found in 

Lausanne. Switzerland. The city watermain is tapped and the water passed 

over the condenser of the refrigeration installation. recovering the heat 

to raise the temperature of the entire city water supply by 4.50 F •• 

representing a saving of about 350.000 kw-hr in a winter season (22. 98). 

A packing plant in Basel. Switzerland has installed a heat pump 

to recover the heat removed by their refrigeration units. This heat i8 

used to provide hot water for use elsewhere in the plant (30). The silk 

and paper industries of Switzerland have also turned to the heat pump 

as a means of recovering low grade waste heat (94). 

VII THE ENGlNE DRlVEN BEAT PUMP 

The electrically driven heat pump has been previously examined. 

Its potential lies in its ability to contribute to the dream of an 

all-electric home. but unfortunately there are still a number of 

disadvantages. inherent in single-phase power principally. that present 

obstacles in the path of its universal acceptance. An engine-dri ven heat 

pump appears to be an attractive means of eliminating some of the 

difficulties experienced with motor driven units. SUch a system 'WOuld 

employa small Diesel engine to drive the compressor and the necessary 

auxiliaries and the waste heat from the exhaust gases and cooling jacket 

would be recovered and transferred to the heated space. reducing the 

requirements of the unit and increasing its eff'ieiency. Such a system 

has been considered theoretically (3. 59. 93) but little data is avallable 

from experimental or actual installations. These systems are described 
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as having a COP of from 1.5 to 1.8. This ia actue.lly a misnome r and does 

not represent a true picture of the capabilities of such a system. What 

is referred to is the ratio of the heating effect produced to the heat in 

the ruel supp1ied to the driving unit, and henceforth this will be 

referred to as the "Heating Factor". A oonventional oil fired furnace is 

capable of delivering 65 - 75 B.t.u. of useful heat for every 100 B.t.u. 

supplied as fuel. An engine driven heat pump is then capable of better 

than twice the efficiency of the conventional heating system and represents 

considerable saving over an electrically driven heat pump. 

Where the installation must be designed for the heating load, 

a better balance is obtained since heat extraeted from the conditioned 

space coupled with the waste heat from the engine are rejected together 

through the same eoil. This heat is roughly the same in quantity as the 

source requirements during the heating cycle (93). 

The engine is also capable of operating at variable output and 

throttle control may be used to adjust to the load requirements. Although 

the oompressor effieieney falls off as thedemand deereases from the rated 

capacity, this deerease in efficiency oeeurs at light demand and therefore 

its effect is not too serious. Capacity modulation beeomes possible, 

gi ving a system that readily adjusts its output to satisty the ehanging 

load requirements. Further.more, design need not be based on the peak 

load requirements. For example, a normal 5 hp • . Diesel engine may be 

operating from 3.5 to 7.5 hp. under steady conditions and at even higher 

loading for limited periods. 

The factor limiting the operation of motor-drivenunits to their 

rated capacity only is the electric motor itself, whieh must be operated 

under design load conditions. ~th the possibility of eapaeity modulation 

and the ability of the unit to operate in exeeS8 of its rated load, it 



31 

become8 possible to design on average load requirement and thus a smaller 

unit may be used. 

The cost of such an installation at present exceeds that of the 

electrically dri ven unit by a considerable amount (59) but i t should be 

possible to reduce this cost considerably, particularly if such an 

installation should receive wide application. One me ans of accomplishing 

this 1'IOuld be the combination of compressor and engine in one unit, which 

combination should be cheaper than engine and compressor separately. 

Recovery of waste heat reduces the evaporator requirement by approximately 

one-third, making this unit less expansive. The suppl Y and storage ot 

fuel, and the disposaI of the exhaust gases are disadvantages that are not 

encountered in electrlcal operation. Noise and vibration might be 

minimized by insulation, or alter.natively, the installation may be 

removed from the house. Maintenance would probably be somemat higher 

than with its electrlcal counterpart. The savings in running cost will 

be a compensating faotor and the Diesel heat pump would still embody all 

the advantages of a heat pump system. The system can be made fully 

automatic and a cheaper control mechanism ls indicated. 

VIII ECONOMIeS OF THE BEAT PUMP 

It has been proved conclusi vely that the heat pump is not merely 

an intaresting experimental device, but a practical and highly etficient 

conditioning unit. For heating, the installation provides the maximwn 

of comiort with the minimum of attention. It must be remembered that the 

heat pump is a year round conditioning unit and as suoh can hardly be 

compared with a simple coal or oil furnace 1Vhich is capable of providing 

only winter heat. The actual runn1ng coste of the heat pump, 'Vihen used 

as a heating unit, are lesa than the conventional system (124) with the 



break-even point, according to Penrod, and based on an electricity cost 

of one eent per kw-hr oecurring at a COP of 3.5 (103). Since eoa1 has 

increased in cost sinee 1947 (the date of penrodts article) the break­

even point lVOuld oeeur at a lovler COP (approximately 2.5 in Canada). 
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!he high initial cost of the heat pump installation, however, 

is considerably greater and the heavy yearly charges on this capital 

outlay more than balance the savings on tuel. Davies and Watts (48) 

by depreciating the heat pump at 1.% per annum as against 15% per annum 

in the case of the convention&! heating system, and including costs of 

tending, arrive at a net saving men using a heat pump. This difference 

in depreciation rates seems hardly justitied. 

1.he true comparison for the heat pump 18 a system providing 

winter heating and summer cooling. The cost of the heat pump unit i8 

then not out of line with the combined heating and cooling plant 

(103, 124). Under these conditions the advantages of the heat pump 

become apparent. With capital costs approximately balanced, the saving 

in running costs represents a net saving, its fully automatic operation, 

lack of waste and continuaI comf'ort make the heat pump a very desirable 

conditioning medium. 

Its high capital cost restricts the heat pump to domestie 

installations Where the owner is capable of installing a summer cooling 

unit, and as previously stated, this would restrict its adoption to 

houses in the $15,000 class. Although this may represent a small 

percentage of the total building rate, this still presents a large 

potential market for the device. 

The engine driven heat pump at present involves an even greater 

investment than the electric unit (59), but its potential tuel saving is 

greater and it 8eemB feasible that an engine driven unit manufaetured in 
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quantity could be made to compare favourably with the electric units. 

These units are particularly applicable in colder climates and possess 

the added advantagea, as indicated previously, of smaller size and Iess 

evaporator capacity. Such a unit 1s less depandant on local conditions, 

requiring that only about two-thirds of i ta heating requirement be 

8upplied from external sources. This advantage would seem to have 

particular importance in Canada where the problem of finding a suitable 

hea.t source becomes of ma.jor importance. 



EXPERIMENTAL SECTION 



The ultimate purpose of this researeh project was to determine 

the operating characteristics of a Diesel-dri ven heat pump, and more 

particularly to study the effect of evaporator te.mperature on the 

perfonnanoe and oapacity, and to explore the fea8ibility of oapaoity 

control by means of engine speed variation. 

EQUIPMENT 

The apparatus used in this work was designed to approximate as 

olosely as possible the oonditions that would be met in a nonnal air 

oonditioning applioation. HOW9ver, the experimental nature ot the 

investigation made it neoessar,y to introduce certain modifioations. 

The major ohange trom nonnal operation _8 the substitution of water in 

plaoe ot air as the heat sink medium. The reasons for this modifioation 

are obvioUB in that the measurement of the heat deli vered to the water 

could be more accurately determined and the Bize and complexity of the 

equipment was greatly reduced. The equipment consisted essentially of 

a standard refrigeration circuit with heat source and sink. The 

refrigeration compressor was driven by a Diesel engine and provision was 

made to recover heat from the exhaust gases and cooling jaoket of the 

Diesel engine. The oomplete installation thus consisted of a system of 

five olearly defined circuits or streams, as shown in Figure 4, and the 

equipment will be discu8sed in greater detail on this basis. 
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l REFRIGERATION CIRCUIT (FREON STREAM) 

The refrigeration circuit consisted of a standard Freon-12 

vapor compression cycle. utilizing a reciprocating compressor and 

ther.mostatic expansion valve. The compressor employed was a two-cy1inder 

Brunner, Model 5000, as supplied with a W-300 condensing unit. This 

commercial unit is nor.mally driven by a 3 hp. electric motor. The 

condenser-receiver was mounted beneath the chassis and was of the water 

cooled, shell-and-tube type. ~e receiver fed a type 513 Detroit 

Thermostatic Expansion Valve and then entered a film-type evaporator 

(Red Diamond 901-1). This evaporator consists of two large concentric 

tubes sealed at each end to for.m a hollow cylinder with a narrow annular 

space between the two tubes. This a.nnulus prondes a passage for the 

evaporating refrigerant, while the water is spread in a thin film. over 

the outer and inner surfaces of the tubes by means of a distributor. 

The evaporator assembly was 5 feet in height and 10 inches outside 

d1smeter. Although designed for f100ded operation with in je ct or feed. 

the unit was successfUlly adapted to non-flooded operation. The 

evaporator installation 1s shown 1n Figure 7. 

