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% The vapour compression refrigeration system (VCRS) is an improved type of air refrigeration system in which a
suitable working substance, termed as refrigerant is used. It condenses and evaporates at T and P close to the
atmospheric condition. The refrigerants usually used for this purpose are NH,, CO, and SO,

*»*The refrigerant does not leave the system, but is throughout the system alternately condensing and evaporating.
In evaporating, the refrigerant absorbs its latent heat from the brine (salt water) which is used for circulating it
around the cold chamber. While condensing, it gives out its latent heat to the circulating water of the cooler.

¢ The vapour compression refrigeration system is, therefore a latent heat pump, as it pumps its latent heat from the
brine and delivers it to the cooler.

**The vapour compression refrigeration system is now-a-days used for all purpose refrigeration. It is generally
used for all industrial purposes from a small domestic refrigerator to a big air conditioning plant.

Following are the advantages and disadvantages of the system over ARS:

Advantages

1. It has smaller size for the given capacity of refrigeration.

2. It has less running cost.

3. It can be employed over a large range of temperatures.

4. The coefficient of performance is quite high.

Disadvantages

1. The initial cost is high.

2. The prevention of leakage of the refrigerant is the major problem in vapour compression system.

R&AC Dr. Pritam Kumar Das
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£a£2) Mechanism of a Simple Vapour Compression ™™=

Refrigeration (VCR) System

— 4 The VCR Cycle involves four components:
Insulated cold chamber — K} ’ i
B compressor, condenser, expansion valve/throttle
: : valve and evaporator.
! O It is a compression process, whose aim is to raise
1 R Lalesmeladd | the refri it flows f
/ N vapour mixture e refrigerant pressure, as it flows from an
s [ : evaporator.
4  Evaporator J 3 ) i ] )
: ey Q1It is wused in domestic and commercial
Pressure gnuge: ] Low pressure vapour RN Expansion vas refrigerators, large-scale warehouses for chilled or
A R0 or refrigerant frozen storage of foods, meats, refrigerated trucks,
g Pressure gauge g control vaive - . . .
¢ ) : a host of other commercial, industrial services,
Low pressure side {,,__M,m vePowr N— High pressureiquid  natural gas  plants, petroleum  refineries,
T i "”""’ side ) petrochemical plants and most of the food and
beverage processes are some of the industrial
Compressor o . plants that utilize VCR systems.
0'0’0’ . .
S Receiver: d The most common include ammonia (NH,),
High pressure Wiquid vapour mlxluro Freon (other chlorofluorocarbon refrigerants), and

HFC-134a (a non-toxic hydrofluorocarbon).

R&AC Dr. Pritam Kumar Das 4



‘{(__:olmpressor: The low P and T vapour refrigerant from evaporator is drawn into the compressoAr m?oElTﬁﬁ'etT{'e"%rﬁoel[eﬁer (SAl)JC'[IOH

““valve A, where it is compressed to a high P and T. This high P and T vapour refrigerant is discharged into the condenser

through the delivery valve B.

U Condenser: The condenser or cooler consists of coils of pipe in which the high P and T vapour refrigerant is cooled and
condensed. the refrigerant, while, passing through the condenser, gives up its latent heat to the surrounding condensing
medium which is normally air or water.
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U Receiver: The condensed liquid refrigerant from the
condenser is stored in a vessel known as receiver from
where it is supplied to the evaporator through the
expansion valve or refrigerant control valve.

U Expansion valve: It is also called throttle valve or
refrigerant control valve. The function of the expansion
valve is to allow the liquid refrigerant under high P and T
to pass at a controlled rate after reducing its P and T. Some
of the liquid refrigerant evaporates as it passes through the
expansion valve, but the greater portion is vaporised in the
evaporator at the low P and T.

U Evaporator: An evaporator consists of coils of pipe in

which the liquid-vapour refrigerant at low P and T is

evaporated and changed into vapour refrigerant at low P

and T. In evaporating, the liquid vapour refrigerant absorbs

its latent heat of vaporisation from the medium (air, water
or brine) which is to be cooled.
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O The most convenient chart for studying the behaviour of a
refrigerant is the p-h chart, in which the vertical ordinates
represent pressure and horizontal ordinates represent enthalpy (i.e
total heat). I

O A typical chart is shown above. in which a few important lines of§
the complete chart are drawn. The saturated liquid line and the§

saturated vapour line merge into one another at the critical point.

O A saturated liquid is one which has a temperature equal to the
saturation temperature corresponding to its pressure. The space to
the left of the saturated liquid line will, therefore, be sub-cooled
liquid region.

L The space between the liquid and the vapour lines is called wet
vapour region and to the right of the saturated vapour line is a

superheated vapour region.

R&AC Dr. Pritam Kumar Das

Pressure-Enthalpy (p-h) Chart
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Types of Vapour Compression Cycles:

. Theoretical Vapour Compression Cycle with Dry Saturated Vapour after Compression
Theoretical Vapour Compression Cycle with Wet Vapour after Compression
Theoretical Vapour Compression Cycle with Superheated after Compression
Theoretical Vapour Compression Cycle with Superheated Vapour before Compression
. Theoretical Vapour Compression Cycle with Undercooling and Subcooling of

refrigerants

R&AC Dr. Pritam Kumar Das



1. Theoretical Vapour Compression Cycle with
Dry Saturated Vapour after Compression

»Compression: The refrigerant (for example R-717) enters the compressor at low T and P.
It is in a gaseous state. Here, compression takes place to raise the T and refrigerant P. The
refrigerant leaves the compressor and enters to the condenser. Since this process requires
work, an electric motor may be used.

»The vapour refrigerant at at low P, (p,), and temperature T, is compressed isentropically to
dry saturated vapour as shown by the vertical line 1-2 and p-h diagram. The P and T rises
from p, to p, and T, to T, respectively.

» The work done during isentropic compression per kg of refrigerant is given by w = h, - h,
Where, hl = Enthalpy of vapour refrigerant at temperature T1, at suction of the compressor,
and h2 = Enthalpy of vapour refrigerant at temperature T2, at discharge of the compressor.

