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Refrigeration and 

Air-conditioning 

4.1. REFRIGERATION: WHAT IS IT? 

Science of providing and maintaining tempera hires below that of su"oundings 

Refrigeration and air conditioning is the fascinating branch of science which deals with the chillin 
or freezing of a substance by removing some of its heat. This artificial w ithdraw] of heat produc~ 
within the substance or within a space a temperature below the general temperature of its 
surroundings. Refrigeration essen tially means continued abs trac tion of heat from a s ubstance 
(perishable foods, drinks and medicines etc.) at low tem perature level and then transfer this heat 10 
another system at high potential of temperature. To accomplish this, mechanical work must be 
performed to satisfy the second Jaw of thermodynamics. 

Air conditioning refers to the simultaneous control of temperature, humidity, cleanliness and 
air motion within a confined region or space. 

A brief review is given in this chapter about the basic principles of certain refrigeration systems 
and the properties of primary and secondary refrigerats used in them. Mention also has been made 
of the eco-friendly refrigerants which have become a necessity to prevent depletion of ozone layer. 

4.2. HEAT ENGINE, REFRIGERATOR AND HEAT PUMP 
A heat engine is a thermodynamic device used for continuous production of work from heal 
when operating in a cyclic p rocess. Both heat and work interactions take place across the boundary 
of this cyclically opera ting device. Essentially a heat eng ine takes hea t 
from the combustion of fuel and converts part of this energy into Source, T, 
mechanical work. 

A heat engine is characterised by the following features: 

reception of heat Q1 from a high temperature source a t T 
·a1 1 parti conversion of heat received to mechanical work W 

rejection of remaining heat Q2 to a low temperature sink a t 
temperature T2 
cyclic/continuous operation and 

- working subs tance flowing through the engine. 

The performance of any machine is expressed as the ratio of 'what 
we want ' to 'what we have to pay for' . In the context of · 
worlc is obtained at the expense of heat input A d~n elngmhe, . ccor mg y, t e 
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11 
h = net work output v II\ a heat engine). 

1 
total heat supplied 

Application of the principle of energy conservati . 

d 
oes a cycle gives : W = Ql - Q on (Fust law) to the heat -'-

~ ~ 2 ~-

Ql -Qz Q 
11th =~ = 1- -l. 

. . Ql QI •• ,(4.lj 
Obviously, th ermal efficiency of a heat engine . 

. Jways less than unity. To increase the thermal ef~rceri_eatin~ ~tween two thermal reservoirs 
15 a (h 1. d) ncy, 1t is necessary I eel 

·ected) with Ql ea t supp ie remaining constant Tuer I ff . or uce Q2 (beat 

jf
reJQ ➔ aJ and Q2 = 0 which, however, can not be r~alizedm~ e 1c1~ncy could be equal to unity 

1 in practice. 
Refrigerators and heat pumps are reversed heat engm· es Th d" ti" . . f h . e a Jee vereversedmeans-.. 

b Ckwards. The duechon o eat and work interactions a . -r---"6 a . . re opposite to that of a heat · 
·e work mput and heat o u tpu t. These machines (refrigerators d h engme, 
1• -, an eat pumps) are used to 
remove heat £:om a body at low temperature level and then transfer this heat lo another bod 
at high potential of temperature. When the main purpose of the maclti • t hea Y • • II d ,;,,.; ne IS o remove t from 
the coo le~ space, 1t 1s ca e a re1 , ,gerator. A refrigerator operates between the temperature of 
surroundings and a te1?'pera ture below that of the surroundings. Refrigerators are essentially 
used to preserve food items and d rugs at low temperature. 

The tenn heat p11111p is applied to a machine whose objective is to heat a medium which 
already be w~nner than its surroundings. A heat pump thus operates between the temperaturemz 
the surroundmgs and a temperature above that of the surroundings. Heat pumps are generally 
used to keep the rooms warm in winter. 

The transfer of heat against a reverse temperature gradient in a refrigerator and heat pump is 
accomplished by supplying energy to the machine. A schematic representation of heat pump and a 
refrigerator has been shown in Fig. 4.2. 

Space being 
L----'-'he~a~ted=. _ __JT>T..,,, 
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a, 
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Surroundings T = T,.. 
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Space being 
cooled 

Refngerator 

Fig. 4.2. Functional difference between a heat pump and a refrigerator 

0 
In the context of refrigerators and heat pumps, the performance is exp~ in lfflDIJ 

if perfom,n11ce (COP) which represents the ratio of desired effect to work input 

desired effect 
COP= 

work input 
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. th amount of heat Q2 extracted from the sp 
• the desired effect is e ace bein 

In a refrigmtor, g 
• the at low telllperature. 

cooled, 1.e., space t d at low temperature _ Q2 
heat extrac e - W 

(COP),,('= work input 

From the principle of energy conservation : 
W= Q1-Q2 

(COP) = -9l­
rcf Qi -Q2 

. . chines the values of COP lie between 3 and 4, and the cop 
For most of the refrigerating ma ' are 

atest when temperature differences are least. . 
gre th d sired effect is the amount of heat Q1 supplied to the space being heat d 

In a J,eat pump, e e e . 
heat rejected at high temperature = _9L_ 

(COP),1011 pump = work input Q1 -Q2 

= 1 + _fg_ = 1 + (COP),,/ 
Ql -Q2 

Thus the COP of a machine operating as a heat pump is higher than the COP of the same machine 
when operating as a refrigerator by unity. 
Note: In the context of a refrigerator system : 

1. The amount of heat extracted from the body at low temperature i.e., the space being cooled is 

called refrigerating effect. 
2. The COP of a refrigerator based on the theoretical values of refrigeratirlg effect and work 

input is termed as theoreticnl COP. The theoretical refrigeratirlg effect and work input are 
calculated by applying the laws of thermodynamics to the refrigeration cycle. 

3. The COP of a refrigerator based on actual values of refrigerating effect and work input is 
termed as nctual COP. The actual refrigerating effect and work input are obtained during test 
run on a refrigerating plant. 

4. The ratio of actual COP to theoretical COP is known as relntive COP. 
actual COP 

Relative COP= h . l COP t eroretica 
5. Refrigeration efficiency is defined as the ratio of COP of a cycle to the COP of a Camotcycle 

operating in the same temperature range. 
6. A single machine can fulfil both the functions of cooling and heating simultaneously. For 

example, cool a food storage space as a refrigerator and heat a water system as a heat pump. 

4.3. RATING OR CAPACITY OF A REFRIGERATING UNIT 
Th~ refrigerating machines are usually rated in terms of their cooling capacity· the standard unit 
being ton of refrigeration. ' 

One t~n of refrigeration is defined as the refrigerating effect that freezes one ton (2000 paund 
mass) of hquid water during a period of 24 hours. The water is to be liquid at 0°C before and ice at 
O"C after the process. 

2000 
2000 pound mass = -- = 907 kg 

2.205 
Enthalpy of fusion of water at o•c = 333_43 kJ/kg 

fri 
. 907x333~ 

1 ton of re geration = ·- 21 . 24x60 • OkJ/Jllin• 
· · f refrigeration is thus not a unit of mass bu 
A to~ 

0 
capacity decides the mass flow rate of a . ta 

.lrigeratJJ'lg diti"ons given w 
JV'- jfied con · 
urder spec refri . 

fl
ow rate of refrigerant= fri geration capaaty 

r-..1ass re gerating effect per unit maa 
·te often, power needed to produce a refrigeration effect . 

QUl measure to calculate the cost of operation or ~Uivaleritat:1, 
iS used as a motor S1Ze of the tefd 

kW per ton of refrigeration., ~ 
COP 

urther, the ratio of heatrem_o~al rating (kJ/hr) of a refri . 
F chine is called energy efficiency ratio (EER). gerationsystemtoenergy 

we!ll3 

EXAMPLE 4.1 . . . . 
(I) Th~ capacity of a refrigeration system 1s specified to be 12 tons 

te of the machine ? • What is then die 
ca (ii) 2SO litres of dri_nki~~ w~ter is re~uired per hour at to•c. Would the 
refrigerating system.be 1ustif1_ed if the avilllable water is at 30°C 7 UN 

(iii) A refri~Cera
0
hntg m~chmefrit~es 1:25 kW and produces 25 krJbr of ice at O"C &oat; 

available at 30 . e ermine re gerating effect, tonnage and coefficient of ped 
machine. Take 

Specific heat of water = 4.18 kJ/kg K 

Enthalpy of solidification of water from and at 0°C = 335 kJ/kg 
Solution : (0 1 ton of refrigeration= 3.5 kJ/ s 

:. Cooling rate of machine= 12 x 3.5 = 42 kJ/s 

(iQ Refrigeration effect required for cooling the water 

= mcp t.T = 250 x 4.18 x (30-10) = 20900 kJ/hr 

1 ton of refrigeration= 3.5 kJ/ s = 12600 kJ/hr 

. 20900 
Tonnage requrred = 

12600 
= 1.658 

~ such, the use of 1.5 ton machine will not serve the purpose. 
(tu) Refrigeration effect 

"'removal of heat from water at30°C to convert into~ 

= m[cpwt.T + L] = 25[4.18(30-0) + 335) = 11510k]/hr 
1 ton of refrigeration= 3.5 kJ/ s = 12600 kJ/hr 

Tonnage required = 11510 = 0 913 
12600 . 