The condensing pressure was read with a standard 2-1/2 inch 

USG pressure gauge with a range of 0-300 p.s .i.g., while the evaporating 

pressure was measured with a standard 2-1/2 inch compound refrigeration 

gauge with ranges of 0-30 inches Hg vacuum and 0-60 p.s.i.g. 

Copper-constantan thermocouples were installed in appropriate 

wells in the lines to measure the temperature at the t'ollowing pointa: 

(i) Inlet to evaporator (Tl). 

(ii) Qutlet t'rom evaporator (T5), 

(Ui) Inlet to compressor (T6), 
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(iv) Qutlet of compressor (1'3), 

(v) Qutlet of receiver (T2), 

( vi) Inl et to expansion val ve (T 4) • 

It will be noted that numbers (ii) and (11i) above are in series, 

as are also (v) and (vi). These points were, however, separated by a 

length of line and sufficient temperature difference existed between 

them to justify their separate measurement. This made possible the 

deter.mination of enthalpy differences through the individual components 

with greater accuracy. 

Standard 5/8 inch O.D. copper refrigeration tubing was used on 

liquid lines. While 1-3/8 inch and 1-1/8 inch tubing was employed on 

cold and hot gas lines, respectively. An oil trap wa8 installed in the 

hot gas line, and a silica gel drier with by-pass connections was 

provided in the liquid line, whioh was also equipped wi th a sight glass. 

The nor.mal precautions regarding position of lines were observed, 

to preveut trapping of liquid and subsequent liquid slugging. 

II CONDENSER WATER CIRCUIT 

As mentioned previously, water wa8 used as the heat sink. This 

stream was passed at a oonstant rate, as measured by a calibrated 

orifice, through a double-pipe steam heater before entering the condenser 

of the refrigeration unit. In this way the temperature of the water 

entering the condenser could be maintained at any desired level. For the 

purpose of this investigation, the latter 'W8.S maintained at 64oF., the 

approximate temperature at which the exhaust air from a conditioned space, 

when fortified with proper proportions of fresh air from the outside 

atmosphere, would be returned to the oondenser. This temperature lIOuld 

vary, of course, with outside temperature and represents the approximate 
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conditions that would be anticipated in this area. For the same reason8~ 

the water rate throughout the trials was selected to approximate the 

nonnal air ohange rate~ on a heat balance basis. 

Af'ter pass1ng through the oondenser, the water was .t'ed through 

a shell-and-tube heat exchanger to recover heat from the exhaust gases 

of the Diesel engine, and from there through a double-pipe heat exchanger 

for the recovery of heat .t'rom the Diesel jaoket oooling water. the 

temperature of the oondenser water stream ns measured by thermooouples 

at the following points: 

(i) Inlet to the condenser (T9), 

(ii) Outlet o.t' the condenser (T10)~ 

(Hi) 

(iv) 

Outlet of exhaust heat recovery exchanger (TIl)' 

OQtlet of jacket heat recovery exohanger (T12). 

III EVAPORATOR WA.'l'ER CIRCUIT 

The evaporator water (heat souroe) was fed at constant rate, 

as measured by a calibrated orifice, to the distributor of the 

film-type evaporator. The oooled water was colleoted in a hold-up tank 

and then pumped through a heater to be reoycled. For evaporator 

temperatures below 32oF., methanol was added to the water. Direct use of 

mains water could. of course. have been made. at least for evaporator 

temperatures above 32oF. The recirculating system, however, made it 

possible to maintain the water at any desired temperature at the inlet 

to the evaporator. In addition to the flow rate, the temperature liaS 

measured at the inlet and outlet of the evaporator (T7' Ta). 

IV JACKET WATER CIRCUIT 

The water for the oooling jaoket of the Diesel engine liaS 

reoiroulated in a closed circuit consisting of the jacket heat reoovery 



exchanger, a hold-up tank and a small gear pump in series. The rate of 

flow was measured by means of a calibrated orifice and the temperature 

was measured at the following points by means of thermocouples: 

(i) Inlet to jacket heat recovery exahanger (114), 

(11) outlet of jacket heat recovery exchanger (TI2 ), 

(Hi) Inlet to Diesel cooling jacket (T13). 

VEXHAUST GAS STREAM 

The exhaust gases from the Diesel engine were passed through an 

exhaust gas heat recovery exchanger, of the shell-and-tube type, which 

discharged to atmosphere. No attempt was made to measure the quantity 

of these gases but the temperature was taken at the inlet and outlet of 

the exchanger. 

VI POWER, CONTROLS, ETC. 
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'!he power to drive the unit was provided by a Ruston Hornsby 

l-VTH Diesel engine. mis engine was mounted independently of the 

compressor and on the opposite side to the electric motor. This 

installation is shown in Figure 6. '!'he unit could thu8 be run on Diesel 

or electric power by the simple expedient ot changing the belt drive. 

This Diesel engine la rated at 5 hp., with an operating range of 3.5 

to 7.5 hp. The fuel fed to the engine was measured by means of a level 

gauge calibrated in pounds. 

With the exoeption of valves, aIl controls were brought to the 

control panel (Figure 8) and all readings we re taken trom this point. 

Mounted on the panel were, the oil level gauge, manometers for the 

orifices, pressure gauges, motor starting switches, and thermocouple 

selector switches. 

A achematic flow-sheet of the apparatus is given in Figure 4, 



.hile Figure 5 i5 a photograph of the installation. Figures 6, 7 and 8 

show the oomponent parts in more datail. 
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FIGURE 5. 

FIGURE 6 . 
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FIGURE 7 . 

FIGURE 8 . 



PROCEDURE 

1 CHARGING AND CALIBRATION 

Upon completion of equipment installation, the system was tested 

and calibrated. The refrigeration circuit required particular attention, 

and the precautions Which were taken to ensure its satisfactory operation 

will now be described. 

rhe refrigeration installation was first tested at a pressure ot 

150 p.s.i.g. by filling with nitrogen to that pressure. Leaks appeared 

at a number ot points and these were repaired as required. rhe system 

was then allowed to stand under pressure until no loss of pressure was 

indioated over a period exceeding twenty-tour hours. It was then 

eXhausted by means of a small vacuum pump and f1lled to cylinder pressure 

with Freon-12. Further tests were made with a halide leak detector. 

Some of the fittings and valves used in the refrigeration lines 

were not standard refrigeration equipment. '!'hese were carefully t1nned 

before use, and every precaution was taken to guard against future 

breakdown. 

Upon completion of these tests, final charging of the unit .aB 

effected by introducing the required quantity of refrigerant through the 

suction side of the ru.nning compressor. 'VIhen the refrigeration circuit 

was charged, the rest of the installation was tested and the orifices 

calibrated. Particular attention was given to the mounting of the copper­

constantan thermocouples in their respective wells, wnioh were then 

checked for accuracy and found to be satisfactory. 
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The refrigeration unit W8.S run tor a period with the drier in the 

oircuit and then test rune were conducbed using the electrical system 

before the Diesel runs were started. 

II EXPERIMENTAL OPERA '!'ION 

Prior to the initial operation of the refrlgeration unit and 

during all subsequent shut-d01l11 periods, the system was ·pumped dom"; 

that la, the retrigerant waa pumped out of the system and stored as a 

liquid in the receiver. This was accomplished by shutting the valve at 

the outlet of the receiver and running the compressor until the evaporator 

pressure dropped to approximately 10 inehes Hg vacuum. This pressure 

would build up over the shut-down period, due to the release of Freon 

from the oil, to a positive pressure of 50 to 60 p.s.i.g. The system 

was not pumped dow.n to a high vacuum because ot the necessity of easing 

the starting load on the Diesel engine, which was not provided with an 

adequate clutch arrangement. A number of revolutions ot the engine were 

necessar,y to heat the cylinder sufficiently for starting, and the operation 

was greatly faoilitated by keeping the load at a minimum. At large baak 

pressures, sutfiaient gas was present to constitute an appreoiable load, 

while at very 1011" back pressures, the pressure difference acrOS8 the 

compressor 1I&S again sufficient to make start-up ditficult. It was soon 

found that the easiest starting ocourred in the range 01' 15 - 20 p.s.l.g. 

evaporator pressure. 

The starting procedure was as tollows: the condenser water was 

first turned on and allowed to cool the refrigerant and thus lower the 

head pressure. T'he jacket water hold-up tank was filled with warm water 

and this was circulated. The engine was then turned by means ot the 

electr1c motor until it tired regularly. lbe drive between the tllO was 
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then disconnected, and when the engine picked up speed the outlet valve 

from the receiver was opened slowly to allow the refrigerant to flow into 

the expansion valve. The evaporator water was then turned OIl and the 

system allowed to pull do1VJl to the desired evaporator temperature. The 

steam heaters were th en put into operation and the engine speed, condenser 

and evaporator temperatures were adjusted until all three were at the 

desired levels. The unit was a1lowed to run untll in balance before 

oommencing a rune A by-pass in the condenser water line prevented cooling 

of the jaoket water or exhaust gases by the cold condenser water during 

engine start.up, and 19hen the engine was running and the temperature of 

the oooling jacket water had risen to operating temperatures, the 

condenser water was di verted through the two heat recovery exchangers. 