» Condensation: The condenser is essentially a heat exchanger. Heat is transferred from the
refrigerant to a flow of water. This water goes to a cooling tower for cooling in the case of
water-cooled condensation. Note that seawater and air-cooling methods may also play this
role. As the refrigerant flows through the condenser, it is in a constant P.

»The high P and T vapour refrigerant from the compressor is passed through the condenser
where it is completely condensed at constant T at constant P as shown by the horizontal line
2-3 on T-s and p-h diagrams. The vapour refrigerant is changed into liquid refrigerant. The
refrigerant, while passing through the condenser gives its latent heat to the surrounding
condensing medium

R&AC Dr. Pritam Kumar Das
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O Throttling and Expansion: When the refrigerant enters the throttling valve, it expands and releases P. Consequently, the
T drops at this stage. Because of these changes, the refrigerant leaves the throttle valve as a liquid vapor mixture, typically in
proportions of around 75 % and 25 % respectively.
O The liquid refrigerant at Pressure P; = P, and Temperature T; = T,, is expanded by throttling process through the expansion
valve to a low pressure P, = P, and temperature T, = T, as shown by the curve 3-4 on T-s diagram and p-h diagram. During
throttling some of the liquid refrigerant evaporates as it passes through the expansion valve, but the greater portion is
vaporized in the evaporator and no heat is absorbed by the liquid refrigerant.
U Evaporation: At this stage of the VCR Cycle, the refrigerant is at a lower temperature than its surroundings. Therefore, it
evaporates and absorbs latent heat of vaporization. Heat extraction from the refrigerant happens at low P and T. Compressor
suction effect helps maintain the low P.
» The liquid-vapour mixture of the refrigerant at pressure P, = P, and temperature T, = T, is evaporated and changed into
vapour refrigerant at constant pressure and temperature, as shown by the 4-1 on T-s and p-h diagrams.
» During evaporation, the liquid-vapour refrigerant absorbs its latent heat of vaporization from the medium (air, water or
brine) which is to be cooled. This heat which is absorbed by the refrigerant is called refrigerating effect. The process of
vaporization continues up to point 1 which is the starting point and thus the cycle is completed.
» Now the refrigerating effect or the heat absorbed or extracted by the liquid-vapour refrigerant during evaporation per kg of
refrigerant is given by, R.E =(h; - h,) =(h, - hf)
» Now the COP may be found out as usual from the relation

C.O.P = Refrigerating effect = (h, - h,) / (h, - hy) = (h, - hf;) / (h, - h,)

Work done

R&AC Dr. Pritam Kumar Das



/.f.\  Enthalpy:

at 2, h,=hg,,at T, or hp+h,
at 3, hg= hyg, at T3 Or hgz+hys

Problem 1: The temperature limits of an ammomareefrigerating system
are 25° C and -10° C. If the gas is dry at the end of compression,
calculate the C.O.P. of the cycle assuming no undercooling of the
liquid ammonia. Use the following table for properties of ammonia:

Temperature (°C)

Liquid heat (kJ/kg)

Latent heat (ki/kg)

Liquid entropy

(kJ/kg K)
25 298.9 1166.94 1.1242
.10 135.37 1297.68 0.5443

Entropy:

at 1, ;=S¢ +X;Stqp, NEre se=hyyy /T,

at 3, S3 = S5, at Ty,

at 4, Sy = Sty H+XySgyy

and (i7),

R&AC

Solution. Given : T, = I,=25C=25+273=298K: I'=T,==10°C=-10+1"3=

263 K ; hyy = b, = 298.9 k/kg : hy,, = 1166.94 ki/kg ; s,,-11242k1/kgl< 35 37

35.37
kJ/ kg : hf,,-n - 1297, 68 kg ; s, = 0 5443 kJ/kg K
The T-s and p-h diagrams are shown in Fig. 4.4 (a) and (b) respectively.

Let %, = Dryness fraction at point 1.
We know that entropy at point 1,

ey %, X1297.68
- 5,0+ =0.544 :
5y il I 263
~ = 0.5443 + 4.934 x, - (D)
1166.94

=5.04

h
‘ +-82 _ 11242 +
S, = 542 2 =1.1242 08 .. (i)

Since the entropy at point 1 is equal to entropy at point 2, therefore equating equations (i)

05443+4934x

= 504 or

=0.91
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and enthalpy at point 2,
. Coefficient of performance of the cycle

We know that enthalpy at point 1,
h,
hy

hy—h,  146584—131626

6.8 Ans.

- ——————— —

f

— Enthalpy ~————>
By + X, By, = 13537 + 0.91 x 1297.68 = 1316.26 ki/kg
Byy + hyy = 298.9 + 1166.94 = 1465.84 ki/kg

Problem 2: 28 tons of ice from and at 0 °C is produced per day in an ammonia refrigerator. The temperature range
In the compressor is from 25 °C to -15 °C. The vapour is dry and saturated at the end of compression and an
expansion valve is used. Assuming a coefficient of performance of 62 % of the theoretical, calculate the power
required to drive the compressor, Following are the property of Ammonia, The latent heat of ice = 335 kJ/kg.

Temp(°c) h; (kJ/Kg) h, (kJ/Kg) S (kJ/Kg K) S; (kJ/Kg K)
25 298.9 1465.84 1.1242 5.0391
-15 112.34 1426.54 0.4572 5.5490

11



Solution. Given: Ice produced = 28t/day ; T, = Ty = 25°C =25 + 273 = 298K ; 7, = T,
=-15°C=-15+273 =258 K ; hy = h, = 298.9k/kg ; h, = 112.34 kI/Kkg ; h , = h, = 1465 84 k/kg ;

ineering College (A)

h,, = 1426.54 kl/kg ; "5, = 1.1242 kJ/kg K ; 5, = 04572 kl/kg K ; 5,, =5, =5.0391 kl/kg K ;

8, =5.5490 kl/kg K.