COP= refrigerating effect 
work input 

11510/3600 
1.25 = 2.558 
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...: IGERATION . . 
ODS OF REFR I' , ,ffo,:t bl' abstract1on/w1thdrawl of heat 

4.4. METH h . ue of prodm:ing c-0°/"~ ~ in a s~bstance or within a space The /l_tliat 
Re&..lnoration is the It.'<: mq_ ndings is pro< ucc< es1red 

.. -i-~ bel ,w that ot ~urrou 
:i::e~:t .:a~ be pn.'lliuc"t.'<.i by : 

. f the surroundings equivalent to its latent h 1 Evaporation bs rb· heat rom - din F eat
0
r 

• . 'd e,·a r,1tes, it•' ·o ~ temperature of surroun gs. or example w 
\\~e~ ~1 h~~ that ~ult:; in lo":ering t~:o of spirit placed on the ~alm of hand. Like:v~ feeJ 

,·ai.:":...:Jb< n; when there is e,·,1por,1h_on of a huJan body helps to keep ,t cool. There is a COIJI, ~ 
cvolins ~fee f oisture from the skm of a by• keeping it in the porous earthen pots. The .. :~11 ,·arorabon o m . ki g purposes 

1 
••ater 

e . t cool the water for dnn · n duces cooling effect. The army peop e keep srna11 Wafer 
practice .. ~. throu••h the pore5 and that pthro •ater soaked namada; the walls of the metallic conta,-. 
e,.irora,= "' 1 d overed "'' '' · · 1·t tur th · ~.,r . madeofmeta an c . 'deit lntherefngeration 1 era e, ere1srnentiono1 
contamlersed and that cools the water kept ms1 te p. artial vacuum over a container of ethyl ether n 
get coo , as used to ere a . Th lin ff · "le 

periment where a pump" fr the surrounding arr. e coo g e ect so created even an ex iled b . absorbing heat om 
liquid 

th
en bo all } unt of ice. t Gas to atmosphere roduced a sm amo . • · 

p . . 1 of e\'aporative refngerahon is 
The prmop e ( om) coolers. The dry 

emplO\·ed in desert ro thr gh water 
. heric air is made to pass ou . 

atmosp ckin When this water evaporates, it 
soaked pa gs. · ·t to cool Cylinder 
takes heat from the air causmg 1 · . 'd 

1-Vith reference of Fig. -U, a volatile h~md 
(Ii .d "trogen liquid carbon dixoide) contame 
in ~~a: evapo:.ates and gets converted into g:. 
For evaporation, it absorbs heat from the cham . r 

d cooling effect is produced. The chamber is 
:ulated to restrict the infiltration of hea~ from 
outside. The liquid N2 and CO2 ~e no~-to,a~ and 
as such the liquid gas refngerat1on fi_nds 
application for keeping the perishable food articles 
cool when being transported. 

Flask 

Heat 

Refrigera:ec, 
space 

Insulated 
chamber 

Fig. 4.3. Liquid gas refrigeration 

2. Dissolution of salts in water f Jer 
When certain salts are dissolved in water, they absorb heat and lower the _tem

1
p eraturetho :::ler 

· · th f r b t Sodium chlonde owers e and create a sort of refngeration ba or coo mg su s ance. db poration 
temperature upto- 20°C while calcium chloride upto - 50°C. The salt can be recovere Y eva 
of water from the solution. feasible 

The method of producing cooling effect by dissolution of salt in water could not become 
for commercial pursoses because, 

(1) the refrigeration effect produced is quite smaJJ 

(it) the process of regaining salt is cumbersome. Ii driJ1k 
There has been a practice in France to produce cold drinks and liqueurs (a strong alcoho c 

with a sweet taste) by spinning long necked bottles in water with dissolved saltpeter. 

3. Ice refrigeration (change of phase) d the 
Th . . tunes an e use of ice to refrigerate and thus preserve food goes back to the prehistoric . aves or 

ancient cultures of Chinese, Greeks, Romans and Persians. Ice and snow were stored rn c 

. d with straw or other insulating ma....,_, .,,_,_ 
ts I u,e h h ....... ,. uus 

dugo_u - worked well down t roug the centuries, with ice 
Practice rnnining in use. Greater work was done re ' . . on 
110uses . better insulation products for long distanc 
de,;e1°P

1
:~ ice and the ice harvesting became a big busmes: 

5(liprnent tural ice or artificially produced ice is brought into 
fhe n~th the substance to be cooled. The ice melts and the 

contact W'. ed for melting of ice is supplied by the substance 
11eat reqwlrd The cooling effect produced by ice is . gcooe. 
t,eill Q=mxl, 

if 
111 and /J .,are the rate of fusion of ice and enthalpy where s,. 1 h . 

. respectively. At norma atmosp enc pressure of 
o~iJ;°~ar (1 atm), Tz51equals 33~ kJ/kg. . 
1
· h •ce refrigerator consists of a cabinet which is Fig. 4A. Ice~ re1 Th. "k .. 

letely insulated. e ice 1s. ept ma co~tamer at the top, and a numberofshelvesare 
~:~ space below the ice con tamer for stonng the food stuff. When air comes in contact with 10 

s cool dense and flows down over the shelves. It absorbs heat from thefood•......u...,wi,1. 1,eeome , . xuu~ ...... \ 
1 d On absorption of heat, the arr becomes warm. The wann air expands and retumsbacl( 

coo e ·...,;"er from bottom, sides and back of the cabinet. When this warm air flows-th! ice con,=• . 
1 

d . . r-
. s its heat to the ice and gets coo e . On cooling, the arr becomes dense and once again: r:~ over the food shelves. Temperatures in the range of 5 to 10° can be obtained 

refrigeration. In case, temperatures below this range are required, salt is mixed with ice 
results in reducing the temperature level to 0°C. 

Ice refrigeration prevents dehydration and preserves the fresh appearance of eatable 
like fruit and vegetables. However, ice has to be fed to the refrigerator of and on and that is 
convenient nor economical. Further, water coming out of the refrigerator poses a 
disposal. 

Though the ice-harvesting industry had grown immensely by the tumof20thcentmy, 
and sewage had begun to creep into natural ice and eventually breweries began to 
tainted ice. This raised demand for more modem and consumer ready refrigeration and· 
machines. 

4. Dry ice refrigeration (sublimation) 

Solid carbon dioxide (called dry ice) has a peculiar characteristics that it~ 
state to vapour state without passing through liquid state. During change of phasf; 
equivalent to its latent heat of vaporisation and produces cooling effect. This pioc:ei!i 
the solid is maintained below triple point. Then, 

Q = 111 /zSP 
Where hSI) is the enthalpy of evaporation. 

te At one atmospheric pressures, solid CO
2 

produces 573 kJ/~g of 
lllperature of - 78.5°C. Dry ice is used to preserve food stuff dunng 

~sually packed on either side or on top of food packages in cartons. 
a rbs heat from the food stuff and preserves it in frozen state. 

lllet~e refrigeration methods (1) to (4) as mention_ed above a~e ~ 
co ds are non-cyclic and the temperatures attainable are limited, .I! 

nsUrn ti · tates P on of the refrigerating substance and that necessi 
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. f f cooling where small refrigeration is required su h . 
methods are sometimes convenient orms o c as in 

the laboratory and workshop. 

5. Chemical metho~s th Jetion of chemical reaction is taken from the substance be· 
Here the heat required for e comp ing 

cooled. f d . g cooling effect cannot be followed on a commercial seal 
The chemical method or pro ucm e. 

a. Air or gas refrigeration . . . . f 
1 

.
15 

pressure and temperature. This cooling effect results without cha 
Expansion o gas owers 1 nge 

in the phase of gas. . . . . 
Consider air initially compressed isentrop1cally_from atmospheric conditions <P1 = 1 ahn and 

y
1 

= 15oq to 5 atrn. The temperature after compression then would be 
y-1 IA-I 

( Pz ,-r -288(5)!T = 456 3 K 
Tz= Tt~;-) - 1 . 

The compressed air may be next cooled to initial (presume) temperature of 15°C m a heat 
exchanger without any Joss of pressure. Then at state point 3, '.3 = 288 ~ and PJ = 5 atm. Subsequently 
the cooled high pressure can be expanded in a suitable device to ongmal pressure of 1 atm (state 

point 4). Then temperature after expansion will be 
r- 1 H-1 

T4 = T3 ( :: )-r- = 288(½) 1-1 = 181.8 K = - 91 2°c 

The different air refrigeration systems use this thermodynamic principle for producing low 

temperatures. 