The general method of experimeDtal evaluation of this heat pump 

installation was the measure.ment of heat input and output at constant sink 

temperature and at various source temperatures. The effects of capacity 

modulation were investigated by me ans of varying engine speed at each 

individual source temperature. Actually, the water temperatures at the 

inlet ta the condenser and evaporator were maintained constant rather than 

the average source and sink temperatures. It was found that approximately 

two to three hours were required on start.up to obtain satisfaotory 

running conditions, while one hour between successive runs was generally 

sufficient when OnlY the engine speed was varied. 

Runs were of approximately one hourts duration and the following 

readings lIere taken at intervals throughout the run: 

General 

Condenser pressure, 

Evaporator pressure, 

Condenser water rate, 



Cooling jaoket water rate, 

Fuel and time (at beginning and end of ru.n only). 

Water Circuits (Temperature) 

Inlet ta oondenser, 

outlet ot condenser, 

QQtlet of exhaust heat reoovery exchanger, 

outlet of jacket heat recovery exohanger, 

Inlet ta evaporator, 

OUtlet ta evaporatar, 

Inlet jacket coaling water to jacket heat 

recovery exohanger, 

OUtlet ot jacket coaling water from jacket 

heat reoovery exchanger, 

Inlet ot jaoket oooling water to Diesel 

cooling jacket. 

Gas Tempe ratu res 

Qutlet tram Diesel engine, 

Outlet tram exhaust heat reoovery exohanger. 
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CALCULATIONS AND NOMENCLATURE 

From the experimental data taken over a series of trials, heat 

balances and heating factors were calculated. Standard Freon-l2 chartl 

and tables were employed to detennine the enthalpy of the refrigerant at 

the various points in the circuit and the COP of the refrigerant wu 

caloulated trom the actual enthalpy conditions at the various points in 

the oil'Cuit. 'rhe heat delivered to the evaporator was calculated from 

the tlow rate and temperature drop through the evaporator, follo~ng 

oorrection for extraneous heat pick-up trom the surrounding atmosphere~ 

this oorrection being obtained from blank runs. The sink water heat 

absorption was determined from flow rates and temperature changes through 

the individual heat exchangers. A complete heat balance was possible in 

the jacket _ter recovery exchanger, but no attempt was made to obtain 

a balance on the exhaustgas heat recovery exchanger. 

The power delivered to the refrigerant was deter.mined by means 

ot the enthalpy conditions at the inlet and outlet of the compressor, 

while the brake ho rsepower of the Diesel engine was taken trom oharts 

supplied by the manufacturer, assuming full load operation. 

'!'he complete experimental data taken during eaoh trial are 

contained in the Appendix, While the results calculated trom these data 

appear under Experimental Results. For the purpose of phys1cal 

presentation, all table headings appearing in subsequent pages are 

presented in the tom of symbols only, full nomenclature tor whioh 18 

as tolloW8: 



Freon temperature at inlet to evaporator 

T2 Freon tempe rature at outlet of oondenser­

receiver 

Tg 

Freon temperature at outlet of compressor 

Freon temperature at inlet to expansion valve 

Freon temperature at outlet of evaporator 

Freon temperature at inlet to compressor 

Source temperature at inlet to evaporator 

Source temperature at outlet of evaporator 

S1nk temperature at inlet to condenser 

S1nk temperature at outlet of condenser 

Sink tempe rature at outlet of exhaust heat 

recovery exchanger 

112 Sink temperature at outlet of jaoket heat 

T:L4 

reoovery exchanger 

Jacket cooling water temperature at inlet 

to Diesel 

Jacket cooling water temperature at outlet 

of Diesel 

Jacket cooling water tempe rature at outlet 

of jaoket heat recovery exchanger 

Exhaust gas temperature at outlet of Diesel 

Tl7 Exhaust gas temperature at outlet of exhaust 

heat recovery exchanger 

Evaporator pressure 

Condens1ng pressure 

oF. 

oF. 

oF. 

oF. 

° F. 

oF. 

oF. 

oF. 

oF. 

p.e.1.a. 

p.s.i.a. 
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Source liquid rate 

Sink water rate 

Jacket cooling water rate 

Freon flo. rate 

Enthalpy of Freon at inlet to evaporator 

Enthalpy of Freon at outlet of condenser­

receiver 

Enthalpy of Freon at outlet of compressor 

(lb H20)/(min.) 

(lb)/(min.) 

(lb )/(min.) 

(lb)/(hr.) 

(B.t .u. )/(lb) 

(B.t.u. )/(lb) 

(B.t.u.)/(lb) 

H4 Enthalpy of Freon at inlet to expansion valve (B.t.u.)/(lb) 

lis Enthalpy of Freon at outlet of evaporator (B.t.u.)/(lb) 

HS Enthalpyof Freon at inlet to compressor (B.t.u.)/(lb) 

llTl Source tenlperature change through evaporator 

(T7 - Te) 

àT2 Sink temperature change through condenser 

(TIO - T9) 

Sink temperature change through exhaust heat 

recovery exchanger (Tll - TlO) 

Sink tempe rature change through jacket heat 

recovery exchanger (T12 - TIl) 

Jacket coo11ng water temperature change 

through heat recovery exchanger (T14 - TlS) 

llHl Enthalpy change through evaporator 

(lis - Hl) 

llR2 Enthalpy change through condenser 

(RS - R2) 

llH3 Enthalpy change through compressor 

(RS - HS) 

COP The coefficient of perfonnance based on 

the refrigerant (~R2I ~H3) 

(B.t.u. )/(lb) 

(B.t.u.)/(lb) 

(B.t.u.)/(lb) 
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The heat removed in the evaporator (B.t.u.)/(hr.) 

Q'l The heat picked up in evaporator retrigerant (B.t.u.)/(hr.) 

Q2 The heat delivered to sink water in condenser (B.t.u.)/(hr.) 

Qs 1I1e heat recovered in the exhaust heat 

recovery exchanger (B.t.u.)/(hr.) 

Q4 The heat recovered in the jacket cooling water 

recovery exchanger (based on sink water) 

Q' 4 The heat gi ven up by jacket water in heat 

recovery exchanger (based on jacket water) 

Total heat reoovery (Q2 + Qs + ~) 

Heat in fuel oonsumed 

Heat deli vered to the refrigerant as work 

Brake ho rsepower·· of Diesel 

Ew 

Fuel consumption 

Diesel engine speed 

k Correction factor for source water orifice 

including density correction and specifie 

(B.t .u. )/(hr.) 

(B.t.u.)/(hr.) 

(B.t.u.. )/(hr.) 

(B.t.u. )/(hr.) 

(B.t.u.)/(hr.) 

(B.t.u. )/(hr.) 

% 

(lb)/(hr.) 

r.p .m. 
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heat for alcohol solution (B.t.U.)/(lb oF.) 

The equations employed in the calculation of results are as 

folIo'WS : 

1. Ql - (60) (WJ.) (k) ( ÂTl) -
2. Q2 • ( 60) ( w2 ) ( ilT2) 

S. QS = (60) (w2) (ÂTS) 

4. Q4 - (60) (1V2) ( ilT4) -
5. Qs • Q2 + QS "" ~ 
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6. Q'l - (w4 ) ( 6Bl) -
1. Q' 4 • (SO) (~) (6'1'5) 

8. "4 :: QVA Hl 

9. QS - 19,100 li -
10. Wr - (w4) (6H3) -
11. F - QslQ6 -

The symbols employed here correspond to those deiined above. 



EIPERIMENTAL RE SUL TS 

To detennine experimentally the characteristics of the Diesel­

driven heat pump just described, a 8eries of trials were oonducted at 

variou8 source temperatures and engine speeds, while maintaining the 

BinIc inlet temperature at a oonstant value. This made possible the 

study of the effect of source temperature on the capacity and on the 

Heating Faotor, and to study the ability of the installation to respond 

to load changes. To this end, trials were conducted at source inlet 

temperatures ot 400F., 34oF., 28oF., 22oF., l6oF., and lOoF., and at tive 

different engine speeds ranging from 500 to 1000 r.p .m. During these 

nuas the source inlet temperature was maintained constant at 64oF. 

By keeping the source and sinIc temperatures constant, the aotual 

condensing and evaporating temperatures varied with load. This procedure 

was dictated by the necessity of obtaining results which were a funotion 

of the source and sinIc temperatures, the t'WO variables that 'WOuld 

nonnally be fixed in any gi ven installation. This alao gave an indication 

of the flexibility of the installation. The actual condensing temperatures 

varied trom 850 F. at very light loads, to l150 F. at high loads, wnile 

under average conditions, a condensing temperature ot approximately 

100oF. 1V8.S obtained, consistent with modern design. The evaporator 

behaved in a stmilar manner, with the temperature differential between 

refrigerant and source water increasing with increasing load. 

