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REFRIGERATION. 
Just as water always trics to find its om-11 level, so heat is 

alivaj-A cndcavouring to find a common temperature level, the 
transference of heat bcing always from the body a t  a higher 
temperature to the body as a lower temperature. To refrigerate 
anything, thercforc, it is necessary to 11 ithdran heat froin it at a, 
rate greater than i t  can absorb heat, froin its surrountlings until 
the desired tenlperaturo depth has been reachetl, whereafter 
the refrigerating effect mk~at continl~c at a l*,~tc eqrccll to the inflow 
of snrro~mclinp hcat. Also. thc heat with(1rnmn must eventnally 
be rl~aella~getl to thc surroun0ingh-the1.e is nowhere else for it 
t o  go. Hence thc retrigerarit 1n115t a t  one nloruent be colder 
than the body t o  be cooled, and then (halring extracted heat 
therefrom) be put in such a state that i t  can reject heat to its 
surrormdings. That is, it must be heated until its temperature 
escreds that of its surroundings. Hence the paradox that 
cooling can ortly be achieved by the expenditrlrc of heat. 

The heat may be applied directly (as in absorption macllines) 
or in the  form of worli (compression machines) but in either case 
i t  nlust be rejected to the surroundings (circulating water) along 
srith tho heat taken from the cold body. Clearly, the greater the 
amount of heat ~vi thcl ra~~n from the cold bocly for a given 
quantity applied, thc more efficient the machine, and the ratio 
betneen theso two variables is known as the CO-efficient of 
Performance. 

In the early forms of refrigerating machines, namely, the air 
compression typc, the air was compressed in a cylinder, the hcat 
of compression extracted by circulating water and the air 
re-expanded, doing work, with consequent fall in temperature. 
These machines wero necessarily bulky and of such low mechanical 
efficicncy that only a proportion of the work applied became 
effective for refrigeration, and vapouz compression machines 
with a mueh greater CO-efficient of Performance have taken their 
place. 

As is IVCU knonq. the vapourisation (conde~lsation) of any 
given fluid takes place a t  a temperature dependent on the 
pressure to which i t  is subjected. Honce, by varying the 
pressure the condensing point can be controllecl, within limits 
to be considered later, a t  will. 

This property is exploitetl in vapour compression machines 
in ultich a liquid x~ith a l o ~  boiling point a t  nioc1er:~tt: pressures 
is vaponrised bp heat from the body to he cooled and then com- 
pressed to such a pressure that its boiling (condensing) point 
is abox-c that of the available circulating water, uhereupon i t  
rejects its latent heat and again becomes liquid. 

Tho ternpctrature of this liquitl is now approximately thah 
of the circulating water and, therefore, incapable of any refrigerat- 
ing effect; but as soon as the pressure is reduced, say, by 
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throttliiig through a regulatirlg valve, thc boiling point falls and 
the fluid instantly begins to vapourisc.. The necessary latent 
heat of formation to bring this about is &a\+ 11 fro111 the rcillainder 
of the fluid itself, mith the result tllat a mixture of vapour arid 
liquid a t  a low temperature passes to  the evaporator. I n  the 
m-aporator heat hegiub to flou in ft.om ont~icle and the tenlpcm- 
ture of the fluid ceases to drop as soon as the heat drawn fl*om the 
two sources-external ant1 internal-is sufficient to keep pace 
nith the nite of vapourisation. 

Altliough tlie above cycle diverges in certain notable feat~xres 
from a reversed Carnot cycle, yet in the idoal case the refrigerating 
cycle is simply that for a rc-cersed heat engine. Ideally, there- 
fore, the maximum thermal eficicncy of a refrigerator like that  
of a heat engine, is depmdent only on the difference of the 
:~bsolute temperatures cmplq-ed. \l'here the object is csterrlnl 
work for a minimurn expenditure of heat, the greater the rango of 
temperature the greater the efliciency. but in the refrigerator 
nlicre the object is a maxinlum trailsfereltce of heat for. ;L mini- 

A ure mum expenditure of work, the smaller tho range of tcmper. t 
the greater the eiliciency. Prom arlother point of view the 
refrigerator may be consider.ec1 as n machine for pumping heat 
from a lower to a higher temperature level, and the smaller this 
temperature difference (or " head ") t,hc more hcat can be pumped 
for a given outlay of energj. Anci this is the nlnirl reason why 
vapour machines are morct efficient than air nlachines, because in 
t'he vaponr nlachine the major exchanges of heat take place in the 
latent zone, i.e.. a t  constant temperature, and the temperature 
" head " of the cyclo is thereby greatly reduced. 