7. Throttling process 
Throttling is the expansion of fluid from high pressure to low pressure. This process occurs 

when fluid passes through an obstruction (partially opened valve or a small orifice) placed in 

the fluid flow passage. 
Fig. 4.5. shows the schematics of porous plug 

experiment perfom,ed by Joule and Thomson in 1852. 
A stream of incompressible fluid (gas) is made to 
pass steadily through a porous plug placed in an 
insulated and horizontal pipe. The upstream Flow in 
conditions of pressure P; and temperature Ti are held -
constant and the corresponding values at exit are P,,T, 

p,.T, 

measured. The friction of the narrow passage cau5es 
the pres.sure to drop and accordingly the exit pressure / Insulation Pocus plug 

Fig. 4.5. Schematic of porous plug apparatus p, is less than the intake pressure p,. 
A throttling process is characterised by the 

following features : 
- no shaft work is involved 
- no heat interaction as the pipe 1s thermally insulated 
- no c~a_nge in potent~al energy (z1 = z2) as the pipe is placed horizontally 

- neghg1ble changes m kinetic energy. 

. these stipulations the steady flow ener 
WI th 

2 
gy eqllatiori;i 

V, V. 2 
h + _L. + gzl + q = lr2 + _2_ + gz.. + 

I 2 2 -4 ro, 

fof1115 to . 
ttatt5 h 

1
• e enthalpy of flmd rernairls constant d It "' 2 • ., • • urin .J,us the throttlmg expans10~ process is an isenth,d ·c g 

as an ideal gas for which Ii = c T we get pr 1"0Ctff,lfllie 
i,ehaves _ P ' 

cpT1 - cpT2 ; Ti = T2 

;n for a perfect gas, internal energy is a fu ti _p.gau• . . h _ nc on of tem 
ature 1rnphes t at 111 -112. Apparently a throttlin peratme 

teJJlper t temperature and constant internal energy g process takes place 
,onstan . . . ,,...,ottling is an 1rrevers1ble process and involves d d . 

i "' egra ation of energy 
in turbulence. 

1 
Thomson Coefficient, Inversion Point and Inv• • C Jou e· . ..rs1on arve 

for real gases, enthalpy 1s a function of both 

te[llperature and pres.sure. As s~ch ev~n though enthalpy 
remainS constant dunng throtthng, the temperature need 
not remain the same. Experimental test-runs can be 
conducted by keeping upstream conditions constant but 
with different down stream pressures. This is achieved 
by having porous plugs of different sizes. The exit 
temperature of the fluid at different exit pressures is 
measured. Since the upstream pressure and temperature 
conditions are kept constant, the enthalpy of the fluid for 
all measured conditions of exit pressure and temperature 
would be constant. The results are plotted as a constant 
enthalpy (isenthalpy) curve on T-p diagram. Several 
entha_lpy cur~es can be obtained by repeating the 
expenments with several inlet conditions. 

The slope of an isenthalpic curve is called the 

Joule-Thomson coefficient, µfT That is 

µJT = (oT) 
op h s constant 

· This coefficient may be +ve, -ve or zero. The point on the 
JSenthalp1c cu h . . . . Thus the in rv~ w er~ µJT = 0 1s called the 111vers1on point. 
temperat version point denotes the maximum value of 
is called 

1
~re. on T-: P plot. The locus of all inversion points 

is pos·n e mvers1011 curve. The Joule - Thomson coefficient 
invers~o~e 0~ the left side of inversion curve, is zero at the 
curve. pomt, and is negative on the right side of inversion 

Throttling · 1 dp is -ve. Tha is a ways accompanied by pressure drop, i.t., 
Accordin 

I 
t leads to drop irJ temperature when µfl' is +ve. 

that its st!t! ;:"hen a real gas is throttled at the condition such 
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1 d Th th g
·on of µ > o represents the region of cooling. Likewise ~wh 

cooe. us ere• /T thr lin f ' enµ. 
the temperature change is +ve and therefore, the ott g o real gas would produ rr IS ·ve, ce hea"-
effect. . . '"'g 

A knowledge of the inversion temperature~ and m~ers1on _curves of real gases is of cons· 
importance in the design of refrigeration and liquefaction equipment. The use of positi IderabJe 
Joule-Thomson coefficient is made in the Jiquefication of gases such as air, nitrogen av~ Values of 

Refer Fig. 2.9 which shows a simplified arrangen:en~ of refrigeration by throtting 0J: 0

lCYgen_ 
throtting process occurs when the gas at high pressure with its temperature below its critical gas. 'fhe 
is made to pass through a valve with restricted opening. Upon throttling, the tempe temperature 

d 
rature of 

reduces and cooling effect is produce • gas 

8. Mechanical refrigeration 
The natural and chemical methods have been successfully replaced by mechanical O h 

h h 
. b d fr r eaten 

refrigeration techniques. In these methods, t e eat 1s a stracte om the substance ors ergy 
is to be cooled) is pumped to a system (which is at high temperature level) by taking en/acefr(Which 

fri 
· chin Th fr' · rgy 0 rnan external source as input to re geratmg ma e. e re 1geration system consists of 

processes with the same quantity of working fluid (refrigerant) in continuous circulatio a cycle of n. 
The first commercial hand operated refrigeration system was developed in UK by Perkin 

system consisted of a hand operated compressor, a water cooled condenser, a throttle valv 
5

•J11e 
evaporator. The working substance (ether) was compressed in the hand operated compre:: an 
then condensed in the water cooled condensing unit. Thereafter, the liquid ether was throttl~and 
low pressure and taken to the evaporator where heat was absorbed and cooling effect was prod ! 
The refrigerant ether was used again and again irI the cyclic process with negligible was: · 
Subsequent developments took place in United States where steam engine was used asap!· 
mover to drive the compressor. The scope got further widened with the development of eleclri: 
motors and consequent high speeds of the compressor. Ether too was replaced by new working 
substances. 

Mechanical refrigeration systems are broadly classified into 

• air or gas refrigeration 
• vapour compression system 
• vapour absorption system, and 
• steam jet refrigeration. 

Energy needed for the mechanical systems is essentially in the form of mechanical, electrical or 
thei:maJ. '?ue to world energy crisis, concerted efforts are being made by various agencies to develop 
re£J:1gerati~n systems which utilize waste heat, solar energy, wirld energy and bio-energy etc for 
the1_r fun~tiomng. A lot of research is being done to devise ways and means which make the 
refngeration systems more energy efficient. 

9. Non-conventional refrigeration systems 
• Tl1en110-electric cooling uses the Peltier effect to create a heat flux between the junction of 

two different types of materials. 

Hot end 
Qh 

Current I --

+ 

Cold end 
QC 

When a direct c_urrent is made to ))ass 
heating or cooling effect is produced~ 
·IJJ1ction gets heated and the other gets 
~esired to be cooled and the wanned . COO~ • 
cold junctions get reversed when a c~unction ~ 
the same setup can be used for heatings:n~.:the 
With respect to Fig. 4.8, the energy bal gofan ance of the . 

Q,, - Q, = El system IS, 

where E is the emf applied, 1 is the curr t 
the hot and cold junctions respectively~ 'Qh and Qcare the 
This effect is commonly used in camping d 
components and small instruments. an portable coolen,aQCf;~ 

• Mag11etic refrigeratio11 (adiabatic demagn ti" . . 
ff 

. . . e sation) IS a cooling 
caloric e ect, an intrinsic property of magneti 1.ds leclllllOlon1fii 

fr
. t f . "t C so I A strong the re ,geran , orcmg 1 s various magnetic di !es i . ma 

freedom of the refrigerant into a state of lowe r O 
align and pu 

released by the refrigerant due to its loss of :;tr;ntr~.Aheatsinklhen 
then broken so that the system is insulated and the .!J· ~ ~~ Wit1t 
the heat capacity of the refrigerant, thus decreas· ~t field 15swtlched 
of heat sirlk mg 1 5 temperature below Ille 

The refrigerant is often a paramagnetic salt such as cerium ma . . 
magnetic dipol~s are _those_of electron shells of the parama=':.,~ 

• T11en110 aco11st1c refrigeration which uses sound waves in a -...m,.:....1 
exchange. r-~ ....... SU 

• Vort':--c tube that operates with compressed air and is used for spot cooling, 
gas 1s allowed to expand through a nozzle fitted tangentially to a • 
simultaneous discharge of cool air at the core and hot air at the periphery. 

The mechanical refrigeration and the non-conventional refrigeration systems 
with in details at appropriate places. 

4.5. APPLICATIONS OF REFRIGERATION 
Re~?eration has played an important role in the growth and attainment of the 
of hvmg. Its various applications can be essentially grouped into the following 

. 1. Domestic refrigeration deals with providing a low temperature place for 
drinks and med icirles. The use of refrigerators in our kitchens for the storage of 
has allowed us to add fresh salads to our diets year round, and to store 
periods. 

2- Commercial refrigeration is related to refrigeration fixtures of the 
an~ hotels, retail s_tores and institutions for storing, displaying, 
perishable commodities of different types. 