From the experimental data, given in thelr entirety in the Appendix, 

the results shown in Tables l to VI were caloulated. Each table covers 



a set of resu1ts at one source temperature and at five different engine 

speeds. 
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!he heat recoveries in the condenser are shawn graphica1ly in 

Figure 9. At a constant source inlet temperature~ the heat recovered in 

the condenser is sean ta increase with increasing engine speed, the slope 

of this line decreasing as the speed i8 increased. This behaviour OaB 

be explained by the fact that the brake horsepower of the engine 

increases with speed in an approximate1y linear relationship (for the 

engine used in this work, the manufacturer gives the full load b.hp. as 

a linear function of speed), but due to the increasing temperature and 

pressure differential across the compressor, the COP of the system 

decreases, producing the "falling off" of the condenser heat recovery 

curve, wnen plotted against the engine speed. 

At constant engine speed, the condenser heat recovery decreases 

with decreasing source temperature. 1he greater pressure difference 

between which the compressor operates, brought about by the lower 

evaporator temperatures, results in a decrease in the COP of the system, 

resulting in a decrease in the quantity of heat delivered for the same 

expenditure of ~rk energy. 

Figure 10 represents the heat picked up in the evaporator plotted 

as a function of engine speed and source inlet temperature. These curves 

are stmilar in shape to the condenser haat recovery curves. Once again 

the effects of decreasing efficiency and COP are evident. 

Figure Il represents the heat recovered from the exhaust gases 

plotted as a function of the engine spead. The heat recovered tram this 

source ls sean to be approximately linear with engine speed. From 

Tables A-I to A-VI, in the Appendix, it may be seen that the exhaust 

gas outlet temperature after cooling (T17)~ lies generally between 700 
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and 800F. Essential1y a11 the heat in the gases above 700 F. can thus be 

assumed to be recovered. The heat in the exhaust gases 1s then directly 

proportiona1 to the b.hp. since thi. ~lue, too# is a linear tunction ot 

engine speed, or the heat recoverable trom these gases ls constant when 

expressed in (B.t.u.)/(b.hp.-hr.). 

Figure 12 reveals that the heat recovered trom the Diesel jacket 

coo11ng water increases with speed, while the Blope ot this line increases 

a1so with speed. The ~lues ot the heat recovered from the cooling 

water are those given in '!'ables l to VI under Q4- Q'4' the heat giVSD 

up by the cooling water in the jacket heat recovery exohanger, is 

considered lesa reliable becauae ot difficulties in the measurement of 

the cooling water tlow rate. The tlow rate through the Diesel jacket wu 

very low and thus ditticult to measure acourately. A carbon tetraehloride 

manometer was used in conjunction with an oritice# but accurate readings 

were not possible and theretore the values of the heat recovered trom the 

jaoket as oalou1ated from the sinlc water tlow rate have been used 

throughout as being the more reliable. 

'!he sum ot the values Q2, Q3 and Q4 represents the total heat 

reoovery, QS' and is plotted as a tunotion of speed and source inlet 

temperature in Figure 13. Theae curves show the sarne general charaoter 

as the condenser heat recovery curves ot Figure 9, that ia, increasing 

with decreasing sI ope as the engine speed increases. The total heat 

recovery curves show less ourvature however, because ot the increas1ng 

rate ot heat reoovery from the Diesel cooling water. The points on this 

graph show greater scattering than those ot the other heat recovery graphs. 

'!his ia due to the wider variations in the values of heat recovery trom 

the Diesel, which show conSiderable variation owing principally to the 
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experimenta1 difficu1ty of accurate1y measuring smal1 temperature changes 

through the heat exchangers. However, the trends are c1ear1y indicated 

and the indi vi dual deviations trom the norm are not serious. 

Figure 14 shows the variation of the Freon f10w rate with engine 

speed and source temperature. tnese values have been ca1culated trom the 

condenser heat recovery values and the entha1py conditions at the in1et 

and out1et of the condenser. A condenser balance, rather than an 

evaporator balance was emp10yed here to obtain the Freon circulation 

rate, for the reason that enthalpy conditions at the inlet and out1et ot 

the condenser may be acourate1y measured and thus the entha1py change 

through the unit readily determined. In using an evaporator balance, the 

conditions at the inlet of the evaporator must be determined assuming an 

isenthalpic expansion through the valve. In addition to this, the 

evaporator was subject to greater influences fram extraneous heat pick-up. 

The Freon f10w rate is seen to increase with increasing engine 

speed, the slope of the curve decreasing in the same direction. This 

behaviour ils due to the decreasing volumetrie efficiency, brought about 

by the increasing pressure difference acr08S the compressor as the load 

increases. The Freon circulation rate also decreases with evaporator 

tempe rature due to the decrease in compressor capacity at low back 

pressures. 

The variations in the Heating Factor. obtained by dividing the 

total heat recovery (Q,5) by the higher heating value of the fuel consumed 

(Q,S) are shown in Figure 15. When plotted as a function of engine speed, 

at a gi ven source temperature the Heating Factor is seen to pau through 

a maximum, while at constant speed, the Heating Factor deereaaes with 

decreasing source temperature. This effect i8 small at first but becomes 

apprec1ab1e belo. 200F. In lowering the source temperature trom 400F. 
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to 200F. at 600 r.p.m., the Heating Factor is seen to deorease less than 

l~, but drops an additional 14% for a further 100 drop in source 

tempe rature. In the variation of Heating Factor with engine speed at 

oonstant source tempe rature , a number of effeots oceur simultaneously. 

The tuel consumption per b.hp. hour, when plotted against engine speed, 

goes through a minimum. As the compressor speed deoreases the efficiency 

falls off, while at increasing speeds the increasing pressure differential 

aoross the oompressor deoreases the effioienoy and inoreases the wo~ 

required to pump a given quantity of heat from low to high temperature. 

These factors oombine to produoe a maximum in the Heating Factor eurve. 

The seve rit y of the effioiency deorease at higher speeds is reduoed 

somewhat by the increase in rate of heat reoovery per expended horsepower 

from the Diesel oooling jacket, as indioated by the increasing slope of 

the ourve in Figure 12, but this is not sufficient to offset the other 

effeots. The maximum Heating Faotors were found to ocour between 575 

and 625 r.p.m., shifting towards higher speeds with dropping source Wet 

tempe ratures. 

Figure 16 represents the compressor effieienoy as a tunction of 

engine speed. '1he shaft work was taken trom the manufacturer's data 

assuming tull load operation. This assumpt10n 1s probably not alnys 

justified, but deviations are not likely to be serious. Exeept for the 

series of nulS at 22°F., these curves show good regulari ty, the maximum 

effic1enoy ocourring between 800 and 900 r.p.m. 

Figure 17, showing variations of condenser heat with source 

temperature at constant speed, was obtained directly tram Figure 9. The 

condenser heat recovery is seen to increase with approximate linearity 

with tempe rature, the slope decreasing with decreasing speed. 
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TABLE l 

EXPERIMENTAL RESUL TS 

Source Inlet Temperature 40°F. 

DESCRIPTION TRIAL NUMBERS 

1 2 3 4 5 

~H1 (B.t .u. )/(lb) 57.50 57.30 56.75 56.40 56.60 
~H2 (B.t.u. )!(lb) 67.55 68.63 69.45 70.85 71.85 
~H3 (B.t .u. )!(1b) 10.00 Il.33 12.45 14.45 15.15 
COP 6.75 6.07 5.57 4.88 4.74 

lVJ. (lb H20)!(min.) 82.0 85.4 87.6 84.6 90.0 
k (B.t.u.)!(lb oF.) 1.00 1.00 1.00 1.00 1.00 

~T1 oF. 5.8 6.2 6.6 7.5 7.9 
QI (B.t.u.)!(hr) 28,500 31,800 34,700 38,000 42,600 
Q'l (B.t .u. )!(hr) 28,200 30,900 34,600 36,200 38,100 

1V2 (1b)/(min.) 41.5 42.0 46.8 45.1 45.1 
~T2 OF. 13.3 14.7 15.1 16.8 17.8 

Q2 (B.t.u.)/(hr) 33,100 37,000 42,300 45,500 48,300 

~T3 OF. 1.6 2.2 2.7 3.2 4.4 
Q3 (B.t.u.)/(hr) 3,980 5,550 7,550 8,650 11,920 

~T4 OF. 3.2 3.4 3.4 4.2 2.9 
~ (B.t.u.)/(hr) 7,960 8,560 9,510 11,330 7,860 

'W3 (lb )/(min.) 6.1 6.0 6.5 8.5 8.3 
~T5 OF. 17.5 20.4 23.6 16.6 15.2 

Q'4 (B.t.u.)/(hr) 6,410 7,350 9,200 8,460 7,560 

Qs (B.t.u.)!(hr) 45,040 51,110 59,360 65,480 68,080 
J4 (lb)/(hr) 1.31 1.59 1.87 2.19 2.46 
Q6 (B.t.U.)/(hr) 25,800 31,300 36,800 43,100 48,500 
F 1.746 1.635 1.610 1.518 1.402 

"'4 (lb)/(hr) 490 539 609 642 672 

Se r.p.m. 501 589 685 814 930 
Wr (B.t .u. )/(hr) 4,900 6,110 7,600 9,280 10,200 
Ws (B.t .u. )j(hr) 6,350 7,470 8,700 10,380 11,820 
Ew percent 77.2 81.8 87.5 89.5 86.2 
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TABLE II 

EXPERIMENTAL RESUL TS 

Source Inlet Temperature 34°F. 