Unfortunately, in practice, the tcmperntnre difference in the 
cycle uilavoidably inc.r.c:tses as the surrounctings hcconlc hotter, 
thus causing the efficiency of the machine to fall away when 
refrigeration is most in tlemnnd. Moreover, this efTcct is in- 
tensified nhen C'O, is used as the -\\orking fluid hy reason of its 
low critical temperatwe. As the critical tmmperature of a 
fluid is appro'whed the latent heat of condens:ttion c3ir11inishes 
rapidly and becomes, at the critical temperature, zero.-that 
is to say, that above this temperature the vapour will not liquefy, 
hoxrever mucb it is compressed. In  the case of CO, this occurs 
at  a temperature, little, if a t  all, above the temper:zture of tropical 
sea-water. Consequently, as tho temperature of the circulating 
water rises, increasing diffi~wlty id  experienced in obtainillg 
colilplete liquefaction of the fluid and a, growiiig proportion 
makes the circuit of the cycle as vapour. Illis amounts, in a 
measure, to a reversiori to the eorlditioris of the cold air. refri- 
gerator, a11d naturally involves a drop in the co-cfiicimt of 
Performance. 

Superchargi~~g.-The fall of efticicncy under. the foregoing 
conditions can be counteracted to some extont by increasing 
the initial pressure of the vapour, either by the addition of gas 
to the machine, or by decreasing thc clearance volume of the 



compressor. The greater part of the extra heat so applied is 
extracted bp the circulating water, and the vapour brought down 
to the same tcinperature as before, but its pressurc being higher, 
its potential refrigerttting effect is increased. For example, 
it is fomld that with circulating water temperature a t  90°F., 
evaporator pressure 400 Ib~ . / in .~  and compression pressure (a) 
1,000 Ibs.,i11.~ and ( h )  1,500 l b s . / i ~ . ~ ,  the state of the fluid after 
expansion will be roughly (a) 10 per cent. liquid, (b) 05 per cent. 
liquid. The te~rrperature of the mixture in each casc bcing 
about 16°F. 

This is curious. Before espansiori the flilicl is a vapour; 
after expansion, part of it is liquid and the xvhole is a t  a much 
lower t,elnperaturc than before, yet no appreciable hcat has 
been clischarged to the surroundjngs, for the throttle expansion 
process is very nearly a constant heat operation, and the total 
heat of the fluid is, thercfore, the same as before. The explana- 
tion is that the fluid in the neighbourhood of the critical tem- 
perature ceases to behave either tw a true liquid or a true vapour. 
The dcnsitp of the liquid is so much reduced by the high tem- 
perature, and that of the vapo1z SO much inercased by the high 
pressure, that the two densities beco~ne equal, and the fluid 
exhibits properties inapplieablc to either condition. It would 
scem that as the pressure i s  decreased the specific heat of the 
f-luid changes-increases. The internal heat remaining the same 
the temperature of the fluid thcrefore falls. and continues to  
fall until i t  passcs through the critical temperature, whereafter 
liquefaction continues until cquilibriu~n is reached as regards 
the intcrnal heat of the substance and the srnsiblc and latent 
heats corresponding to the lower pressure. But whatever the 
precise interpretation of the internal changes which take place 
during this operation, the result is a mattrr of observation, and 
can be cleiirly see11 on entropy charts. 

Entropy Chnrts.-These charts, which hare been prepared 
for CO, and other refrigerant fluids, arc built up from cxperi- 
mental obscrvntious. They consist of families of intersecting 
curves of constallt pressure, dryness, volume,* total heat (or 
temperature) and entropy, refcrretl to ordinatcs of either tem- 
perature or total heat and entropy. Entropy is simply a functioli 
of lieat change and absolute temperature--a ~nathenlatical con- 
ception which facilitates calculation, particularly in the graphical 
form. The corlstruction and use of such charts are described 
in text hooks, and it iy orily to be added here that they are in- 
dispensable for rapid calculation and a grcat aid to n proper 
i~ntlerstauding of thc working cycle. 

Pm-cooling.-Another device for increasing the refrigerating 
efiect in tropical collditions which has recently received attention 

* The volume lines are ornitted in some charts. 



and is now being fitted to t,hc majority of rlcw naval refrigerators 
is known as pre-cooling. 

Evaporator 
Frc. 1. 

The essential feature of this appliniice (Fig. 1) is that the 
throttle expansion process is carricd out in two stages, two 
expansion valves being fitted in series. I n  the first stage the 
fluid (whether Liquid, or in the intermediate statc described 
under supercharging) is expanded into a vessel called a receiver, 
to a pressure and temperatlure intermediate bet'wccn hhat of the 
condenser and the evaporator. Here, partial vaporisation and 
condensation take place, and the vapour so formed is led back 
to the compressor and drawn into the cylinder towards the end 
of the suctiorl stroke, through a belt of ports in the compressor 
liner. The remaining liquid passes through tlic second valve 
and vaporises in the evaporator in the ordinary way. The fall 
in pressure and temperatrlre here is srnall cornpared with the 
drop between condenser and receiver, so that only :t small further 
amount of self-vaporisation takes place, arrd practically the 
whole of the liquid is available for cooling the brine. 