3· Industrial refrigeration is concerned with systems which are 
capacity that those for commercial applications. Typical industrial 

• Ice and large food plants 
• Chilling and storage of food stuffs including beverage,, 

products, vegetables, fruits and fruit juices etc 
• Processing of food products and farrn crops . 
• Processirlg of textiles, printing work and photographic 
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. . d thetic rubber manufacturing. In oil refineries, chemical 
• Oil refinenhes ~ alsynplants refrigeration is used to maintain processes at theu-·rnanufacl'uri" 

and petroc enuc , reqUired 
1 

"8 ' 
temperatures. . . ow 

Rem eration is also used to liquefy gases like oxygen, rutrogen, propane and methane F I 
. g d . :c tion it is used to condense water vapour from compressed . · lt.tther m compresse au pur.uica ' all' to red ' 
its moisture air content. . . lice 

rt f • eration applies to refrigerated railway cars and trucks for local d 
1
= 

I 
4

d· _Transplro re ~f of temperature sensitive food stuffs and other materials e1Jveryatld ong 1stance anspo . . . 
5 Air d ·tt· •ng refers to the simultaneous control of temperature, I1umidi'ty 

1 . -con 1 oru .d mf , c eah1:_ 
d . ti' The conditioning of a space done to prov1 e co ortable and I1ealthy conct· :ll!lless 

an arr mo on. . . . R .d ff' th ttions f 
h t • alled comfort air cond1tiorung. es1 ences, o ices, eatres and hosp·tal or t e occu pan s JS c . 1 s are th 

spaces air-conditioned for this purposes. . e 
There are 5001e manufacturing processes which need to be done under controlled enviro 

d · · · tru d lllnentai diti. ns Even some of the sophisticated an prec1S1on ms ments nee controlled cond'ti 
con o . . . . d f thi . I ons for I 
their effective working and upkeep. ~e conditi~rung on: or s PW:pose JS called industrial air- I 
conditioning and this is concerned with production of envrronment suitable for : 

• computer centres 
• pharmaceutical units 

• printing works and pl1otographic products 
• precision devices and production shop l~boratories etc. 

The applications cited above clearly indicate that refrigeration and air-conditioning which \vas 
considered luxury in the society a few decades ago has become the necessity of t.l-ie present society 
and a tool for higher productivity. 

4.6. DOMESTIC REFRIGERATOR 

A domestic refrigerator serves to preserve food products (fruits and vegetables, n1eat and fish, 
milk and ice cream, cold drinks, etc). The unit absorbs l1eat from these products and dissipates 
that heat to the surroundings by taking power of a compressor. 

The domestic refrigerator works on vapour compression refrigeration cycle, and consists of 
the following parts : 

compressor, condenser, capillary tube ru1d evaporator 
These components are schematically arranged as sl1own in Fig. 4.9 and mounted on the 

refrigerator which has enamel painted metallic body with interior plastic lining of polystyreme. 
The system works on closed cyclic operation and transfers heat through a medium called 

refrigerant which is usually Freon-12. The refrigerant changes its pl1ase when it passes through 
condenser and evaporator. 

The sequence of operation of the refrigeration cycle is : 

1. Reversible adiabatic cornpressio,1 (1-2): The refrigerant vapour at low pressure and temperature 
and preferably in the dry state is drawn from the evaporator during suction stroke of the 
compressor. The compressor constricts the vapour raising its pressure and temperature. 

Th · · f · · that the e compression 1_s o reciprocating type and is l'leniletically sealed whicl1 1neans 
compressor and. electric motor are a single unit enclosed in a container. 

2. Consla?/ pressure conde11satio11 (2-3): The vapour refrigerant at high pressure and tempera~; 
(state 2) cotrung from the compressor is pushed into the condenser coils which are painted bla_

1 and are located on the back of the refrigerator. The hot refrigerant passes through these cot 5 

meets the cooler air of the kitchen and becon1e a liquid. 

i 

' I 
j 

I 

3 T}trottling (3-4): ~e hi~h pressure refrigerant. 
·The capillary tube 1s a simple copper tube lI\ the ~d'sta 

tt1b~- and that causes pressure drop leadin of low di=uneter,andJ 
friction ' . . d g to conversion of high 