DESCRIPTION TRIAL NUMBERS 
6 '.1 8 9 10 

~Hl (B.t.u.)/(lb) 57.10 56.80 56.55 56.40 56.10 
~H2 (B.t .u.)/(lb) 67.25 68.00 69.96 71.00 70.85 
6H3 (B.t.u. )/(lb) 10.00 10.90 13.05 14.35 14.60 
COP 6.73 6.24 5.35 4.95 4.82 

"'l. (lb B20)!(min.) 79.6 86.2 86.2 86.0 84.4 
k (B.t.u.)!(lb OF.) 0.998 0.997 0.999 1.000 1.004 

6Tl oF. 3.1 5.1 6.2 6.6 6.9 
Ql ~B.t.U.)!(hr) 24,300 26,350 31,650 34,100 35,100 
Q'l B.t.u. )!(hr) 26,600 28,300 31,450 34,000 36,400 

.*2 (lb )/(min.) 42.2 42.2 41.7 41.6 41.5 
61'2 OF. 11.9 13.4 15.5 17.2 18.5 

Q2 (B.t.u.)/(hr) 30,200 33,900 38,800 42,900 46,100 

6'13 OF. 1.6 2.1 2.9 3.6 4.1 
Q3 (B.t.u.)/(hr) 4,050 5,320 7,250 9,000 10,220 

61'4 OF. 3.0 3.3 3.8 3.8 4.1 
~ (B.t.u.)/(hr) 7,600 8,350 9,510 9,480 10,220 

113 (lb )/(min.) 6.4 6.0 5.8 6.1 6.3 
~T5 OF. 15.6 20.7 22.9 23.7 19.8 

Q'4 (B.t.u.)/(hr) 6,000 7,450 7,970 8,680 7,480 

Qs (B.t.u.)/(hr) 41,850 47,570 56,560 61,380 66,540 
ld (lb)/(hr) 1.32 1.47 1.82 2.13 2.26 
Q6 (B.t.u.)/(hr) 26,000 28,900 35,800 41,950 44,500 
F 1.610 1.644 1.555 1.464 1.491 

w4 (lb)/(hr) 449 499 555 603 650 

Se r.p.m. 508 592 719 835 913 
Wr (B.t.u.)!(hr) 4,490 5,430 7,230 8,660 9,490 
Ws (B.t .\1. )!(hr) 6,470 7,550 9,150 10,620 11,600 
Ev. percent 69.4 71.9 79.0 81.4 81.5 
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TABLE III 

EXPERIMENTAL RESULTS 

Source In1et Tempera,ture 28°F. 

DESCRIPTION TRIAL NUMBERS 

12 13 14- 15 

6H1 (B.t.u. )!(lb) 56.30 55.80 55.90 55.80 
6H2 (B.t.u.)!(lb) 69.15 70.30 71.00 72.25 
6H3 (B.t.u.)!(lb) 12.20 14.30 15.00 16.25 
COP 5.66 4.91 4.73 4.45 

"'l (lb H20)/(min.) 82.5 87.5 86.1 86.1 
k (B.t .u. )!(lb OF.) 0.994 1.002 1.004 1.000 

6T1 OF. 5.0 5.1 6.0 6.4 
Q], (B.t.u.)/(hr) 24,600 27,400 31,150 33,050 
Q'l (B.t.u.)/(hr) 24,600 28,200 31,000 33,050 

"'2 (lb)/(min.) 42.2 42.0 41.8 42.2 
61'2 OF. 11.9 14.1 15.7 16.9 

Q2 (B.t.u. )/(hr) 30~250 35,500 39,400 42,800 

61'3 OF. 2.1 2.'7 2.9 4.3 
Q3 (B.t.u.)/(hr) 5,310 6,800 7,270 10,900 

61'4- OF. 3.0 3.7 4.0 4.1 
~ (B.t.u.)/(hr) 7,590 9,330 10,020 10,390 

"'3 (lb)/(min.) 6.3 6.8 6.0 6.2 
61'5 OF. 16.8 20.2 25.8 25.2 

Q'4 (B.t.u.)/(hr) 6,350 8,250 9,280 9,3'70 

Q5 (B.t.u.)/(hr) 43,150 51,630 56,690 64,090 
M (lb)/(hr) 1.39 1.74 1.99 2.25 
~6 (B.t.u.)/(hr) 27,400 34,300 39,300 44,300 
F 1.575 1.502 1.443 1.448 

"'4 (1b)/(hr) 437 605 554- 692 

Se r.p.m. 596 708 840 950 
Wr (B.t.u.)!(hr) 5,320 '7,220 8,300 9,620 
Ws (B.t.u.)!(hr) 7,580 9,'700 10,700 12,100 

Ew percent '70.2 74.5 '77.4- 79.5 



r 
60 

TABLE IV 

EXPERDdENTAL RESUL TS 

Souroe Inlet Temperature 22°F. 

DESCRIPTION TRIAL NOMBERS 

16 17 18 19 20 

6Hl (B.t.u.)!(lb) 54.75 55.20 54.95 55.30 55.35 
AH2 (B.t.u.)!(lb) 69.25 69.53 70.05 71.55 73.45 
AH3 .(B.t.u.)!(lb) 14.45 14.35 15.15 16.05 17 .. 75 
COP 4.79 4.83 4.63 4.46 4.12 

""i. (lb H20)!(min.) 78.5 81.5 84.5 85.5 84.5 
k (B.t.u.)!(lb OF.) 0.967 0.967 0.965 0.965 0.965 

AT1 OF. 4.1 5.1 5.2 5.8 6.3 
QI (B.t.u.)!(hr) 18,700 24,100 25,500 28,700 30,800 
Qt1 (B.t .u. )!(hr) 19,200 23,650 25,450 27,900 29,500 

"'2 (lb)/(min.) 41.8 41.7 42.3 42.7 42.2 
AT2 OF. 9.7 11.9 12.8 14.1 15.4 

Q2 (B.t.u.)/(hr) 24,300 29,800 32,500 36,100 39,000 

ATS OF. 1.5 2.1 3.0 3.6 4.6 
Q3 (B.t.u.)/(hr) 3,760 5,260 7,610 9,230 11,400 

AT4 OF. 2.9 3.0 3.4 4.0 4.6 
Q4 (B.t.u.)/(hr) 7,260 7,510 8,630 10,250 11,680 

"3 (lb)/(min.) 6.4 6.4 6.1 6.6 6.2 
AT5 OF. 18.7 20.9 24.0 27.1 31.3 

Qt 4 (B.t.u. )/(hr) 7,180 8,030 8,780 10,750 11,650 

Q5 (B.t.u.)/(hr) 35,320 42,570 48,740 55,580 62,080 
M ~lb)/(hr) 1.16 1.41 1.6'1 2.08 2.38 
Qô B.t.u.)/(hr) 22,800 27,750 32,900 41,000 46,900 
F 1.548 1.538 1.481 1.358 1.325 

"4 (lb)/(hr) 351 428 463 503 533 

Se r.p.ll. 518 630 726 866 995 
Wr (B.t.u.)!(hr) 5,060 6,140 7,000 8,060 9,400 
Ws (B.t.u.)!(hr) 6,590 8,020 9,230 11,000 12,680 
E" percent 76.8 76.7 75.8 73.3 74.6 



61 

TABLE V 

EXPERIMENTAL RESUL TS 

Source Inlet Temperature 1 ~F. 

DESCRIPTION TRIAL NmmERS 
21 22 23 24 25 

6H1 (B.t.u.)!(lb) 54.75 55.30 56.26 55.30 55.30 
6H2 (B.t.u.)!(lb) 67.70 68.80 70.80 71.70 73.00 
6 H3 (B.t.u.)!(lb) 12.60 13.40 15.65 16.40 17.50 
COP 5.38 5.13 4.55 4.37 4.16 

WJ.. ~lb H20~/~min.) 81.0 80.6 87.5 86.4 85.1 
k B.t.u. ï lb OF.) 0.970 0.970 0.970 0.936 0.936 

~T1 oF. 3.3 4.1 4.5 5.4 5.7 
Q]. (B.t.u.)!(hr) 15,550 19,240 22,900 26,200 27,250 
Q'l (B.t.u. )!(hr) 16,800 20,500 23,250 24,700 26,000 

"'2 (lb )/(min.) 42.2 41.7 41.7 42.0 42.0 
6T2 OF. 8.2 10.2 11.9 12.7 13.6 

Q2 (B.t.u. )/(hr) 20,800 25,550 29,800 32,000 34,300 

6T3 OF. 1.5 2.2 2.5 3.5 4.7 
Q3 (B.t.u.)/(hr) 3,800 5,550 6,250 8,820 11,850 

~T4 OF. 3.2 2.8 3.8 5.1 4.3 
~ (B.t.u.)/(hr) 8,100 7,000 9,510 12,850 10,820 

W3 (1b)/(min.) 6.1 6.5 6.5 6.7 6.3 
~T5 OF. 20.7 19.1 21.5 27.0 30.1 

Q'4 (B.t.u.)/(hr) 7,580 7,450 8,400 10,850 11,380 

Qs (B.t.u.)/(hr) 32,700 38,100 45,560 53,650 56,970 
M (lb)/(hr) 1.18 1.34 1.67 2.07 2.38 
Q6 (B.t.u.)/(hr) 23,200 26,400 32,900 40,750 47,000 
F 1.408 1.441 1.385 1.315 1.210 

-4 (lb)/(hr) 307 371 421 446 470 

Se r.p.m. 504 625 751 870 992 
Wr (B.t.u.)!(hr) 3,870 4,960 6,550 7,330 8,220 
Ws (B.t.u.)!(hr) 6,410 7,960 9,570 11,070 12,630 
Ew peroent 60.3 62.3 68.4 66.2 65.0 
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TABLE VI 

EXPERIMENTAL RESUL TS 

Source In1et Temperature 10°F. 