First of all, let us find the dryness fraction (x,) of the vapour refrigerant entering the
compressor at point 1. We know that entropy at point 1,

5 =87y +X Sg1 =5y +x1(’31 3]1) w5 =8y )
= 04572 + x,(5.5490 - 0.4572)
= 04572 + 5.0918 x, vea(D)
and entropy at point 2, S, T 8§p = 5.0391 kl/kg K ... (Given) ...(i0)

Since the entropy at point 1 is equal to entropy at point 2, therefore equating equations (i) and

04572 + 5.0918x, = 50391 or x,=09
We know that enthalpy at point 1,

hy = hy +xhy, = hy +x,(h,, — hy) oo Co By =Ry +hy, )
= 112.34 + 0.9 (1426.54 - 112.34) = 1295.12 kJ/kg

h—hpy  1295.12-2989  996.22

Theoustical COE. = B op MG 84120512 17072 = 0
Since actual C.O.P. is 62% of theoretical C.O.P., therefore

Actual CO.P = 0.62 x 5835 =3.618
We know that ice produced from and at 0°C

R&AC
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CAD QL:\ = 28 tlday = 24 % 3600 = (.324 kg /s We know that actual C.O.P,
Latent heat of ice = 335 kl/kg A 1B Refrigeration effect  108.54
Refrigeration effect produced "7 workdone  workdone
= 0.324 x 335 = 108.54 k]/s . Workdone or power required to drive the compressor
108.54
=368 - 30 kJ/s or kW Ans
2. Theoretlcal Vapour Compression Cycle with Wet Vapour after Compression
T | 3 Cond. o Enthalpy:
S 3 Cond. 5 T Po=Ps | 1 =7 at 1, hy=hg+x xhyyy,
£ : L& g e | vS & at 2, ny= N+xhig
S E 2 = at 3, h,= h,,
= W - s P=P 4 1 at 4, h,=h¢,+x,xh
rar LAy N | 2 Nttty
- 4 Evap. I Refrigerating effect 'y —hys
| k= Work done h, —hy
Ys=Ny_ 1y Iy Entropy:
Entropy ——» Entropy —

A vapour compression cycle with wet vapour after compression is shown on T-s and p-h
diagrams in Fig. In this cycle, the enthalpy at point 2 is found out with the help of
dryness fraction at this point. The dryness fraction at points 1 and 2 may be obtained by
equating entropies at points 1, and 2

Dr. Pritam Kumar Das

at 1, 5;=Sy+X; Sty here g =hyy, /T,
at 2, S,= Sip+X;Stg:
at 3, S3 = S, at T,
at 4, s, = Sgy+X,Ssgy

H
(8]
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mple 3: Find the theoretical C.O.P. for a CO, machine working between the temperature range o
— 5 °C. The dryness fraction of CO, gas during the suction stroke is 0.6. Following properties of CO, are given.

Liquid Vapour
Latent heat
Temperature °C Enthalpy Entropy Enthalpy | Entropy
ki/kg
I/kg ki/kg.K kifkg ki/kg.K
25 164.77 0.5978 282.23 0.9918 117.46
-2 72.57 0.2862 321.33 1.2146 248.76

Solution. Given : T, =T, =25°C=25+273 =2 K ; T, =T, =-5°C =-5 + 273
=268K; x,=06;h, = hﬁ = 164.77 kl/kg ; h, =h,, =7257kl/kg ; s, =0.5978 kl/kg K;
5 = 0.2862 kl/kg K ; h, = 282.23 kl/kg ; h, = 321.33 kl/kg ; *s,» = 0.9918 kl/kg K ;

s, = 12146 kl/kg K ; by s = 117.46 kJ/kg ; ke, = 248.76 kl/kg

First of all, let us find the dryness fraction at point 2, i.e. x,. We know that the entropy at
point 1,

X R 0.6x248.76 ;
N = TS0 SRR S0 )
Similarly, entropy at point 2, . i
X Rgy x, X117.
S, = sz + : =0.5978+ 208
= 0.5978 + 0.3941 x, oo (i)
R&AC Dr. Pritam Kumar Das
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and enthalpy at point 2,

Theoretical C.O.P. =

0.8431

h2 = h +xzh
hy=hgy

= 0.5978 + 0.3941 x,

We know that enthalpy at point 1,
= hy, +x, hy, = 72.57 + 0.6 x 248.76 = 221.83 kl/kg

= 164.77 + 0.622 x 117.46 = 237.83 kl/k¢
22183-164.77 5706

Since the entropy at point 1 (s,) is equal to entropy at point 2 (s,), therefore equating

“equations (i) and (if),
or x,=0.622

h, —hy

T 23783-22183

16

=357 Ans
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Example 4: An ammonia refrigerating machine fitted with an expansion valve works between the T limits of -10 °C
and 30 °C. The vapour is 95 % dry at the end of isentropic compression and the fluid leaving the condenser is at 30
°C. Assuming actual C.O.P. as 60 % of the theoretical, calculate the kilograms of ice produced per kW hour at 0 °C

from water at 10 °C. Latent heat of ice is 335 kJ / kg. NH; has the following properties.

Temperature| Liquid heat (hf) | Latent heat ( hg ) Liquid entropy( st) Total entropy of dry
& ki/kg ki/kg saturated vapour
30 323.08 1145.80 1.2037 4.9842
-10 135.37 1297.68 0.5443 5.4770

R&AC

Dr. Pritam Kumar Das
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B Solution. Given: T, =T, =-10°C =—10+273=263 K ; T, = T, = 30°C = 30 + 273 =
(uFeR303 K ; x, = 095 ; Bys = hyy = 323.08 kl/kg ; by = hy, = 135.37 kifkg ; h,, = 1145.8 kl/kg :|
hy, = 1297.68 KI/kg , 3, = 1.2037 ; 5,, = 0.5443 ; * 5,7 = 4.9842 ;*s, = 5.4770 |

Engineering College (A)

x, = Dryness fraction at point I, We know that entropy atpoint 1, ~_ . M by — 0.5443 4 11 %1297.68
= I 263
1 P = 0.5443 + 4934 x,
3 Similarly, entropy at point 2, h
o PR Ly L P ol BT,
2 2 = 27, 303
e —» Since the entropy at point 1 (s,) is equal to entropy at point 2 (s,), therefore equating
g 263} equations (i) and (ii),
I 0.5443 + 4.934 x, = 4.796 or x, =0.86
- Enthalpy atpoint 1, h, = by +x hy, = 135.37 + 0.86 x 1297.68 = 1251.4 KJ/kg
and enthalpy at point 2, hy = hyp+x, hey = 323.08 + 0.95 x 1145.8 = 1411.6 ki/kg

T ' ‘ We know that theoretical C.O.P.