As a basis for comparison with an ordinary cycle, lot it bc 
assumed that an equal ueight of vapour is drawn from the 
evaporator in each case. Then the effect of pre-cooling can be 
geen by a comparison of Figs. 2 and 3. 

Fig. 2.-Without precooler. Worlr do110 by compressor is ANCD. 
At the regulating valve the vapour follows some such line m Elf', i . e . ,  

1t7~ 
it is partially vapourised anil only a fraction A-B remaim as liquid- 



ELECTROLUX REFRIGERATOR. 

DIAGRAMMATIC ARRANGEMENT.  



Refrigerating effect is therefore ~~roportional to FB X Latent Heat 
of the liquid. 

Fig. 3.-With precooler. Maclline is now s~ipcrchargeil but 1 lb. 
still pa-s~s  illrough the evitporator, the nilillt~onnl charge ~)msuig from 
~)recool(~r to  tho compressor rylinder a t  corrlpletion of srlction stroke. 
The passage through the first regulating valve is rcpresentod by .h'G 
and i11ta supercharge vsporlses along (?K. The 1 lb. cools to H and p t ~ s e s  
through second vizlvo along HIM. Refrigerutlng effoct i s  now proportional 
to JCfB and work to ABIILD. 

The output of the machine 1l;ls therefore l)cc~i increased, nhich 
i s  what is required. Thc work to  be done; by the compressor 
i.i nrrebsarily grt3atr-r. than 1)efnrc. bernn.;e the weight of rapour 
c~onlpr*essetl i.j greater 1, the n111ount entering from the receiver, 
but this fraction being less depreciated in  pressure partly corn- 
presses the charge clra\+ rx from the evaporator .irithout the arldition 
of external work. In the result, therefore, although additional 
power is required when pre-cooling, the CO-efficient of per- 
formance is better in nlost coriditiorls of working because the 

FIG. 2.-Wittiout precooler. FIG. 3.-With precoolor. 
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bulk of the vapour necessarily fornlcd in liquefying the fluid 
is not uselessly degraded in temperature and pressure beyond 
the point necesstsry to bring this about. Expedionts of this type 
can, of course, be obviated by using a working fluid with a critical 
temperature well above the hottcst circulating water likely to 
be met with, and i t  may be asked why this is not more generally 
done. Other properties, equally important, however, have to 
be considered. 

Choice o j  Refrigeranf.-Por mechanical reasons the saturated 
vapour pressure of the fluid corresponding to the highest sea 
water temperature must not be too high, nor that corresponding 
to  t,he lowest brine temperature so low ss  to make it possible for air 
to  leak into the machine. The spocitjc volume within these 
prossure limits must be reasonably low if the machine is to be 
compact, while thc importance of a high latent heat of vapori- 
sation and a low specific heat of the fluid should have become 
clear from the discussion of the cbanges involved in the working 
cycle. Safety from fire, explosion and poisoning, together with 
security of supply and moderate cost, have also t o  be considered. 
Barely half-a-dozen fluids have been found to  meet these require- 
ments, with reasonable completeness, and of these, only two, 
NH, and CO,, have receivcd more than a restricted application. 



The objectionable nature of ammonia vapour has hitherto 
precluded its use between decks in the Navy, but in other 
respectsit is probably the most satisfactory of all refrigerants. 
The critical temperature is some 180" F. above the highest sea 
water temperature. the plant only s l ight l~  more bulky than one 
using CO,. qhile the loner range of working pressures ancl other 
factors combine to gire an improvecl CO-efficient of Performance. 
It is very midely used commercially. both ashore and afloat. 
for the large machines employed in the pres~rvation of food in 
bulk, and it is also used in many of the small machines working 
on the absorption principle uhich have recently become bo 
popular for shop and household use. 

Abswption LWachine.s.-The working basis of these nlachines 
is the property of all liquids, some more than others, to take 
a certain amount of gas into chemical combination with them- 
selves. During this absorption, heat is given off and the new 
compound possesses less heat than the original component 
parts. To separate them again. a corresponding amount of 
heat must be supplied from an external source. The application 
of these effects to refrigeration is briefly as follows :- 

NH, (say) and water, which have a great liking for each 
other, are allowed to unite and the resultant heat to dissipate. 
The cycle of operations is started by applying heat to the com- 
pound, whereupon the NH, is driven off as a vapour under 
pressure. The vapour is freed from particles of water by one 
or more drying devices, and then goes to a condenser where i t  
is cooled and liquefied. From thence it passes through a regu- 
lating valve to an evaporator, where the pressure is reduced 
and the ammonia re-evaporated with heat drawn from the sub- 
stance to be cooled. It is then again brought into contact with 
and re-absorbed by the water from which i t  was driven off. The 
resulting compound is returned to the generator by a small pump. 
The small pump employed for this purpose is the only moving 
mechanism in the machine, and in a t  least one type, the " Elec- 
trolux," even this is dispensed with. 