DESCRIPTION TRIAL NUMBERS 
26 27 28 29 30 

6H1 (B.t.u.)!(lb) 54.90 53.90 55.20 55.00 55.15 
6H2 (B.t.u.)!(1b) 68.50 69.35 71.10 72.00 72.00 
6H3 (B.t .u. )!(lb) 13.20 14.65 15.90 16.95 lS.60 
COP 5.19 4.73 4.47 4.25 4.33 

W:l (lb H20)!(min.) 75.4 80.3 86.1 80.0 80.0 
k (B.t.u.)!(lb OF.) 0.961 0.961 0.961 0.931 0.931 

6T1 OF. 3.2 3.8 4.2 4.3 5.1 
Q1 (B.t.u.)!(hr) 13.900 17.600 20.800 19.200 22.800 
Ql 1 (B.t .u. )!(hr) ·14.140 17.750 20,100 21.700 22,650 

112 (lb)/(min.) 42.0 41.5 41.7 42.0 42.0 
6T2 OF. 7.0 9.0 10.3 11.3 11.7 

Q2 (B.t.u.)/(hr) 17,650 22,400 25,800 28.450 29.500 

l:1T3 OF. 1.6 2.2 2.8 3.9 4.1 
Q3 (B.t.u. )/(hr) 4.030 5,480 7,010 9,820 10.320 

l:1T4 OF. 3.4 4.0 3.6 4.8 5.4 
~ (B.t.u.)/(hr) 8.570 9.950 9,020 12.100 13.600 

"'3 (lb)/(min.) 6.6 6.6 6.4 6.6 6.4 
l:1T5 OF. 21.7 24.2 25.4 30.0 33.4 

QI4 (B.t.u.)/(hr) 8.600 9,570 9.760 11.900 12.800 

Q5 (B.t.u.)/(hr) 30,250 37,830 41.830 50,370 53,420 
M (lb)/(hr) 1.26 1.50 1.75 2.30 2.64 
QS (13.t.u.)/(hr) 24,800 29.500 34,400 45,300 52,000 
F 1.220 1.282 1.215 1.112 1.028 

w4 (lb)/(hr) 258 323 363 395 410 

Se r.p.m. 497 630 748 865 963 
Wr (B.t.u.~/(hr~ 3,400 4.730 5.760 6.690 6,800 
Ws (B.t .u. I(hr 6,305 8.010 9,500 11.000 12,260 

Ew perceIIt 53.8 59.0 60.6 60.6 56.3 
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CONCLUSIONS 

The interpretation and evaluation of the operating oharacteristics 

of heat pwnp installations are frequently made very difficult because of 

the narrow range of operating conditions investigated or of the specifie 

nature of the heat source used. In the present study. every effort 'QS 

made to make the installation independent of the nature of the heat 

source, and emphasis was placed only on its temperature. Source 

temperatures from I()OF. to 400F. were selected as representati ve of the 

range likely to be encountered in this area. The effect of source 

tempe rature was studied in six degree steps over the complete interval 

gi ring a good coverage of the available tempe ratures • In actual 

operation, the unit was found to have good flexibility and excellent 

response and. with the exception of a fewminor difficulties previously 

mentioned, the contraIs and measurements proved to be quite adequate. 

tne experimental results indioate that although the major portion 

of the heat deli vered is provided by the oondenser, the direct reoovery 

of .ste heat from the Diesel engine is quite appreciable. This 

contribution becomes more significant as the source temperature falls. 

A better appreciation of this important conclusion can be obtained from 

a quantitative comparison of the results. Taking trial seTen as a 

representative example. obtained at a source temperature of 340 P., and 

592 r.p.m., it is seen that of the total recovery of' 47,500 (B.t.u.)/(hr), 

28.6% is provided by waste Diesel heat. Trial ten at the same source 



temperature but at 913 r.p.m. shows an increase in the waste heat 

recovery to 30.8% of the total. At a source temperature of lOoF., 

the corresponding values of the Diesel heat recovery are 41% and 

49.5% in runs 27 and 30, respectively. To realize the significance 

of these figures, a brief glance at the economics of a Diesel heat 

pump is required. The heat introduced into the Diesel engine is 

provided in the for.m of Diesel fuel at a cost comparable with domestic 

fuel oil~ Based on the distribution obtained with this exper1mental 

unit, this can be accounted for as work (25 - 30,%), heat to the cooling 

water (25%), heat to the exhaust gases (20,%) and as other losses 

71 

(25 - 30,%). By using the won: developed to drive a heat pump, an 

additional heat premium i8 obtained at no cost, Which is delivered to 

the condenser along with a portion of the heat supplied as shaft work. 

Assuming for the moment an operating COP of 4, the 25 work unite are 

capable of delivering 100 heat unite to the condenser. When added to 

the 45 units recovered from the Diesel waste heat, thie leads to 145 

units of heat delivered for each 100 Wlits that have in1tially been 

purehaeed. A Heating Factor of 1.45 is thus obtained. Although the 

heat recovered from the Diesel engine represents a considerable portion 

of the dellvered heat, it should not be overlooked that the total direct 

heat recovery (work plus waste heat) accounts for only about 70 of the 

145 delivered heat unite, the remainder, or 75 units, being supplied by 

the heat pwnp system proper. 

Th. actual Heating Factors obtained varied fram 1.28 to 1.64 

in the range of peak efficiency, which figures represent operating 

Heating Factors exolusive of auxiliaries. A comparison of Diesel and 

eleotrical heat pump costs at this point would be instructive. Again 

considering trial seven, the Diesel unit operated with a Heating Faotor 
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of 1.64# Whioh il equivalent to an operating oost of approximate1y 

60 oents per million B.t.u. with Diesel fuel at 17.5 oents per gallon. 

Bas.d on the results of this run# an electrioal unit, in order to 

provide the seme output at like temperatures, would require a condensing 

temperature of l150 F. with suboooling to 970 F. possible. Under these 

oonditions a COP of 4.77, based on the refrigerant# ls estlmated. ~th 

eleotricity at one cent per kw-hr and 75% overall effioiency, the 

comparable oost of an e1eotrioally driven unit beoomes 82 oents per 

million B.t.u. 

Apar\; from the operating eoonomies invol ved, the Diesel unit 

presents the advantage of continuous capacity control over a oonsiderable 

range. In the series of trials at 340 F. source temperature, the 

delivered heat varied from 42,000 (B.t.u.)/(hr) at 500 r.p.m. to 

72,000 (B.t.u.)/(hr) at 1,000 r.p~., representing considerable 

flexibility. this flexibility is not without some disadvantage for as 

the capaoity i8 increased to higher levels a decrease in the Heating 

Factor and economy results. Heavy loads would, however, be of short 

du ration. Similarly the unit can be run at reduced capacity, but this, 

too, i8 at the expense of reduced Heating Factor, and though of longer 

duration, the total cost would be small compared to average load 

conditions. 

Since only 60 - 7c:Jfo ot the total heating requirements are 

supplied by the refrigeration unit, an immediate saving in equipment 

size i8 apparent. A comparison ot a Diesel and electrical unit based on 

the results of trial seven will serve as an example. 
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Waste Beat Total Evaporator Dutl 
(B.t .u. )J(hr) 

Condense r Dutl 
(B.t.u.)J(hr ) (B.t.u.)J(hr) (B.t .u. )J(hr) 

Diesel 
Unit 28,000 34,000 14,000 48.000 

Eleotrioal 
Unit 38.000 48,000 48.000 

This 2~ reduction in condenser load would result in considerable 

saving in the entire cost of the refrigeration unit, however tlVO 

additional heat exchangers for W&ste heat recove~ would be required. 

Predicated on a comparison such as this, it has been stated in the 

literature and previously quoted he rein, that the installed cost of a 

Diesel unit would still be in excess of an electrically driven unit. 