8 ny |\ _ hy-hyy  12514-323.08 (o

& "{‘V } | = Th,—h 14116-12514

I o6 i 1 '{"/1' : Actual COP. = 0.6 x 5.8 =3.48
hys=hy - Work to be spent corresponding to 1 kW hour,

-
Lh"b _-J Dr. Pritam Kumar vas W= 3600 kJ 16




Actual heat extracted or refrigeration effect produced per kW hour
— W x Actual C,O.P. = 3600 x 3.48 = 12 528 kJ

Aditya Engineering College (A)

We know that heat extracted from 1 kg of water at 10°C for the formation of 1 kg or 1c€

at 0°C

Amount of ice produced =

1 x 4.187 x 10 + 335 = 376.87 k]

=332 ke / k
376 87 kg / kW hour

3. Theoretical Vapour Compression Cycle with superheated vapour after Compression

Enthalpy:

Entropy:
at 2, s,= 55p+CpgIn(T,/T),)
at 4, s, = Sty +XySiy4

P
I
>

o
|

A

- Tempernture —e
—— Pressure —»

",
"
g

Entropy ———>»

A vapour compression cycle with superheated vapour after compression is shown on T-s and p-h diagrams in Fig.
In this cycle, the enthalpy at point 2 is found out with the help of degree of superheat. The degree of superheat

may be found out by equating

out as usual from the relation
R&AC

C.O.P.

hy =y

the entropies at points 1 and 2. Now the coefficient of performance may be found
Refrigerating effect ’11_ ~h;s
Work done i

17
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Q At point 1, the refrigerant enters the compressor as a saturated vapor. From point 1 to point 2, the vapor is
Isentropically compressed (compressed at constant entropy) and exits the compressor as a superheated vapor.
Superheat is the amount of heat added above the boiling point.

O From point 2 to point 2°, the vapor travels through part of the condenser which removes the superheat by
cooling the vapor. Between point 2’ and point 3, the vapor travels through the remainder of the condenser and is
condensed into a saturated liquid. The condensation process occurs at essentially constant P.

] Between points 3 and 4, the saturated liquid refrigerant passes through the expansion valve and undergoes an
abrupt decrease of P & T. The process is isenthalpic (constant enthalpy).

1 Between points 4 and 1, the cold and partially vaporized refrigerant travels through the coil or tubes in the
evaporator where it is totally vaporized by the warm air (from the space being refrigerated) that a fan circulates
across the coil or tubes in the evaporator. The resulting refrigerant vapor returns to the compressor inlet at point 1
to complete the thermodynamic cycle.

O The superheating increases the refrigerating effect and the amount of work done in the compressor. Since the
increase in refrigerating effect is less as compared to the increase in work done, therefore, the net effect of

superheating is to have low COP.
O In this cycle, the cooling of superheated vapour will take place in two stages. Firstly, it will be condensed to dry
saturated stage at constant P (shown by graph 2-2') and secondly, it will be condensed at constant T (shown by

graph 2'-3). The remaining cycle is same as discussed in the last article

R&AC Dr. Pritam Kumar Das 18



BRd5 °C. At entry to the compressor, the refrigerant is dry saturated and after compression it acquires a T of 60
°C. Find the C.O.P. of the refrigerator. The relevant properties of methyl chloride are as follows:

Saturation Enthalpy in kl/kg Entropy in kl/kg K T PR k; 5
temperature in °C Liquid Vapour Liquid Vapour 5. (318 3 2
-10 45.4 460.7 0.183 1.637 rY 1\ A
45 133.0 483.6 0.485 1.587 S 5 :
Solution. Given: T, =T, =-10°C=-104273=263K; Ty=T,=45°C=45+273 = § 7 e —i\1
318K ; T,=60°C =60+ 273 =333 K ; *h,, = 45.4 ki/kg ; hy = 133 kl/kg ; b, = 460.7 ki/kg : {3 y
hy = 483.6 kmg;*:,, = 0.183 ki/kg K ; *s,, = 0485 kikg K ; 5, = s, = 1.637 kl/kg K; | fe— = S
sy = 1.587 kl/kg K = Spemfic heat at constant pressure for superheated vapour je—— 8, = 5, —>]
We know that entropy at pomt 2, $, = 5y +23¢,log [T J SRy :
7 '
2
3 J
1637 = 1587 +23 ¢, log | 2o .
318 I} |
= 1587 +23 ¢, x 0.02 = 1.587 + 0.046 c, £
enthalpy at point 2, ¢, = 1L.09 5 T S - 7 1: |
hy = hy + ¢, x Degree of superheat = hy + ¢, (T, - T,)) C.O.P. of the refrigerator 71’,,=h| ' : E }
= 483.6 + 109 (333 — 318) = 500 kJ/kg b—hpy  460.7-133 - < hy L1
= Tk  500-4607 m— '|,|
R&AC Dr. Pritam Kumar Das Enthalpy ;




' 6: A refrigeration machine using R-12 as refrigerant operates between the P /of2/5:barrianc9zban. The
ession is isentropic and there is no undercooling in the condenser. The vapour is in dry saturated condition at

the beginning of the compression. Estimate the theoretical COP. If the actual COP is 0.65 of theoretical value,
calculate the net cooling produced per hour. The refrigerant flow is 5 kg per minute. Properties of refrigerant are:

Saturation Enthalpy, kJ/kg Entropy of
Pressure, bar temperature, C Liquid Vapour saturated
’ vapour, kj/kg K
9.0 36 70.55 201.8 0.6836
2.5 -7 29.62 184.5 0.7001

Take c, for superheated vapour at 9 bar as 0.64 kl/kg K.