Sure l1qu1 
• pD~lnN~il pteS 

Insulated cold -. 
chamber 

Low pressure side , 

Compressor 

--
-----

- -

Evaporator 

Low pressure vapour 

High pressure 
~~~~~:=;;;:;::~ vapour 

High Pressure Side 
1 2 • • • • • • • • • • 

•••••• • •••••• 
Condenser ·, 

• 
• • 

• 

• • • 

4 

Capillary 

High pressure liquid 

Receiver 

High pressure liquid 
vapour mixture 

Fig. 4.9. Vapour compression cycle for a domestic refrigerator 

4. Consta,zt press11re evaporation (4-1): The wet vapour after throttling passes througheva 
coils placed inside the refrigerator. The refrigerant absorbs heat from th~ food staff w ~ 
cooled. The refrigerant itself vaporises to gaseous state at constant pressure and flows 
compressor. 

The cycle is completed and the process starts all over again. 

The condenser and evaporator are the simple heat exchangers where the refrigerant 
the phase by rejecting heat (to the condenser) and accepting heat (from the evaporator). 
has a thern1ostate \vhich controls the cooling process by monitoring the temperature 
s\vitching the compressor on or off. When the sensor senses that it is cold enoup, • 
refrigerator, it tu1n off the compressor. If two much heat is sensed, it switch the c 
the cooling process begins again. 

The domestic refrigerators are available in wide rro:ige ~f s~s and desi~ 
by cooling capacity (refrigerating effect in tons), coolmg m litres, overall 
\Vidth and depth), refrigera11t used, and voltage range and pow~ source (A~ 
The refrigerant Freon-12 is now being replaced by .HFC-134a which does not 
layer. 

4,7. PSVCHROMETRY 
Psychrornetry is the science of studying the thermodynamic pro~ ol: .. .ii'J# 

of these properties to analyse the conditions and processes ma:!:l 
For many purposes, the composition of real air can be 

components: 

• 
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h ----- for p V = n R T D . . mixture of number of gases sue as oxygen nitro ---- a n mot Standard dry air : ry air is a h . . ' gen ca b V R T 
t O gen and nitrogen are t e mam constituents with th f' r on Pb = "b mot dioxide, hydrogen, argon e c. xy e ollowin V R 

composition , g Pc = 11c mo/T etc. 
21 % oxygen and 79% of nitrogen •···· by volume adding for the components 

b u~n 
23% oxygen and 77% nitrogen ..... y mass iPa + Pb + Pc+ ... ) v_= (n. + " b + " c + ... ) RmoiT 

The molecular mass of dry air is taken as 20.966 and gas constant equal to 287 J/kgl( _ nR
11101

y 
hr . dry air is assumed to be a pure substance and not a mixture · For 

7 4 
d 

7 psyc ometr1c purpose, . expressions . an .5, 
Water vapour : Air has affinity for water .and conseque~tly the atmospheric air alwa from p = Pa + Pb +Pc + ... 

contains some water; water vapour content varies from O to 3 % by mass. Ys p = LP,· 
The moist air is essentially a mixture of dry air and water vapour. The amount of 

Vapour Present depends on the absolute pressure. and temperature of the mixture. Water 11 R 
1101 

T ••• (4JJ 
' ' represents the h For the moist air, which is a mixture of dry au and water vapour where P; V pressure t e component i would exert if it aloiif 

Pt = Pa + Pv ·ed the volume V at temperature T. This is called the partial 
where p1 = total pressure of moist air. occ0P1 •xture Thus Pressure of the ith compo.,ent 

f d f the gas m1 • Pn = partial pressure o ry air O • de•" d ti 
Partial pressure is -J we as ze pressure wlzicli tllcli ind" -4 1 p = partial pressure of water vapour d t ;

1 
' t 

1 
. d 

I 
it11 1111 component of• ,,. .. 

v f dr . d t . ,.,·;ctttre wo11l exer 11 1 a one occ11p1e t 1e t1ol11111e 0 1 tlze ,nix'-·•• nt th• snm• -:::: The saturated air-mixture is the rni~ture o . y air an wa er vapo~r m which the partial ,. l ,N,. M • M ••• ...,.... ........ 

f th · It t turation pressure correspond t th further, the equa tio_ n 4.4 stipulates that total pressure of a nu·xture of i'deal gases 
11 
• ..,,.~

1 
pressure o e water vapour 1s equa o I s sa mg o e temperature .,_ 
of the mixture. to the sum of the partial pressures of the individual gas components of the mixture. 

The 1msahirated air mixhire is the mixture of dry air and water vapour in which the partial This is known as Dalton's law of partial pressures. 
pressure of the water vapour is less than its saturation pressure corresponding to the temperature The following relations are implicit in the Dalton's law: 
of the mixture. t = ta = tb = tc 

The super sahtrated air mixhtre is mixture of dry air and water vapour in which the partial V = Va = vb·= vc 
pressure of the water vapour is greater than its satura tion pressure corresponding to the 
temperature of the mixture. and 111 = 111a + 111b + 111c '"(CS) 

where t , V and III respectively represent the temperature, volume and mass. In terms of 4.8. PARTIAL PRESSURE AND DALTON'S LAW 

Consider a homogeneous non-reacting mixture of ideal gases a, b, c ... etc at temperature T, 
pressure p and occupying a volume V. (Fig. 4.10) 

Further, let it be presumed that each constituent of the mixture exISts separately at temperature 
T and volume V, and pressures Pa, Pb , Pc .. . exerted by individual gases are measured separately 
Each of these pressures would be less than the total pressure p of the mixture. 

T T T 

Gas a 

VolumeV 

, Pt, 

Gasb 

Volume V 

Fig. 4.10. 

Gase 

Volume V 

~hen 
th

e equation of state for an ideal gas is applied to the gas m ixture as well as the const1 tuent gases, we have 
For the mixture : 

pV = mRT 

= 11MRT = nR T ... (4.2) 
where R is th · 11101 

mass mol e uruversal gas constant (R..,., = 8314 J/kg mole K) and Mis the molecular 

specific volume v, 

Ill V = Illa Va = m b v b = lllc v c 

Combining expressions 7 7 and 7.8, we may write 

Ill = ...!!!E_+~+~ 
IIIV Illa Va lllb vb lllcVc 

or 1 = l....+ l....+.l 
V Va vb Vc 

The reciprocal of specific volume is density and so we can write 

. P = Pa + Pb + Pc . . 
which means that density of the mixture is equal to the sum of the densities of 1M 

4.s. SPECIFIC HUMIDIT'( RELATIVE HUMIDITY AND DEGREE OF 
Humidity refers to the da mpness, i.e., the water content of air. Absolute hll~ 
amount of water vapour actually present in the air, expressed as ~am ~ ill 
v The specific humidity or limnidihJ ratio or moisture content JS ~ ratiO 
apaur to the mass of dry air in a given volume of the mixture. Consider 1 (1 

of 
111

• kg of dry air and III kg of water vapour contained in a ves5el ofvoJume 
P, and temperature T. Then • 

Specific humidity, ro = 1110 

Illa 
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Since both masses occupy volume V, 

1110/V _ Pv _ ~ 
OJ = 111

0
/V - Pa - Vv 

. . d · the specific volume where p 1s the density an v 1s 
d dry . are considered as perfect gases, then from the characte..: . If both the vapour an arr «Stic 

gas equation, 

m. = 

111v 
That gives : OJ = -

111. 

p.V 
R0T 

PvV 
and mv = RT 

V 

PvV R0 T Ra Pv --x--= X 

RvT p0 V Rv Pa 
Taking, R. = 287 J/kgK and R_ = 461 J/kgK 

OJ = 287 Pv = 0.622 Pv = 0.622 ~ 
461 Pa Pa Pt -pv ... (4.9) 

The above relation shows that if the total pressure remains constant, the specific humidity 
is a function of partial pressure of water vapour only. This relati~nship has been obtained by 
assuming that behaviour of water vapour is iden~c~ with ~~t of an ideal gas. Such an assumption 
is quite valid at low pressure and normal hunud1ty conditions. 

The relative lmmidittJ is the ratio (expressed as a percentage) of the amount of water vapour 
actually present in a given volume of air to the maximum amount that the air could hold under 
the same pressure and temperature conditions. 

Relative humidity 
mass of water vapour in a given volume 

$ = mass of water vapoUI in the same volume 
if saturated at the same temperature 

With the assumption that vapoUis behave as perfect gases, we have 

Pv Vv Pt,. Vrs 
111v = R r and mvs = RI 

VV DSVS 

where vs subscript is used for saturated vapoUI. 

mv PvVv ~ Tt>s $=-=--x--
mvs RvTv Pt>s Vt>s 

Also vv = vt>s i R. = Rt>s and TV= Tt>s. 
That gives 

$ = J!.E.... ... (4.10) 
Pt>s 

where Pvs is the saturation pressure at the temperature of the mixtUie. This saturation pressure 
is obtained from the steam tables corresponding to the given temperature. 

Apparently, the relative humidity can also be defined as the ratio of the partial pressure of 
water vapour in a given volume of mixture to the partial pressUie of water vapour when t~e 
same volume of mixture is saturated at the same temperature. This implies that$ equals_uroty 
for saturated air; 100 percent relative humidity means that air contains the maximum moJSture 
it can hold. 

ntiaUY, the tezn:i relative humidity compares the 
Es~ of saturated arr at the same pressure and ~ 

~uiiJd1lY . 100 percent. 
I' •dity JS • 
Jt¢11 degree of saturation µ represents the ratio of mass of wa 

'[he dry air to the mass of water vapour associated "th ~ 
of wt Unit lllllll c,l 

!llasS e temperature. 
tJte saJl\ 

µ = mass of water vapour with unit mass o( 

mass of water vapour with unit mass of diy 
'[his relation impli~ that µ represents the ratio of specific humidity: moist'; 
·&ty of saturated air at the same temperature. That is 

Jtutll1 

µ= 
OJ 

Clls 

0.622--.&.__ 
p,-p. 

0.622 -EEL_ 
p,-Pi:s 

EE... p,-pt>s = EE.. 
Prs P, -pv Pt>s [1-::1 

1-P• 
P, 

The following observations can be made from the above relation: 
(z) lf the air is dry, then ~v = .0 and therefore µ = 0. 

lf the relative humidity «I> = P,/P.rs = 1, then Pv = pt>s and accordingly µ • 1. 
Thus the degree of saturation varies between 0 and 1. 

(iz) The degree of satUiation is a measure of the capacity of the air to absorb 
When µ = 1, then ro = W

5 

which implies that air is holding the maximum amount of water vapour. 

(ii,) The ,xp,~sion fo, :~ d;~[:~:!~]n ~ f:I]as 
Pvs Pi l Pt 

or 

or 

or 

«I> - «I> Pt>s Pt>s 
= µ - µ(j> -

P, Pt 

«I> [ 1 _Pt>s +µPt>s] 
P, p, 

=µ 

«I> [1-(1-µ)~7] =µ 

$ = Pt>s 
1-(1-µ)­

Pt 

µ 

The difference between relative humidity and degree of sa 