Based on comparable design loads this is probably quite true but the 

possibility of continuous capacity control over a wide range of load 

requirements introduoes additional eoonomies that may ultimately favour 

Diesel-operated unite. 

An eleotriaally driven heat pump must be operated at rated 

capaoity, and in order to satisty the probable peak loading it must be 

designed for the maximum load requirements. For the series of runs at 

a souroe temperature of 34°F., a 9 hp. installation would be required 

to satisty the peak load of 72,000 (B.t.u.)/(hr). while evaporator and 

condenser would be designed to handle a dut Y of 72,000 (B.t.u.)/(hr) 

and 52,000 (B.t.u.)/(hr) respectively, and under all load requirements 

these conditions would apply. For a Diesel unit, a oompressor rated 

normally at 3 hp. and an engine with an operating range of 2 to 5 hp., 

rated probably at 3.5 hp., would be suffiaient. This unit lIOuld 

operate under average or reduoed load for a large portion of the time 

but would be capable of 8upplying heavy loads of short duration when 

called upon to do so. This represents a oonsiderably increased economio 
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advantage not previously considered seriously, and should be 

appreciably in excess of the cost of the additional equipmeDt required. 

In areas mere the heating requirements vary over an extremely wide 

range, the full capacity on-off cycling operation of an electrical unit 

~uld produce undes1rable fluctuations in the temperature of the 

oond1tioned spaoe under light load conditions. Control of this 

temperature between narrow limits would result in short-cycling ot the 

unit with its unfavourable demand oharaoteristios. To avoid these 

conditions some capaoity oontrol would probably be required. This 'WOuld 

necessitate expensive multiple units or multiple oylinder unite with 

automatic cylinder unloading. Under these conditions the ability of 

the Diesel unit to provide continuous capaoity control over a wide 

range, whioh is an inherent property ot this type of unit, may be of 

oonsiderable advantage. 

Actual oomparison ot the first oost ot Diesel and electrical 

installations is diffioult but in general tenDS it can be stated that 

economies favouring the Diesel installation can be reallzed in the 

entire refrigeration installation inoluding oompressor, lines, condenser 

and evaporator, While twoadditional heat exchangers are required. 

Auxiliaries for the tranater ot source and sink mediums would be 

comparable. A saving in moving the source medium is possible but an 

additional pump for transfer of oool1ng jacket water lIOuld probably be 

neoessary. For comparable outputs very little saving in motor cost 

could be credited to the electrical unit. 

For normal capacity control, throttle control on the Diesel ls 

suft1cient, but for in-between seasons on-off oontrol lIOuld be required. 

In change-over trom the heating to the cooling cycle, disposaI of Diesel 

heat is necessary, and while the exhaust gases may merely be by-passed, 



the jacket heat must be removed by other means. 

No economic comparison of the control systems can be made at 

thi. time, for the complexity of complete Diesel control has yet to 

be detezmined. 

Noise and vibration are two serious diBadvantages in a Diesel 

installation but it is possible that these can be satisfactorily 

overcome. At present it would seem that application of Diesel driven 

heat pumps would be restricted to larger installations but f"uture 

developments may overcome this; however, greater care and maintenance 

would be required. 

In summary. a Diesel driven heat pump can be operated 

economically, producing heat at a cost of approximately 60 cents per 

million B.t.u., exclusive of auxiliaries, compared with a cost of 82 

cents per million B.t.u. for an electrical unit. Continuous capacity 

modulation is possible by throttle control. Twenty-tive to fort Y 
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percent of the total heat delivered i8 obtained from waste heat reeovery. 

Major equipment economies are possible and these may be sutficient to 

result in a net saving in a Diesel installation. Considerable tlexibility 

is an inherent oharacter1stic of the unit but noise and vibration and the 

lack of complete push-button control may be serious deterrents to its use. 

This study has presented a preliminary evaluation of the operat1ng 

characteristics of a Diesel driven heat pump and the results obta1ned 

indicate that th1s unit possesses many attractive features. This study 

is by no means complete and many questions remain to be anlwered before 

unqualified recommendations can be made; however, it i8 hoped that the 

advantages revealed in this work will stimulate interest in this device 

and lead to the development of new fields of heat pump engineering. 
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TABLE A-I 

EJCPERIMENTAL DATA 

Source Inlet Temperature 40°F. 

DESCRIPTION TRIAL NUMBERS 
1 2 3 4 5 

Refrigerant: 
Tl oF. 31.6 30.3 27.8 26.1 24.7 
1'2 oF. 75.0 75.8 77.1 79.1 78.1 
1'3 oF. 121.4 131.2 141.4 153.7 159.7 
1'4 oF. 74.4 75.5 76.8 78.5 77.6 
1'5 oF. 35.7 35.1 32.9 33.0 32.2 
1'6 oF. 36.6 35.7 35.1 34.1 34.2 

Source Water: 
1'7 oF. 39.8 39.9 39.9 39.9 39.7 
Ta oF. 34.3 34.0 33.5 32.5 32.1 

Sink Water: 
Tg oF. 63.9 63.8 64.2 64.1 64.0 
TJ..o oF. 77.2 78.5 79.2 80.9 81.8 
TJ.l oF. 78.8 80.7 81.9 84.1 86.2 
TJ..2 oF. 82.0 84.1 85.3 88.3 89.1 

Jaoket Water: 
TJ..3 oF. 93.4 95.9 98.6 101.9 103.2 
~4 oF. 111.5 117.5 123.5 119.8 120.8 
115 OF. 94.0 97.1 99.9 103.2 105.6 

Exhaust Gas: 
TJ.ô OF. 412 480 547 602 608 
TJ.7 OF. 77.0 77.8 79.5 82.5 83.7 

General : 
Pl p.s.i.a. 45.4 43.7 41.3 38.8 37.2 
P2 p.s.1.a. 122.9 134.8 142.0 153.3 161.9 
WJ. (lb)!(min.) 82.0 85.4 87.6 84.6 90.0 
"'2 (lb)!(min.) 41.5 42.0 46.8 45.1 45.1 
113 (lb )!(min.) 6.1 6.0 6.5 8.5 8.:5 
Se r.p.m. 501 589 685 814 930 
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TABLE A-II 

E!PERIMENTAL DATA 

Sou roe Inlet Temperature 34°F. 

DESCRIPTION TRIAL NUMBERS 
6 7 8 9 10 

Rer rige rant : 
1'J. oF. 26.0 25.1 22.9 21.3 21.2 
rrz oF. 75.5 76.7 76.1 77.3 78.7 
1'3 oF. 111.2 126.0 140.1 150.5 154.9 
T4 oF. 74.5 75.7 76.0 17.0 77.8 
1'5 oF. 32.0 30.7 27.3 27.6 28.6 
1'6 OF. 34.4 33.3 30.4 30.1 31.4 

Source Water: 
T7 OF. 34.4 34.4 34.3 34.3 34.5 
Ta OF. 29.7 29.7 28.5 28.1 28.0 

Sink water: 
1'9 OF. 64.1 64.3 63.9 64.3 64.1 
T!o OF. 76.0 77.7 79.4 81.5 82.6 
1'11 OF. 77.6 79.8 82.3 85.1 86.7 
T12 OF. 80.6 83.1 86.1 88.9 90.8 

Jaoket Water: 
'rl3 OF. 91.9 96.0 99.0 101.9 103.1 
1'14 OF. 107.9 116.7 123.4 126.0 124.2 
T],5 OF. 92.3 96.0 100.5 102.3 104.4 

Exhaust Gas: 
i'l6 OF. 383 447 530 582 608 
i'l7 OF. 75.2 76.9 79.9 83.2 83.6 

Generalt 
Pl p.s.i.a. 4:0.8 39.9 37.5 36.3 35.3 
P2 p.s.i.".. 114.7 123.1 140.7 148.1 156.5 
WJ. (1b)!(min.) 79.6 86.2 85.2 86.0 84.4 
W2 (1b)!(min.) 42.2 42.2 41.7 41.6 41.5 
w:s (lb )!(min.) 6.4 6.0 5.8 6.1 6.3 
Se r.p.m. 510 592 718 835 913 
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'!'ABLE A-III 

EKPERIMENUL DATA 

Source Inlet Temperature 28°F. 

DESCRIPTION TRIAL NUMBERS 
12 13 14 15 

Refrigerant s 

T.!. oF. 18.7 17.4 17.3 15.1 
~ ° F. 73.4 75.3 75.2 75.6 
13 oF. 128.4 141.6 141.5 156.7 

'r4 oF. 73.6 74.9 74.7 75.0 
'l's oF. 23.6 21.1 21.8 20.4 
T6 oF. 27.4 23.5 23.9 22.8 

Sou roe Wate r: 
17 oF. 27.8 28.0 28.2 27.8 
Ta oF. 23.3 23.3 22.1 21.9 

Sink Water: 
Tg oF. 63.8 64.7 63.8 64.1 

TJ.o oF. 75.7 78.8 79.5 81.0 
TJ.l oF. 77.8 81.5 82.4 85.3 
'!'J..2 oF. 80.8 85.2 86.4 89.4 

Jacket Water: 
TI3 oF. 90.5 95.8 98.4 100.6 
TJ.4 oF. 107.8 117.0 124.5 126.2 
TJ.5 oF. 91.0 96.8 98.7 101.0 

Exhaust Gal: 

'l'l.6 oF. 436 517 564 592 
TJ.7 OF. 73.0 76.9 78.6 82.9 

General: 
l1. p.s.i.a. 35.2 33.5 33.9 31.4 
P2 p.s.i.a. 118.7 133.2 142.0 149.8 

'WJ. (lb )!(min.) 82.5 87.5 86.1 86.1 

WZ (lb)!(min.) 42.3 42.0 41.8 42.2 

'113 (lb )!(min.) 6.3 6.8 6.0 6.2 
Se r.p.m. 596 708 840 950 
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TABLE A-IV 

EXPERIMENTAL DATA. 