Solution. Given : Ty =T, =36°C =36+ 273 =309 K ; T, =T, =-7C=-7+ 273 =
266K ; (C.O.P), ., =065 (C.O.P), ; m=>35 kg /min ; hf3 = h, = 70.55 kI/kg ; "'hfl =Ry =
2962 kJ/kg 3 b, =201.8 kI / kg ; h, = 184.5 kI/kg ; 5," = 0.6836 kJ/kg K ; 5, = 5, = 0.7001 kI /kg K ;

- =064 kI/kg K

Theoretical coefficient of performance

First of all, let us find the temperature at point 2 (7},).
We know that entropy at point 2,

T,
We know that enthalpy of superheated vapour at point 2, log ( 309)

h, = hy +¢,(T,-Ty)
= 201.8 + 0.64 (317 - 309) = 206.92 kl/kg

R&AC

T2
s, = sy +23c, log g

0.7001 = 0.6836 + 2.3 x 0.64 log(

4

0.7001—-0.6836

= =0.0112
2.3x0.64 2
Ig__ = 1.026
309
T, = 1.026 x 309 =317 K
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Theoretical coefficient of performance,

h—he3  1845-7055
hy—h 206921845

Aditya Engineering College (A)
cooling produced per hour
5.1 We also know that actual C.O.P. of the machine,
(COP), a0 = 0.65 x (C.OP), =0.65 x 5.1 =3.315
= hy—h, = 20692 - 184.5 = 22.42 kl/kg

(COP), =

and actual work done, w

We know that net cooling (or refrigerating effect) produced per kg of refrigerant
= W X (C.OP) ... =2242 x 3.315 =74.3 kl/kg

». Net cooling produced per hour
= mx743=5x743 =371.5 kJ/min

acmeal

371.5

210
Problem 7: A simple refrigerant 134a heat pump for space heating operates between temperature limits of 15 °C
and 50 °C. the heat required the pumped is 100 MJ/h. determine: i) the dryness fraction of refrigerant entering the
evaporator i1) discharge temperature assuming the specific heat of vapour as 0.996 KJ/Kg K 1ii) the theoretical
piston displacement of the compressor iv) the theoretical power of the compressor v) C.O.P. the specific volume
of refrigerant at 15 °C is 0.04185 m3/kg.

=1.77 TR Ans.

e (> 1 TR = 210 kJ/min)

P (bar) Temp,’c he hg S Se
4.887 15 220.26 413.6 1.0729 1.7439
13.18 50 271.97 430.4 1.2410 1.7312

R&AC
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Solution: Given: 7|, = T, = 15°C = 15 + 273 = 288 K ; Ty =T, =50°C = 50 « 173
i =323 K ; Q.= 100 MJ/h = 100 x 10°kI/h ; ¢, = 0.996 kI/kg K ; v, = 0.04185 m¥/kg . &, = 22026
ki/kg ; hpy = hy =271.97 kl/kg ; h; = 413.6 kl/kg ; hy =4304kl/kg ; 5, =10729 g K.
$;,=8,= L7439 KI/kgK; 5,=12410k)/kgK ; 5, =1.7312kl/kg K
1. Dryness fraction of refrigerant entering the evaporator
We know that dryness fraction of refrigerant entering the evaporator /. ¢ 2! poml 4.

_hy=hy  27197-22026 5171
h—h; 413.6-22026 19334

a Engineering College (A)

=0.2675 Ans.

X4

.. Discharge temperature
Let T, = Discharge temperature.
We know that entropy at discharge i.e. at point 2,

T,
1.7439 = 1.7312 + 2.3 x 0.996 log(;L)
2I

bg( T )= 1743917312 _ o cs

T,
S =sy+23c, bg(ﬁz:) Ty 2.3x0.996
;-’ =1.0128 ...(Taking antilog of 0.005 54)
2'

= ‘ 2 = X = ‘ - 4 © .
3. Theoretical piston displacemnent of the compressor T =Ty x1.0128 =323 x 1.0128 = 327.13 K = 54.13°C Ans

We know that enthalpy at discharge i.e. at point 2,

h‘l - hz"*“-'p(Tz —T2’)
= 430.4 + 0.996 (327.13 - 323) = 434.5 kl/kg
and mass flow rate of the refrigerant, Q 100x10°

R&AC Dr. Pritam Kumar Das = h; -hf3 = 434.5-271.97

=6153 kg/h =  10.254 kg/min



.. Power of the compressor =

We know that

C.OP.=

Theoretical piston displacement of the compressor

Aditya Engineering College (A)

= mg Xv; =10.254 x 0.4185 = 4.29 m*/min Ans,
!'heoretical power of the compressor

We know that workdone by the compressor

mg (h, —hy) = 10.254 (434.5 — 413.6) = 214.3 kJ/min
214.3/60 = 3.57 kJ/s or kW Ans.

h—hrs  413.6-271.97 14163 _

h,—h, 4345-4136 209

=6.8

4. Theoretical Vapour Compression Cycle with superheated vapour before Compression

R&AC

T N
S AComp.
g Exp.
3 N |
= 4 Evap 1"\ | ) !
|

Superheating L S

| hra= h, hy hz
Enthalpy———»
Entropy ——»

Dr. Pritam Kumar Das

v'A vapour compression cycle with superheated
vapour before compression is shown on T-s and p-h
diagrams in Fig. In this cycle, the evaporation starts
at point 4 and continues upto point 1', when it is dry
saturated. The vapour is now superheated before
entering the compressor upto the point 1.

v'In this cycle, the heat is absorbed (or extracted) in
two stages. Firstly from point 4 to point 1° and
secondly from point 1' to point 1.

Refrigerating effect By —hss

COP =
x Work done h, —h 23




8.