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ATURE AND WET BULB TEMPERATURE 
4.10. DRY BULB TEMPER ti rmal temperature of an air-vapour mixture as . d 

hire (dbl) is 1e no · • in icat d The dry-bulb tempera . g device placed in the m1xhlre. This temperani . e 
or recorded by any temperature meashurm . ture re IS not 

• tent in t e nux · affected by the moisture con . 
Th wet-b11/b temper11t11re (wbt) of an air- Wet bulb 

e mixture is the temperature measured by a thermometer 
vapour d by a wick 
tllerrnometer whose bulb is covere 
soaked in water. When tile air passes ?ver tile 
wet wick the moisture contained in the wick tends 

' d ling effect at the to evaporate. That pro uces coo 
bulb and an equilibrium temperature lower than 

Dry bulb 
thermometer 

Air-water vaP<>u, 
mixture 

tllat of the air stream is recorded. Fig 4 11 Dry and wet bulb te 
. . · · · mperature 

It is worthwhile to note tha t. 
(i) The wet-bulb temperature is lower than the dry-bulb temperahlre and the difference is 

known as the wet-bulb depressio11. 
(ii) The wet-bulb depression is greatest when the air is initially completely dry, i.e., capable 

of absorbing a maximum amount of moisture. 

(iii) When the air is initially saturated, there will ~e _no e_vaporation of wate: an~ hence the 
two tllerrnometers will record equal temperatures. This implies that the depression 1s zero with 
100 percent relative hwnidity. 

(iv) The dry and wet-bulb temperatures are simultaneously measured by instruments called 

psychrometers. r Swivel joint 
A sling psychrometer consists of two identical ---~.--."----~ 

mercury-in-glass themometers mounted on a suit- o 
able frame and arranged with a swivel-mounted 
handle as shown in Fig. 4.12. The temperature sens-
ing bulb of one of the thermometers is covered with 
a knitted or woven cotton wick which is wetted 
with pure clean water. For better and accurate mea­

Swivel 
Fig. 4.12. Sling psychrometer 

surements of the wet bulb temperature, a fast movement of air past the moistened wick is 
necessary. This is to ensure that the surrounding air does not cling to the moistened wick and 
that the air at tile wet-bulb thermometer is always in immediate contact with the wet wick. The 
necessary air motion, 5 m/s to 10 m/s, is provided by rotating the psychrometer frame with the 
s:'ivel mounted handle. The readings are taken after swinging the psychrometer in a smooth 
circular pa~ for 15 to 20 seconds. With a too short duration, the temperature will not be de­
pressed to its ~roper valu~. If the swinging period is too large, the wick will dry and the bulb 
temperature will not rernam at its minimum value. 

(v) When dry and wet bulb temperatures are known the other psychrometric properties can 
be determined by calculations. ' 

(vi) Many inv~sti~tion have suggested different expressions to determine the partial pressure 
o~ water vapo_ur m air ~om the wet and dry bulb ternperahlre readings. Carrier's equation, as 
given below, 1s most widely used. 

(p ~(P-:-1 -::-:p_,,,~~)(c...:db..:....t -...:.w=::b:.!.t) P ,, = vs>wb -
1544-1.44 wbt 

... (4.13) 

Pu = partial pressure of Water 
Refrlga.donancf 

_ ·a1 vapour 
p s - parh pressure of wate 
;, = total (barometric press r vair when air is fully saturated 

dbl and wbt = dry bulb and wet bulbu: o moist air) 
mperature respectively in °c 

4, 11. DEW POINT AND ADIABATIC SATURATION TEMPER,OVRE 
v 0 ; 11t refers to the temperature at which the mix • • 

p e-z p our) p resent in the mixture be . lure becomes saturated, i.e., the mo1Shue 
(water vap gins to condense consequent to continuous cooling at 
constant pressure. p· ., Saturated 

With reference to 1g. 4.13, let point 1 alr 

esent the initial state of air-water vapour i t, 
repr . h 
m1xtuJ'e. Toe va~our 1s super eated, the pressure 

+-----' ____ 1 (lnlllaly 

equals the partial pressure of the superheated j 
1 
~ 

unsaturated air) 

1-2: Adiabatic 
saturalion PfOC8II 

1-3: Constant 
pressure plOC8II 

pour and temperature corresponds to the _-.,, 
~::nperature of the mixture. When the mixture is j 
cooled at const~t press~e along the path 1-3, ~ 
the cooling continues until the vapour attains the "-----------+S 
saturated state at point 3. With further cooling, . Entrophy- . 
the vapour condenses, i.e., the mois ture is Fig. 4.13. Concept of dew point temperature 

released. The state point 3 represents the dew point temperature (dpt) of the air-water vapour 
mixture. The dew point temperature thus corresponds to tlie saturation temperature of steam at 
the partial pressure of water vapour in the mixture. For sat11mted air, the dry bulb temperatun!, the 
wet bulb tempernture and the dew point tempemture is same. 

Make up water la = l;i = t' 

F 4 =aar=a1 
~ ~ \ --+ --+ --+ --+ 

Unsaturated air---+ G) --+ --+ --+ --+ @--+ Saturaled air 

11, h1, W1 ~=~J:tx:t.trxtmr~:;:;~;=;=;ffl ~~~ 
w///111////l&m/lW/m/ml/~ 

Fig. 4.14. Concept of adiabatic saturation process 

The adiabatic saruration temperature (or the thermodynamic wet bulb ~~rature) refers to 
ilie temperatures at which the air can be brought adiabatically to satu_ratiodst'ate by the 
evaporation of water into a flowing stream. . ntained 

Cons·d tr f turated air-vapour mixture flowmg over a surface of water co 
. 1 er a s earn o unsa · . ed O · ti le contact between 
10 a chamber which is sufficiently long and is perfectly insulat · ue: _in ~ by . resu}fu.• 
ilie unsaturated air and liquid water, some of the water evaporates_an is ca both froair the~ 
· t h t ·red for evaporation comes m 10 0 an increase in its humidity. The . ea reqw The rocess continues until the~ 
vapour mixture and the liquid water m the chamber. p ired to vaporise the wa~!lf 
transferred from the air to the water is equal to the energydrequ il"bri mis establislied: ~ 
th fun • · bee es saturated an an equ I u 

e e, air reaches the exit section, 11 001 . kn 4111• bt,tic stdunrtum 
tern . ti · t section 15 own as 11 perature of the saturated arr at 1e exi thermal equilibrium • 
or the tl1en11ody11a111ic wet bulb tempera hire. The steady stlltef vaporation. This ~UB 
rnainta ined by adding make up water steadily at the rate o e 



, , 

i 

I 
a 

has to be at the adiabatic saturation temperature, i.e., the temperature of the nti 
section. Xlure at the . 

With reference to Fig. 4.14, the adiabatic saturation process is represent d ~,, 
During the adiabatic saturation process, the partial pressure of vapour increa e by Path l-2_ 
total pressure of the air-vapour mixture remains constant. The unsaturatedses: although~ 
temperature 11 is cooled adiabatically to dry bulb temperature t2 which is e air at dry bulb 
saturation temperature t•. For all practical purposes, the adiabatic saturatio~ut to adiabatic 
taken equal to wet bulb temperature. ernperature is 

EXAMPLE 4.2 

A metal beaker contains water initially at room temperature and the w t .--- -... 
gradually adding ice water to it. When the water temperature reaches 130c t~ er is_ cooled by 
room air begins to condense on the beaker. Make calculations for the spe' 'f•e mhoisture fro ... 

rt b f 
. Cl IC Unti-'' .. , 

pa s y mass o water vapour m the room air. Take: ...,1y and 
room air temperature = 22°C and barometric pressure = 1.01325 bar 

Solution : From steam tables, the partial pressure of water vapour at dpt of 12 0 

Pv = 1500 N/m2 .5 C 
partial pressure of dry air 

Pn = 101325 - 1500 = 99825 N/m2 
(n) Specific humidity or humidity ratio, 

CJ) = 111, = 0.622 p,. 1500 
m. Pa 0.622 x 99825 = 0.009346 kg/kg of dry air 

(b) Parts of mass of water vapour, 

~ = oo 0.009346 
111 1 + 00 1 + 0.009J4 = 0.00926 kg/kg of mixture 

EXAMPLE 4.3 
The air supplied to an air-condit· d . 
humidity O 0085 C d' ione room is noted to be at temperature 200c and specific 

· · orrespon mg to these conditions d t t · th relative humdiity and d . ' e e rnune e partial pressure of vapour 
ew pomt temperature. ' 

T~ke barometric or total pressure = 1.0132 bar 
Solution : Specific humidity 

oo = 0.622 Pv = 0.622 _fr_ 
Pa Pt -p,, 

Thus : 0.0085 = 0.622 Pr 
1.0132- Pv 

:. Partial pressure of vapour 

_ l .0}32 X 0.0085 
P,, - 0.622 + 0.0085 = 0.01366 bar 

(l1) The relative humidity is d f' d 
e me as ~ = p /p F • paur pressure at 20°C = 0.0234 bar ,, "" • rom steam tables, the saturation va 

Then: ~= ~ _ 
0.0234 - 0.5837 or 58.38% 

(c) The dew point temperature is the 

01
:,66 bar saturation ~ 

o. ol'T (from steam tables by interpolation) cif ~at 

11 + (12 - 11) X _@01366 -0.013E! 
0.01401 _ 0.01312 • 11 + 0.60'1- 11.60're 

EXAMPLE 4.4 

10 gJil of wa
1
te~ vaphour_wdias removed from I given•~-

1 
f 

aJld 60°/o re a~ve unu ~- !he temperiture of ill'-P eo one kg of atmo.pbedc air atw.'c 
30•C. Detenrune the h~~ty ratio, Putiu ress uter the mnovu of moiltme ndacecl la: 
point temperature of this au (air after remo!'u of ure ?' npoar, rel.alive humidity 111d clew 

Take total atmospheric pressure as l0l.32S kP Dloisture). 

Solution : The relative humidity is defined as ♦ = L / 

vap<>UI pressure at 40°C = 7.384 kPa Po Pus · From steam tables, the satmation 
That gives: 

p,. = ~ Pvs = 0.6 x 7.384 = 4.43 kPa 
Specific humidity or humidity ratio 

oo = 0.622-..h._ 
Pt -p. 

0.622 x--4·_43 __ 
101.325- 4.43 

= 0.0284 kg/kg of dry air 
= 28.4 gm/kg of dry air 

(a) Since 10 gm of water vapour per kg has been removed, 
Specific hurndity = 28.4 - 10 = 18.4 gm/kg 

= 0.0184 kg/kg of dry air 
(b) At this state, the air is at 30°C with specific humidity 0.0184 kg/kg of dry-air. Then 

0 0184 - 0 622 Pv 
. - . 101.325 - Pv 

That gives: partial pressure of water vapour, 

101.325 X 0.0184 
Pv = 0.0184 + 0.622 = 2.92 kPa 

(c) At 30°C, 
Pvs = 4.246 kPa (from steam tables) 

:. Relative humidity 

~ = Ji = 2·92 = 0.688 or 68.6% 
p,.. 4.246 

(d) The dew point temperature is the saturation temperature al the pressure of 2.92,JcPa. 
Then from steam tables 

DPT= 24°C 
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4.12. PSYCHROMETRIC CHART 

Th bj 