It will be seen, therefore, that machines of this type are 
particularly suitable for household use since the only outside 
requirements are circulating water, which can be taken from 
a tap, and electric current to drive the motor and supply heat;  
in practice the two are commonly operated by a single lever. 

" Electrol.zcx " Refrigeratm.-This is a particularly interesting 
example, not only on account of the absence of all moving 
mechanism, but because even the regulating valve is omitted. 
The indispensable drop in pressure to promote the circulation 
of the working fluid (although the total pressure in all parts of 
the machine is necessarily the same) is obtained by an ingenious 
application of Dalton's Law. Dalton's Law, i t  will be recalled, 
states that the pressure exerted upon the interior walls of a 
vessel containing a mixture of gases and/or vapour (provided 



they have no chenlical action on each other) is the sum of the 
pressures which would be exerted if each of the gases occupied 
the vessel alone. 

The plant (see diagramFig. 4) consists essentially of a generator, 
condenser, evaporator and absorber. The generator is, once 
for all, partly filled with water containing a percentage of NH, 
in absorption. An inert gas, hydrogen, is then added until the 
pressure in the apparatus is such that condensation of the NH, 
will take place a t  normal circulating water temperatures. The 
apparatus is then hermetically sealed. On the application of 
heat, the NH, dissolved in the water is driven off as vapour, 
passes through a rectifier to separate the water vapour from 
the ammonia vapour, and is thenliquefied in a condenser. The 
liquid ammonia then flon s to the upper part of the evaporator and 
is met by hydrogen which is continuousIy transmitted from the 
absorber. The ammonia flows over a number of discs in the 
evaporator and vaporises under the influence of the heat drawn 
from the coId cupboard. The vapour so formed diffuses into the 
hydrogen, without combining with it, and the mixture, being 
heavier than thc pure hydrogen, begins to aink, and becoming 
progressively heavier as evaporation of the ammonia proceeds, 
continues to fall until i t  reaches the bottom of the evaporator. 
From thence the mixture flows away through a pipe to the 
absorber, where it is met by a shower of water, practically free 
of NH,, coming from the generator by gravity and trickling 
over discs in the absorber. This water absorbs the NH, in the 
mixture of ammonia and hydrogen. The remaining hydrogen, 
being lighter than the mixture, rises and again finds its way to 
the evaporator, while the compound of liquid ammonia and water 
is returned to the generator by means of a thermo-syphon. 
The source of external heat thus performs two functions : first 
lifting the ammonia liquid from a lower to a higher level, and then 
splitting it up into its component parts to continue the cycle 
independently. 

Summarising, i t  will be seen that there are three separate 
but intersecting circuits-water, hydrogen and ammonia; the 
ammonia, as it comes in contact with the othew, forming in 
turn a compound with the water and a mixture with the hydrogen. 
The circulation of the liquids is promoted by external heat and 
gravity, and that of the gases by gravity. The fall in the vaporis- 
ing temperature of the ammonia as it passes from the condenser 
to the evaporator, due to the drop from total pressure to partial 
pressure, should also be noted. 

Naval and Commercial Applications.-Refrigeration, which 
was first introduced into the Navy for the preservation of food 
and cordite, has recently been extended to maintaining habitable 
conditions in those spaces on board ship where collective pro- 
tection against gas attack is required, and for normalising the 
temperature of electrical storage batteries and living spaces in 
submarines. The production of ice for medical and other pur- 



I'oses in the tropics is also clainling greater attention than 
fornierly, and recently the need has arisen for the cooling of water 
and chemicals required for the dovelopnlent of aerial photo- 
graphs in aircraft carriers. But in the natare of things the naval 
applicationb can never attain to the til1110at ubiquitous nature 
of the commercial. 

Besidcs the production of ice ancl "the cooli~lg of buildings, 
it is not $0 generally realised that cornlnercinl refrigeration is 
involved in one or nlorc of tho esscrrtial processes in the manu- 
factme of euplosires, heer, chocolate, artificial silk and many 
other substances. Its paramount importance, howcx-er, is, of 
course, for the preservation of food-fruit, dairy prodnce, fish 
and meat. In this field, refrigeration has fostered the growth 
and specialisation of the population of Englznd until it \ \odd 
now be impossible, fiiarlcially and practically, to  breed or import 
alive sufficient animals to  replace our receipts of chilled and 
frozen meat from overseas. Cortditions, indeed, have become 
so artificial that it must be recognised that refrigeration is essential 
to the continued prosperity of the food puoducirig cou~ltries 
and the maintenance of our own. 
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