Frpmul vapour compression refrigeration plant works between temperature limits of 5.3
bar and 2.1 bar. The vapour is superheated at the end of compression, its
temperature being 37°C. The vapour is superheated by 5°C before entering the

compressor. If the specific heat of superheated vapour is 0.63 k]/kg K. Find the

coefficient of performance of the plant. Use the data given below:
Pressure Saturation Liquid heat Latent heat

(bar) temperature (°C) (k] /kg) (K] /kg)

Aditya Engineering College (A)

s
o 9
o O

—— Temperature (K)—>

5.3 15.5 56.15 1449

2.1 -14 25.12 158.7

Solution. Given : p, =53 bar;p, =2.1bar ; 7, =37°C=37+273=310K T, - Ty =
3Ci¢,=063klkg K Ty = 155°C=155+273=2885K ;Tyy==-14°C =~ 14 + 273 =
259K by = hﬂ' = 56.15 kJ/kg ; hﬂ' =25.12 kJ/kg ; hm' = 1449 KJ/kg ; hfal' = 158.7 kl/kg
We know that enthalpy of vapour at point 1

hy = hy+c, (T, =Ty) = (b + hyy) + ¢, (T, = Tp) =

Similarly, enthalpy of vapour at point 2 = (25.12 + 158.7) + 0.63 x 5 = 186.97 kl/kg
hy, = hy+c, (T,~Ty) = (hyy + hpy) + ¢, (T, = Ty)
= (56.15 + 144.9) + 0.63 (310 — 288.5) = 214.6 kl/kg

Pressure —»

Coefficient of performance of the plant h—hey  186.97-56.15  130.82

REAC COF. = hy—h,  2146-18697 27.63

= 4,735
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5. Theoretical Vapour Compression Cycle with UndefC56RHg oF

Subcooling of Refrigerant

rFressue ——»

Cond. \zr

—d

2
Under

cooling %mp'

Ev;p. / '

Enthalpy —»

» Sometimes, the refrigerant, after condensation process 2’ -
3’, Is cooled below the saturation T (T3’) before expansion by
throttling. Such a process is called undercooling of the
refrigerant and is generally done along the liquid line as
shown in Figure.

» The ultimate effect of the undercooling is to increase the
value of COP under the same set of conditions.

The process of undercooling is generality brought about by circulating more quantity of cooling water through the
condenser or by using water colder than the main circulating water. Sometimes, this process is also brought about
by employing a heat exchanger. In actual practice, the refrigerant is superheated after compression and
undercooled before throttling, as shown in Fig. The refrigerating effect is increased by adopting both the
superheating and undercooling process as compared to a cycle without them, which is shown by dotted line.

s ’ . —
the refrigerating effect or heat absorbed or extracted, Rg = }M hy=h, —h,

R&AC

work done

W =

h, - h,
Refrigerating effect iy — gy

Worl <k

COP = - =
VV’UI‘R d¢ nme
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e 9: A vapour compression refrigerator uses R-12 as refrigerant and the liquid evaporateseinntheevaporator
*C. The temperature of this refrigerant at the delivery from the compressor is 15 C when the vapour is
condensed at 10 C. find the COP if (i) there is no under cooling, and (ii) the liquid is cooled by 5 C before expansion
by throttling. Take specific heat at constant pressure for the superheated vapour as 0.64 kJ/ka K and that for liqui

as 0.94 kJ/kg K. The Properties of Refrigerant are as follows: T 288
Enthalpy in kJ/kg Specific entropy in kJ/'kg K < 263

Temperature in " C o

Liguid vapour Liquid Vapour 3

()
0.7051 & 258

-15 22.3 180.88 0.0904 @

0.6921
+10 45.4 191.76 0.1750 |

Solution.Given: 7, =7T,=-15°C=-15+273 =258 K ; T-H(—H-f’?? 288K ;
= 10°C =10+ 273 =283 K ; c, = 0.64 kl/kg K : ¢ = 0.94 ki/kg K ; h,, =223 kJ/kg

h.» =454 kl/kg ; h» = 180.88 kl/kg ; hy = 191.76 kJ/l\(' » 8y = 0.0904 kI/kg K ; "5y = 0.173
ki/kg K: s, = l).7()5] kl/kg K | s,» = 0.692] kl/kg K

Coefficient of performance if there is no undercooling

The T-s and p-h diagrams, when there is no undercooling, are shown in Fig. 4.19 (a) and (3

respectively.

Let x, = Dryness fraction of the refrigerant at point 1. ';1_
We know that entropy at point 1, Py e
Sy = Syt X Spy =85+ X (5, —5,) sy =8+ :

= 0.0904 + x, (0.7051 = 0.0904) = 0.0904 + 0.6147 x,




N entropy at point 2 5, = s + 2.3 ¢, log (IZ.J

zl

= 0.6921 + 2.3 x 0.64 log (;—gg)

= 0.6921 + 2.3 x 0.64 x 0.0077 = 0.7034
Since the entropy at point 1 is equal to entropy at point 2, therefore equating equations (i)
and (i),

0.0904 + 0.6147 x, = 0.7034 or x, =0.997
We know that the enthalpy at point 1,

hy = hy+x b, =h, +x (b, —h,)
= 22.3 + 0.997 (180.88 — 22.3) = 180.4 kl/kg
el By =hy)
and enthalpy at point 2, hy = by +c¢, (T,-Ty)
191.76 + 0.64 (288 — 283) = 194.96 kJ/kg
h—h;y 1804-454
h—h ~ 194.96-180.4

Coefficient of performance when there is an undercooling of 5°C

COP = =9.27 Ans.

We know that enthalpy of liquid refrigerant at point 3,
hey = hy — ¢, x Degree of undercooling
= 454 -0.94 x 5 =40.7 kl/kg
hy—hsy  1804-407
h,—h  19496-1804

R&AC Dr. Pritam Kumar Das

COP = =9.59 Ans

Aditya Engineering College (A)
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gem 10: A vapour compression refrigerator uses methyl chloride (R-40) and operates:hetween;pressureslimits
1734 kPa and 967.5 kPa. At entry to the compressor, the methyl chloride is dry saturated and after compression
has a temperature of 102 °C. The compressor has a bore and stroke of 75 mm and runs at 480 r. p. m with a
volumetric efficiency of 80 %. The temperature of the liquid refrigerant as it leaves the condenser is 35°C and its
specific heat capacity is 1.624 kJ/kg K. The specific heat capacity of the superheated vapour may be assumed to be
constant. Determine : 1. refrigerator C.O. P.; 2. mass flow rate of refrigerant; and 3. cooling water required by the

condenser if its temperature rise is limited to 12 °C. Specific heat capacity of water = 4.187 kJ/kg K. The relevant
properties of methyl chloride are as follows:

Specific volume Specific enthalpy | Specific entropy

kJ/kg kikg K

Liquid | Vapour | Liquid | Vapour | Liquid |Vapour

-10 177.4 | 0.00102 | 0.233 | 45.38 | 460.76 | 0.183 | 1.762

45 967.5 | 0.00115 | 0.046 | 132.98 | 483.6 | 0.485 | 1.587
Solution. Given : p, =p, = 1774 kPa ; p, = p, = 9675 kPa ; T, = 102°C = 102 + 273

=35 K ;D=L=75mm=0079m ;N=8rps.=480rpm. ;N =80% = 0.8 ; T, = 357

Sat. temp. | Pressure
°C kPa

=35+273=308K ;c ;=c =1624klkg K ;¢ =4187klkg K ; T, =7, =
=-10+273 =263 K; Ty =Ty = 45°C = 45 + 273 = 318 K ; v, = 0.233 m'/kg
= 0.046 m'/kg ; "h, = 4538 kl/kg ; h, = 13298 kl/kg ; h, = 460.76 kl/kg

= 483.6 kl/kg : 5., = 0.183 kl/kg K ; "s, = 0485 kJ/kg K | "s, = s, = 1.762 Kkl
= 1.587 kl/kg K

-
-~
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l. Refrigerator C.0O.P.
efrigerator C.0.] Aditya Engineering College (A)

We know that enthalpy at point 2, |
h, = hy +c, (T,-T)) CTES ) T ey
= 483.6 + 1.624 (375 - 318) = 576.2 ki/kg gl o/
and enthalpy of liquid refrigerant at point 3, o 318 "7 \
308 -~ ) 3 \
by = Byy — ¢y (Ty = T) / '\
= 132.98 — 1.624 (318 — 308) = 116.74 kl/kg & 263 - /— :
We know that refrigerator C.O.P. o :
' - 5, =5, —>|
hy—hys 4607611674
— = — 2,98 Ans, Ent
hy—h  5762~-460.76 Topy =
Mass flow rate of refrigerant 3 /3 2
Let myp = Mass flow rate of refrigerant in kg / min. N / .
We know that suction volume or piston displacement per minute, l& : | / f
= Piston area X Stroke x R.P.M. ® " : '/ t
/ | ' &L
s %(0.075)z 0.075%480 = 0.16 m*/min e (i E R SR
We also know that piston displacement per minute €fia : |
- hyg'—b- |
Xy X e x0233x ! 0.29 ' & i *‘ :
= Mg XY m mR 08 = 0.29 my .. (i) | % |
Equating equations () and (i), Enthalpy ——»
m, = 0.16/0.29 = 0.55 kg / min Ans.
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We know that heat given out by the refrigerant in the condenser
= my (h, - hp) = 0.55 (576.2 - 116.74) kg / min

- = 252.7 kJ/min
heat taken by water in the condenser

= m, X c,, X Rise in temperature
= m,xX4.187 x 12 =50.244 m
Equating equations (iii) and (iv),
m, = 252.7/50.244 = 5.03 kg / min Ans,

ACTUAL VAPOUR COMPRESSION CYCLE

|

l
v'The actual vapour compression cycle differs from the theoretical |
vapour compression cycle in many ways, some of which are |
unavoidable and cause losses. The main deviations between the | }
theoretical cycle and actual cycle are as follows: |
v'The vapour refrigerant leaving the evaporator is in superheated state. |
v The compression of refrigeration is neither isentropic nor polytropic.
v'The liquid refrigerant before entering the expansion valve is sub-
cooled in the condenser. |
v'The pressure drops in the evaporator and condenser. |

Temperatur

Let m,, = Cooling water required by the condenser in kg / min.

Aditya Engineering College (A)
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The various processes are discussed below:
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LADITYAL

(a) Process 1-2-3. This process shows the flow of refrigerant in the evaporator. The point 1 represents the entry
of refrigerant into the evaporator and the point 3 represents the exit of refrigerant from evaporator in a
superheated state. The point 3 also represents the entry of refrigerant into the compressor in a superheated
condition. The superheating of vapour refrigerant from point 2 to point 3 may be due to

(i) automatic control of expansion valve so that the refrigerant leaves the evaporator as the superheated vapour.
(i1) picking up of larger amount of heat from the evaporator through pipes located within the cooled space.
picking up of heat from the suction pipe, i.e., the pipe connecting the evaporator delivery and the compressor
suction valve. In the first and second case of superheating the vapour refrigerant, the refrigerating effect as well
as the compressor work is increased. The coefficient of performance, as compared to saturation cycle at the same
suction pressure may be greater, less or unchanged. The superheating also causes increase in the required
displacement of compressor and load on the compressor and condenser. This is indicated by 2-3 on T-s diagram.
(b) Process 3-4-5-6-7-8. This process represents the flow of refrigerant through the compressor. When the
refrigerant enters the compressor through the suction valve at point 3, the pressure falls to point 4 due to frictional
resistance to flow. Thus the actual suction pressure (p.) is lower than the evaporator pressure ( P ). During suction
and prior to compression, the temperature of the cold refrigerant vapour rises to point 5 when it comes in contact
with the compressor cylinder walls. The actual compression of the refrigerant is shown by 5-6, which is neither
isentropic nor polytropic. This is due to the heat transfer between the cylinder walls and the vapour refrigerant.



;“@;N Aditya Engineering College (A)

L ADTYAY
The temperature of the cylinder walls is some-what in between the temperatures of cold suction vapour
refrigerant and hot discharge vapour refrigerant. It may be assumed that the heat absorbed by the vapour
refrigerant from the cylinder walls during the first part of the compression stroke is equal to heat rejected by the
vapour refrigerant to the cylinder walls. Like the heating effect at suction given by 4-5, there is a cooling effect at
discharge as given by 6-7. These heating and cooling effects take place at constant pressure. Due to the frictional
resistance of flow, there is a pressure drop i.e., the actual discharge pressure.( pp) IS more than the condenser
pressure ( pc)-
(c) Process 8-9-10-11. This process represents the flow of refrigerant though the condenser. The process 8-9
represents the cooling of superheated vapour refrigerant to the dry saturated state. The process 9-10 shows the
removal of latent heat which changes the dry saturated refrigerant into liquid refrigerant. The process 10-11
represents the sub-cooling of liquid refrigerant in the condenser before passing through the expansion valve.