Source Inlet Temperature 22°F. 

DESCRIPTION TRIAL NUMBERS 

16 17 16 19 20 

Refrigerant: 
TJ.. oF. 14.5 12.5 12.5 10.6 9.0 
T2 oF. 80.1 76.5 75.0 75.5 75.~ 

13 oF. 121.8 131.2 138.1 149.1 160.4 
T4 OF. 79.1 75.9 74.2 74.6 74.7 
Ts OF. 20.3 17.4 13.6 14.7 16.4 
T6 OF. 22.2 23.0 13.9 18.3 17.7 

Source Water: 
T7 OF. 21.4 21.2 21.6 21.0 21.5 
Ta OF. 17.9 16.6 16.9 15.7 15.7 

Sink: Wate r: 
'l'9 OF. 64.4 64.4 64.6 64.6 64.6 
T:l.o OF. 74.1 76.3 77.4 78.7 80.0 
T:l.1 OF. 75.6 78.4 80.4 62.3 64.5 
1'.l.2 OF. 78.5 81.4 63.6 66.3 69.1 

Jacket Water: 
Tl3 OF. 90.3 92.8 94.9 98.3 101.7 
'rl4 OF. 109.0 114.2 119.6 126.3 134.6 
T:l.5 OF. 90.3 93.3 95.6 99.1 103.3 

Elthaust Gas: 
'1':1.6 OF. 394 457 517 593 637 
'1':1.7 OF. 72.9 75.2 76.7 76.5 81.7 

General: 
Pl p.s.i.a. 31.9 30.8 30.8 28.9 28.5 
P2 p.s.i.a. 100.2 109.5 126.2 134.7 144.7 
WJ. (lb)!(min.) 78.5 81.5 84.5 85.5 84.5 
112 (lb )!(min. ~ 41.8 41.7 42.3 42.7 42.2 
113 (lb )!(min. 6.4 6.4 6.1 6.6 6.2 
Se r.p.m. 518 630 726 866 995 
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TABLE A-V 

EKPERUŒNTAL DATA 

Source Inlet Temperature 1SOF. 

DESCRIPTION TRIAL NUMBERS 
21 22 23 24 25 

Refrigerant s 
Tl oF. 9.4 8.2 7.4 6.7 4.9 
T2 oF. 77.6 76.5 73.1 73.6 73.3 
T3 oF. 120.7 126.1 138.5 145.3 164.2 
T4 OF. 76.0 7S.6 72.4 72.7 72.S 
TS OF. 12.9 16.8 11.9 9.S 10.0 
Ta OF. 20.2 19.4 13.3 13.5 14.4 

Source 'VIlter: 
T7 OF. 15.6 16.0 15.8 16.3 15.7 
T8 OF. 12.9 12.5 11.8 11.5 10.6 

Sink: Water: 
T9 OF. 63.8 63 .• 8 63.9 63.9 64.1 
T10 OF. 72.0 74.0 75.8 76.6 77.7 
TIl OF. 73.5 76.2 78.3 80.1 82.4 
T12 OF. 76.7 79.0 82.2 86.2 86.7 

Jacket Water: 
1J..3 OF. 87.8 90.6 93.9 96.9 98.9 
T14 OF. 108.5 110.0 116.0 124.4 130.0 
T15 OF. 87.8 90.9 94.5 97.4 99.9 

Exhaust Gas: 
T16 OF. 383 432 492 697 665 
T17 OF .• 70.0 71.8 73.1 78.9 79.8 

General: 
Pl p.s.i.a. 28.7 28.1 27.9 26.8 24.9 
Pz p.s.i.a. 95.7 102.7 120.2 127.7 132.7 

1fJ. (lb )!(min.) 81.0 80.6 87.5 86.4 85.1 
"'2 (lb )!(min.) 42.2 41.7 41.7 42.0 42 .. 0 

"'3 (lb )!(min.) 6.1 6 .• S 6.5 6.7 6.3 
Se r.p.m. 504 625 751 870 992 
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TABLE A-VI 

EXPERIMENTAL DATA 

Source In1et Temperature 10°F. 

DESCRIPTION TRIAL NUMBERS 
26 21 28 29 30 

Refrigerant: 
11 oF. 4.2 2.1 1.2 0.3 -0.8 
1.'2 oF. 75.2 77.2 71.1 72.4 71.5 
Ts oF. 120.6 129.6 135.5 143.6 142.5 
~ oF. 73.6 76.3 70.3 71.7 71.2 
1.'5 oF. 9.0 6.4 6.1 5.4 5.1 
T6 oF. 16.8 14.0 8.1 9.1 10.0 

Source Water: 
T7 oF. 9.3 9.3 9.5 9.2 9.3 
1.'8 oF. 6.8 6.1 6.0 5.5 4.9 

Sink: Water: 
1.'9 oF. 63.8 63.8 63.9 63.9 64.0 
1.'10 oF. 70.8 72.8 74.2 15.2 75.7 
1.'11 oF. 72.4 15.0 77.0 79.1 19.8 
T:L2 oF. 75.8 19.0 80.6 83.9 85.2 

Jacket Water: 
'113 oF. 88.1 91.1 92.4 98.2 99.6 
TJ.4 OF. 110.0 115.1 111.5 129.1 133.6 
TJ.5 OF. 88.3 90.9 92.1 99.1 100.4 

Exhaust Gas: 
T:Ls OF. 412 415 516 649 611 
Tt7 OF. 70.1 13.3 14.2 18.4 77 .5 

General: 
Pl p.s.i.a. 25.4 24.5 24.4 23.1 21.9 
P2 p.s.i.a. 91.7 97.7 113.0 116.7 120.7 
WJ. (lb )!(min.) 15.4 80.3 86.1 80.0 80.0 
WZ (lb )!(min.) 42.0 41.5 41.7 42.0 42.0 
113 (lb )!(min.) 6.6 6.6 6.4 6.6 6.4 
Se r.p.m. 491 630 148 865 963 
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nEtE A-VII 

EN'l'HALPY OF REFRIGERANT 

TRIAL NO. ENTHALPY 
Hl H2 H3 B4 lis HG 

Souroe Inlet 40°F. 
1 24.75 24.90 92.45 24,.15 82.25 82.4:5 
2 24.98 25.00 93.65 24.98 82.28 82.32 
3 25.25 25.35 94.80 25.25 82.00 82.35 
4 25.75 25.90 96.75 25.75 82.15 82.30 
6 25.50 25.60 97.45 25.50 82.10 82.30 

Souroe Inlet 34°F. 
6 24.00 24.10 92.90 24.00 82.00 82.30 
7 25.00 25.20 93.20 25.00 81.80 82.30 
8 25.00 25.00 94.95 25.00 81.55 81.90 
9 25.15 25.36 96.35 25.15 81.55 82.00 

10 25.40 25.80 96.35 25.50 81.65 82.05 

Souroe Inlet 28°F. 
12 24.60 24.60 93.75 24.60 80.90 81.55 
13 24.80 25.00 95.30 24.80 80.60 81.00 
14 24.80 25.00 96.00 24.80 80.70 81.00 
16 24.90 25.00 97.25 24.90 80.70 81.00 

Souroe Inlet 22°F. 
16 25.90 26.10 95.35 25.90 80.65 80.90 
17 25.00 25.20 94.55 25.00 80.20 80.20 
18 24.70 24.95 95.00 24.70 79.65 79.85 
19 24.60 25.00 96.55 24.60 79.90 80.50 
20 24.80 25.00 98.15 24.80 80.15 80.40 

Souroe Iolet 1GoF. 
21 25.00 25.60 93.30 25.00 79.75 80.70 
22 25.00 25.20 94.00 25.00 80.30 80.60 
23 24.30 24.50 95.30 24.30 79.55 79.75 
24 24.10 24.50 96.20 24.10 79.40 79.80 
25 24.20 24.50 97.50 24.20 79.50 80.00 

Source Inlet 10°F. 
26 24.40 25.00 93.50 24.40 79.40 80.30 
27 25.10 25.30 94.65 25.10 79.00 80.00 
28 23.80 24.00 95.10 23.80 79.00 79.20 
29 24.00 24.30 96.30 24.00 79.00 79.35 
30 23.90 24.00 96.00 23.90 79.05 79.40 
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