t hich deals with the behaviour of moist air is known as psychrometry 

e su ec w t . rt· 5 , and !~-
properties of moist air are called psychrome rte prope ,e · '" 

Humidity calculations can be made by using the equations rel~ting the dry and Wet 
temperatures to the humidity. The method, however, tends to be tedious, cumbersome ~lb 
consuming. The key to humidity calculations is then provided by the Psyc/iro and_ti~ 

· h I · hi be h llletrrc 
Hygrometric chart which graphically describe~ t e re ations p twee~ t e properties of _or 
air, i.e., the dry bulb, the wet bulb and dew !'?mt temperatur:s of the rmxture and its hurnirnolSt 
flg. 4.15 shows how these parameters are laid out on a typical psychrometric chart. dity. 

The psychrometic chart has the number of details and its salient aspects are· 
1. The dry bulb temperature is taken as abscissa and specific humidity (i.e. moisture co 1 

as ordinate. n ent) 
The dry bulb temperature lines are vertical and uniformly spaced The specific h .. 

Jines are horizontal and also uniformly spaced. The saturation curve is drawn by plot~
rrud

ity 
various saturation points at corresponding dry bulb temperatures. The saturation curve re Ing the 
100 percent relative humidity at various dry bulb temperatures. It also indicates the pr~nts 
and dew point temperatures. wet ulb 

2. The dew point temperature lines are horizontal and non-unifom1ly spaced. At . 
on the saturation curve, the dry and dew point temperatures are equal. any point 

The wet bulb temperature lines run diagonally to the right and their values are read 
left where these lines meet the 100 percent relative humidity line. These lines are inclin~talhe 
straight but not uniformly spaced. 

nd 

Dry bulb temperature ("C) _ 

Fig. 4· 15· Psychrometric chart 

r+--+--1---l t 
{i 

.rt-+--+-4---ILJ i t 

(__J-+--t--+--+-+-+-+---ljl 

Ory bulb temperature -

Dry bulb 18mperature-

Flg. 4.1 6. Dry bulb and specific 
humidity lines Fig. 4.11. Dew point and wet bulb 

. . tamperatura lines 

3_ The relative hunud1ty lines curve upwards to the . . . 

the 
Jines themselves. The relative humidi·ty cu d . right with the percent values mdicated 

on rve ep1cts qua tity f · 
. the air as a percentage of the total amount po .bl ~ o mo1Sture actually present 
111 f vapour ss1 e at vanous dry bulb temperatures and 
masses o · 

The specific volume (volume of air-vapour mixtur 
obliquely inclined straight lines. These lines are unl: pe~kg of d1 air) lines are indicated by 
saturation curve. or y space and are drawn upto the 

Specific volume ~_,,,--~-­
m3/kg of dry air 

r 

Dry bulb temperatu-

Fig. 4.18. Relative humidity and Fig. 4.19. Enthalpy and vapour pressure Nnes 
specific volume lines 

h 4· The vapour pressure and enthalpy (total heat) lines are also scaled on the chart. 1be total ;a~ at saturation temperature is represented by a diagonal system of co-ordinates. These inclined 
5 aight lines are uniformly spaced and are parallel to the wet bulb temperature lines. 1be scale t the diagonal lines is separate from the body of the chart and is indicated above the saturation 
ine. 

• Pressure of water vapour is shown in the scale on left and is the absolute pressure of steam 
in nun of mercury 

EXAMPLE 4.5 
~~05Pheric air at 1 bar pressure has 15°C wet-bulb temperature and :ZSOC cby-ba11> tempenlPN. 

1 the help of a psychrometric chart, determine the salient psychromeb'k piOptllla ol lhe * 
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4,13,1. lenalble heating h e in its moisture content. The process results 
The mixture is heated without anyf c an~ose temperature is above the dry bulb-te..... 'IVhen 

d over a sur ace w . h • . ..,peratu the mixture is ma e to pass be the electric resistance eating coils or steam re 
of the mixture. The heating surface ":ia~ough the coils. Passed 
through the coils or hot water passe of sensible heating is represented by horizo 

With reference to Fig. 4.22, the process ntal lil\e 
O-A that extends from left to right. 

4.13.2. Sensible coaling . . Th 
. h change in its moisture content. e process results 

The mixture is cooled wit out an~ace whose temperature is below the dry bulb ternp When 
the mix~re is made to ~~: o~::1::tmay be cooled water or gas flowing through coilse::ture 
of t~e mixture. The co gt in the coils of the evaporator of a vapour refrigeration sy t the 
refrigerant at low tempera ure . . . s em. 

. f F' 4 22 the process of sensible cooling 1s represented by horizont 11. With re erence to 1g. , , a ine 
O-B that extends from right to left. 

4.13.3. Humidification and dehumidification 
Humidification represents the process wherein the moisture is a~ded but its dry bulb 

temperature is maintained constant. In dehumidification process, the moisture is removed frorn 
air without changing its dry bulb temperature. These processes are obviously represented as 
vertical lines on the psychrometric chart. 

With reference to Fig. 4.22, it may be noted that in humidification process O-C, there is 
increase both in the specific humidity and relative humidity. However, in dehumidificatio 
process O-D, both the specific humidity and relative humidity decrease. n 

In practice, pure humidification and dehumidification processes are not possible. These are 
always accompanied by heating or cooling . 

4.13.4. Heating and humidification 
The process is achieved when the moist air is made to pass through spray water whose 

temperature is maintained at a temperature higher than the dry bulb temperature of the air. The 
unsaturated air tends to become saturated and the heat of vaporisation is absorbed from the 
spray water. 

With reference to Fig. 4.22, the process of heating and humidification is represented by line 
O-G and it is to be noted that during this process 

(0 there is increase in specific humidity, dry and wet bulb temperatures, dew point 
temperature and enthalpy 

(ii) the relative humidity may either increase or decrease. 
The process of heating and humidification has practical application in winter air-conditioning. 

4.13.5. Cooling and dehumidification 

The process takes place when the moist air is passed through a cooling coil whose effective 
surfac~ temperature is lower than the dew point temperature of the mixture. 
b ~ 1th referen:e _to Fig. 4.22, the process of the cooling and dehumidification is represented 
y !me O-F and 11 1s to be noted that during this process 

(1) the dry bulb temperature decreases 

(('.1~ the ai~ is cooled ~nd condensation of moisture takes place, i.e., it is dehumidification 
111, there ts decrease m specific humidity 

. u,e relative humidity at outlet Is 
(iV) cooling and dehumidification pr~~has Y higher than thalatfnlet., 
'fhe __, practical application In IWllllm alt, 

6 Adiabatic mixing 
A 13, · 

, 'fhe process takes place when two streams of moist 
thalpies are allowed to mix without the ddi air having different sped& hamlditfet 

a.0d edn'abatically and at constant total moistu a tion or rejection of either heat or molmtte; 
. e , a 1 . re content. 
1. • The state of the resultant nuxture lies on the straight . . • 

chrornetric chart. The location of f 1 line that JOU1S the state of two stream1 

:v~;Jed, and on the enthalpy and specif';\:::£ :C~::~t line depends on the muses 

14. AIR-CONDITIONING 

~-condition_ing i_s an ar~cia( proc~ss that involves cooling as well as heating coupled with 
ntilation, filtr~tion and air ctrculation. It is essentially the process of treating air to control 

"~ ultaneously its temperature, humidity, cleanliness and distribution to meet the comfort 
s1rn uirements of the ~ccupants o~ the conditioned space. The functionin of an air-conditi . 
reql rn can be conceived as depicted in Fig 4 23 g orung 
sys e . · · · 

Apart from_ t~e :reation of _an acceptable thermal environment (controlled temperature), 
control of h~~ity is of great 1IDportance both in humid and arid climates. Further, the air 
. ide the conditioned space gets fouled due to absorption of pollutants from different sources 
:d for human comfort, the indoor air has be purified. 

~----
Temperature heating, cooling 

Air-conditioning Simultaneous 
control of 

Humidity L humldificatiOn, ._ ___ .J! dehumidification 

Cleanliness 

Distnbution to 
conditioned space 

Fig. 4.23. Functioning of air-conditioning 

4.15. APPLICATIONS OF AIR-CONDITIONING 

odour, ventilation 
filtration and motior 

Air-conditioning which was once considered as luxury, has now become a necessity in our day­
to-day life. The air-conditioning has applications in diverse fields such as 

(i) Residential and office buildings 
(i1) Hospitals, cinema halls and departmental stores . 
(ii0 Libraries, museums, computer cen~_research laboratones 

(iv) Transport vehicles : -
(a) cars, buses and rail coaches 
(b) aircrafts, space shuttles and rockets 
(c) submarines 

(v) Printing, textile and photographic products 

(vi) Food and process industries . 
1 

d . • d-•i·ces 
· · f ture of matena s an prects1on ~• . (vu) Production shop laboratones, manu ac 
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Air conditioning Refrigeration --------
I 

Fig. 4_24_ Relationship of refrigeration and air-conditioning 

. . . . t· II performs three services in the manufacture of precision It\ A1r-cond1honmg essen ia Y • etal 
parts. These services are . . 

(n) maintenance of uniform temperatures so that the _metals neither expand nor contract 

(b) control of humidity so that the rusting of m~tals 1s pr~vente~ . . 
(c) filtration of air so as to minimize dust. .Cleanlmess of air conditioned space 1s absolutely 

essential where electronic components are bemg manufactured. 
The fields of refrigeration and air-conditioning are very closely inter-related as indicated in 

Fig. 4.24. 

4.16. COMFORT AIR-CONDITIONING AND ITS TYPES 
Comfort air-conditioning deals with the creation of an optimum environmental conditions 
conducive to human health, comfort and efficiency. Air-conditioning systems in homes, offices, 