This is desirable as it increases the refrigerating effect per kg of the refrigerant flow. It also reduces the

volume of the refrigerant partially evaporated from the liquid refrigerant while passing through the expansion
valve. The increase in refrigerating effect can be obtained by large quantities of circulating cooling water which
should be at a temperature much lower than the condensing temperatures.
(d) Process 11-1. This process represents the expansion of subcooled liquid refrigerant by throttling from the
condenser pressure to the evaporator pressure.
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(452} Factors affecting the performance of simple VCR system

Effect of Suction Pressure

O In actual practice, the suction pressure (or evaporator pressure) decreases
due to the frictional resistance of flow of the refrigerant. ! \ 2 9
O Let us consider a theoretical vapour compression cycle 1'-2'-3-4' when the Pel /7;
suction pressure decreases from p. to p,'as shown on p-h diagram. It may % //1 |
be noted that the decrease in suction pressure ‘é’ D3 : |
v" 1. decreases the refrigerating effect from (h, —h,) to (h,—h,.). Q. Ps :
v" 2. increases the work required for compression from (h, —h,) to (h,.—h,.). : :
O Since the C.O.P. of the system is the ratio of refrigerating effect to the | ) ! 'I
work done, therefore with the decrease in suction pressure, the net effect ha=ha=ha Il b2 ix
Is to decrease C.O.P. of the refrigerating system for the same amount of Enthalpy —=

refrigerant flow.
O Hence with the decrease in suction pressure, the refrigerating capacity of

the system decreases and the refrigeration cost increases.
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Effect of Discharge Pressure:

The discharge pressure (or condenser pressure) increases due to frictional resistance of )

flow of the refrigerant. Let us consider a theoretical vapour compression cycle 1-2'-3'- tﬁ, ki B

4' when the discharge pressure increases from P, to Pd’ to as shown on p-h diagram. g | ;

It may be noted that the increase in discharge pressure § : :

1. decreases the refrigerating effect from (h, — h,) to (h,— h,.). a Dst- i ; :

2. increases the work required for compression from (h, — h,) to (h,.— h;,). : ; |

O From above, we see that the effect of increase in discharge pressure is similar to the l| : P l'
effect of decrease in suction pressure. hra = ha ty 3’.'= ha' h hahy

O But the effect of increase in discharge pressure is not as severe on the refrigerating ——- Enthdlpy ——»

capacity of the system as that of decrease in suction pressure.

Problem 11: Simple ammonia-compression system operates with a capacity of 150 tonnes. The condensation
temperature in the condenser is 35°C. The evaporation temperature in brine cooler is - 25°C. The ammonia leaves the
evaporator and enters the compressor at - 8°C. Ammonia enters the expansion valve at 30°C. Wire drawing through
the compressor valves Suction = 0.118 bar ; Discharge = 0.23 bar ; Compression index = 1.22 ; Volumetric
efficiency = 0.75. Calculate : 1. Power ; 2. Heat transferred to cylinder 3. Piston displacement ; 4. Heat transfer in

condenser; and 5. COP.



Solutien. Given : Q=150TR ; I, =T,» =Ty =35°C=35+273 =308 K; T\» =T,
=-25°C=-25+273=248K ;T\ =-8C=-8+273=265K;n=122;n,=0.75
The 7-5 and p-h diagrams are shown in Fig. 4.36 (a) and (b) respectively.
From p-h diagram, we find that the pressure corresponding to evaporation temperature of
- 25°C,
p, = py=p,= 1518 bar
Since there is a suction pressure drop of 0.118 bar due to *wire drawing, therefore pressure
at point 1°,
py = 1.518-0.118 = 1.4 bar = 1.4 x 10° N/m?
Pressure corresponding to condensation temperature of 35°C

= 13.5 bar
Since there is a discharge pressure drop of 0.23 bar due to wire drawing, therefore pressure
at point 2/,
py = 13.5+0.23 = 13.73 bar = 13.73 x 10° N/m’

Aditya Engineering College (A)
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From p-h diagram, we also find that enthalpy of superheated ammonia vapours at point 1

0O l,
S8 oA2am h, = hy = 1440 ki/kg
T { L O | TR ' Specific volume at point 1/,
I 135 s 90°C vy = 0.8 m¥/kg
Temperature at point 1/,

% _Boci// Ty = —9°C=-9+273=264K
815181 =25°C= == N1 Let v, = Specific volume at point 2'.
Sl 17 Y S, QU & A Since the compression is according to pv'# = C, therefore
‘ i py ¥ = py (v)
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N lot int 2 the p-h di ding t r = 13773 b
(\\\ //\, sl s i X DT CONBIpORTing o Py T Aditya Engineering College (A)
i i

"% vy = 0.123 m*kg. From the p-h diagram, we find that
Enthalpy of superheated ammonia vapours at point 2 or 2,

T alire ik aREE ™ = Heat transferred to cylinder water jacket
T R . - We know that actual work done by the compressor
o  Tge S0 = my (hy — hy) = 28.12 (1620 — 1440) = 5062 kl/min
and enthalpy of liquid ammonia at point 3, ». Heat transferred to cylinder water jacket
_ hys = hy=320 ki/kg = §900 — 5062 = 3838 kV/min Ans,
. Power
We know that refrigerating effect per kg, Piston displacement
Ry = h,—h,y = 1440 - 320 = 1120 ki/kg We know that piston displacement
and refrigerating capacity = 150 TR = 150 x 210 = 31 500 kJ/min mg Xvy  28.12X0.8
. Mass flow of the refrigerant, = n = 075 = 30 m*/min
A A
my = 31500 = 28.12 kg / min Heat transfer in condenser
1120 We know that heat transfer in condenser
We know that work done by the compressor per minute = myg (hy — hyy) = 28.12 (1620 — 320) = 36 556 kJ'min
” ; : :
= my X (pyvy = pyvy) COP = Refrigerating capacity 2 31500 ~13.54
Work done 8900
= 2812 x L5 (13.73 x 10° x 0.123 - 1.4 x 10° x 0.5,

122-1
= 89 x 10° J/min = 8900 kJ/min
Power = 8900/60 = 148.3 kW Ans.
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