stores, restaurants, theatres, schools and hospitals etc. are of this type. 

The comfort air-conditioning systems are generally classified into the following three 
categeries : 

• Summer air-conditioning: These systems when properly designed and installed maintain 
the temperature and humidity of indoor air to a level at which persons feel comfortable. 
Essentially it involves reducing the air temperature and humidity (in humid tropics) by the 
process of cooling and dehumidification. 

• Winter air-conditioning : These systems are meant for the control of environmental 
qmditions of indoor air so as to provide comfort in winter. Essentially it involves an increase 
in sensible heat and water content of air by the process of heating and humidification. The 
heating is done by furnaces or boilers fired with solid, liquid or gaseous fuels. 

• Year-round air-conditioning : This system manifests in the control of temperature and 
humidity in an enclosed space for all times of. the year ; this is despite a change in the 
atmospheric conditions. Essentially the system comprises the heating and cooling equipment 
with associated components and automatic controls. 

4.17. HUMAN COMFORT 
Thermal comfort is a condition of mind which expresses satisfaction with thermal environment. 
It is the st~te where the person is entirely unaware of his surroundings; no consideration whether 
the space 1s too hot or t?o cold. Dissatisfaction with the thermal environment may be caused by 
the body as a whole (being too hot or cold) or by the unwanted heating or cooling of a particular 
part of the body (local discomfort). 

Human comfort refers to the control of temperature and humidity of air and its circulation 
so that the resulting environment becomes human friendly; the state of environment where 
persons feel comfortable. Comfort is however a subjective quality; it is dependent on the 

I 
I 
I 
I 

\ 

I 
I 
I 
I 

nces of an individual and varies WI.._ 
pref ere 111 the agie, M,t, 
persOTl• 

A, 18• WINDOW AIR-CONDITIONER 

. .conditioning system is an assembly of d" 
An __ •trtablc cooling/heating conditions of~ ~thin components and parts~ lij 
corwO h be . . Wi aclosed ........ 

rhe closed c _am r may be a hvmg room, a con£ -..--
th r the requuement may be industrial air ond etence/seminarhalloranaudltoriumf 

fur eh laboratory or for human comfort -<: ltioning for a highly precision ~or.foll• 
researc · 

General human comfort conditions to be maintained fall. 
• Temperature : 22°C to 25•c 111 the range of: 
• Relative humidity : 40% to 60% 
• Air velocity: 5 m/min to 8 m/min 

Besides these param~te~s, the standards of air purity in terms of freedom from dirt. dust, foul 
ll and odour, and noise 1s also to be ensured for the d"ti· ed 

5me . con I on space. 
!he basic elements of an rur-<:onditioning system are : 

(,) Refrigerating plant 

(ii) Means for humidification or dehumidification of air 

(ii,) Control system for automatic regulation of cooling or wanning 
(iv) fans for moving the air to and from the room 
(v) Filters for cleaning the air by removing dust and dirt particles 
(vi) Supply and return ducts 

OU1Slde hot air in 

I I I 

Fane 

Ill/Ill II 
Cool air to room Hot air of 

/§) 
Selector 
switch 

Room's hot air out 

II/Ill 

Fig. 4.25. Window air-condili0n8r 

.15 f • dow air-<:onditionerusedforhwnancomfort 
Figure 4.25 shows the constructional detat O a wm .

1 
h uses all the com..,.,._.ts including 

d . . . lf . d machine because I o r----
unng summer. This 1s a se contame Th y ountedeitherinawindoworonthe 

evaporator and condenser in a common enclos~re. e Uail1_'1 btsl °:' coolingcaNll"ifv from 1/ilD~ 
. . d S churutsareav a em r--·, 

Wall of the room to be air-conditione • u 
of refrigeration. 



. 1 E . eering and Mechatronics 
141 // Fundamentals of Mechanica ngin 

h
. mprise the following sub-assemblies : -._ 

Th · nts of the mac me co 
e main compone . . f pressor, condenser, capillary and evaporator Units f 

(1) System assembly cons1st1ng O com O the 

refrigerator system. . compact unit containing both the compressor and Ill 
The hermetically sealed compdressor isda in two-halves a dome shaped casing which are 1·o·otor 

d mmon shaft an encase ined 
mounte on a co . ld d .. t The lubrication of the compressor parts is done by th 
together by circumferential we e JOtn · d e 
lubricating oil contained in the lower part of the ome. . 

. . . f mall size generally have the condenser of the refrigerator . 
The window arr-cond1t1oners o s . hi h . au 

. 1 . th condenser may be water cooled, m w c case pipe connections ar 
cooled but m arge sizes e e 

needed. f . tub · th f • f 
The air-cooled finned type condenser is made up o copper es m e orm o a coil and 

Provided with aluminium fins. . . . . 
• • th f of coils made of copper and provided with alunuruum fins Th The evaporator 1s m e orm . • e 

illary tubing is located between the condenser and the evaporator urut. 
cap (2) Cabinet and grill assembly equipped with ~ltering unit. T11e filter~g unit ~onsists of oil 
filter or water filter and carbon filter. Oil or water filter cleans the dust particles while the carbon 

filter removes smell of different gases. 
(3) Switch board pannel assembly consisting of selector switch and the thermostat control. The 

selector switch helps to run the fan/ compressor at low, medium and high speeds, and the thermostat 

fixes the desired temperature. 
( 4) Outdoor and indoor fans which may be driven by the same motor or may be driven by 

separate motors. . 
The refrigerant unit employs Freon-22 or R-134 a as the refrigerant. . . 
The compressor-motor unit, condenser and outdoor fan are kept outdoor, 1.e., outside the room 

while the remaining components are placed indoor i.e., inside the room. 

Specifications 
A window air-conditioner is normally specified by the following paran1eters · 

• Capacity : 1, 1.5 and 2 ton etc 
• Overall dimensions : length x width x height 
• Power supply : AC, 220-240 volts, 50 hertz 
• Control : Site or remote 

Working 
When t11e power switch is put in the ON position the motor-compressor unit starts running. The 

refrigerant vapours at low temperature and low pressure coming from the evaporator enter the 
compressor through suction line, TI,e vapours are compressed and there occurs an increase botl1 in 
temperature and pre.ssure. TI1ese vapours are led to condenser through discl1arge line. The vapours 
condense rejecting their heat to t11e atmospheric air The condensed vapours next enter the capillary 
tube, are tlrrottled to low pressure on account of friction and their temperature gets reduced to 
minimum operating temperature of the refrigerant cycle. The low pressure liquid refrigerant no\.V 
enters the evaporator, absorbs the latent heat of vaporisation from t11e room air and that results in 
the cooling of this air. This cooled air is directed through a ducted passage in the front cover grill 
and that provides comfortable cooling conditions in the air. 

· The refrigerant vapours leave tl1e evaporator and enter the compressor during its suction stroke 
and that completes the working cycle. 
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REVIEW GUEITIDNS 
"-· conceptual and conventional questions 

Define refrigeration and air-condition· 
t. dill b mg. 

State the erence etween a refrigerato 
i. taw of thermodynamics? rand a heat pump. How do these madunessa~ ~,econa 

What is meant by COP? What value of COP. . 
3. . IS desirable la 

Set up a relation for the COP of a heat p ' rge or small and why? 
4. ump and that of a fri 

(COP)heat pump = 1 + (COP) _ re gerator. Proceed to show that 
Define the follo\ving terms : refngeralor 

5. 
(a) refrigerating effect (b) relative COP 
(c) ton of refrigeration 

Mention the various applications of refrigerar 6. 10n. 

Describe, with a neat schematic arrangement th k. 
7. ' e wor 1ng of a domesti f · t What is moist air and saturated air? c re ngera or. s. 

Define and explain the follo,ving terms in relaf t hr 
9. bulb ion o psyc ometry 

(a) dry bulb, wet and de,v point temperatures. 
(b) relative humidity and specific humidity 

10. Establish the following expression for air-vapour mixture 

specific humidity (J) = 0.622 Pv 
Pt, - Pt, 

where Pt1 is the p~rtial pressure of \Vater vapour and Pt, is the barometric pressure. 
l1. Define and expla1n the concept of dew point and adiabatic saturation temperature. 
12. What is a sling psychrometer? Draw its neat sketch and explain its use. 
13. What is a psychrometric chart? What information does it provide? 

14. Name any five psychrometric processes and represent them on the psychrometric chart. 

15. Define air-conditiorung and mention some of its applications. 
16. What is meant by comfort air-<:onditioning? Give brief description of its various types. 

B. Fill in the blanks with appropriate word/words 
1. A refrigeration system removes hea from a system at ___ temperature and transfers the same 

to a system at ____ temperature. 

2 One ton of refrigeration is equivalent to ___ kW 
3. The bank of tubes at the back of a domestic refrigerator of vapour compression type are the ___ _ 

tubes. 
4. In a vapour con1pression refrigeration system, the capillary tube is loca~ed between---- and 

5 F h · is assumed to be a pure substance and not a mixture. • or psyc rometric purpose, __ _ 
6 Th . . ti'ally a m1'xture of dry air and water vapour. • e ____ air 1s essen . . 
7. ---- humidity represents the amount of water va~ur actu~Jl_y p_resent m the_ :~t 
B. The wet bulb temperature would be zero when the relative h~tdity 15 

---P • 
9 t1 ·ty of air to absorb mo1Sture. 
• The ____ is a measure of 1e capaci . f ti" f Nmal ffi'essure of.water 

10 h humidity 1s a unc on o r-:- r"' 
· If total pressure remains constant, t e ---

vapour only d wet bulb b:inperature is known as--~~~~ 
11· The difference between the dry bulb temperaturrede abn . trum- ents called ____ _ 
12 Th measu Y ins · e dry and wet bulb temperature are 

I 


