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Th.5S REFRIGERATION AND AIR CONDITIONING
Chapter -1
1. AIR REFRIGERATION CYCLE.
1.1 Definition of refrigeration and unit of refrigeration.
1.2 Definition of COP, Refrigerating effect (R.E)
1.3 Principle of working of open and closed air system of refrigeration.

1.3.1 Calculation of COP of Bell-Coleman cycle and numerical on it.
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Chapter-1
AIR REFRIGERATION CYCLE
Definition:
The term refrigeration may be defined as the process of removing heat from a substance under
controlled conditions. It also includes the process of reducing and maintaining the temperature of
its surrounding.
Example:
If some space is to be kept at -20C, we must continuously extract heat which flows into it.
Purpose & Applications of refrigeration & air—conditioning:
Important refrigeration applications are given below
1. Ice making
2. Transportation of foods above and below freezing
3. Industrial air-conditioning
4. Comfort air conditioning
5. Chemical and related industries
6. Medical and surgical aids
7. Processing food products and beverages
Unit of Refrigerating:
The practical unit of refrigeration is expressed in terms of “tone of refrigeration”.
One tone of refrigeration is defined as the amount of refrigeration effect produced by the uniform
melting of one tonne (1000kg) of ice from and at 00C in 24 hours.
Since the latent heat of ice is 335kj/kg, therefore one tone of refrigeration,
I1TR =1000 x 335 kj in 24 hours
=232.6 kj/min

Co-efficient of Performance of a Refrigerator (C.O.P.):
The co-efficient of performance is the ratio of heat extracted in the refrigerator to the work done
on the refrigerant.
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Mathematically C.O.P. = 2

/4

Examples: 1.1 Find the C.O.P of a refrigeration system if the work input is 80kj/kg and

refrigeration effect produced is 160kj/kg of refrigerant following.

Solution:
Given;, w=_80kj / kg ; g =160kj / kg

We know that C.O.P. of a refrigeration system -4 :% =2 Ans.
w

Heat Engine

In heat engine the heat supplied to the engine is converted into useful work. If Q; is the heat
supplied to the engine and Q) is the heat rejected from the engine, the net work done by the

engine is given by:

7, or (C.O.P)Ezﬁ __Workdone _ 0, -0,
Q. HeatSupplied o,

The performance of a heat engine is expressed by its efficiency.

Refrigerator

Refrigerator is a reversed heat engine which either cool or maintain the temperature of a body
(T,) lower than the atmospheric temperature (Ta). This is done by extracting the Heat from a
cold body and delivering it to a hot body (Q3). In doing so, work Wy is required to be done on

the system. According to First law of thermodynamics,

Wr=Q2-Qi
The performance of a refrigerator is expressed by the ratio of amount of heat taken from the cold

body (Q;) to the amount of work required to be done on the system (Wg). This ratio is called

coefficient of performance. Mathematically, coefficient of performance of a refrigerator,

Heat Pump
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A refrigerator used for cooling in summer can be used as a heat pump for heating in winter. In

the similar way, as discussed for refrigerator, we have

W, =-Q2-Qi

The performance of a heat pump is expressed by the ratio of the amount of the heat delivered to
the hot body (Q2) to the amount of work required to be done on the system (Wp). This ratio is

called coefficient of performance or energy performance ratio (E.P.R.) of a heat pump.

Mathematically, coefficient of performance or energy performance ratio of a heat pump,

(cop) =2-2 __ 92 ,1_(copr) +

W 0,-0 0.-0

#) Heat engine b} Refrigerator ¢} Heat pump

All the components of the heat pumps are same as the refrigerator and even they perform the
similar functions; the only difference is that in the heat pumps the components work in a reverse

manner. The heat pump is the reverse refrigerator.

Carnot Engine

Carnot engine is a theoretical thermodynamic cycle proposed by Leonard Carnot. It gives the
estimate of the maximum possible efficiency that a heat engine during the conversion process of
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heat into work and conversely, working between two reservoirs, can possess. In this section, we
will learn about the Carnot cycle and Carnot Theorem in detail.

Air Refrigerator Working on Reversed Carnot Cycle:

If a machine working on reversed Carnot cycle is driven from an external source, it will work or
function as a refrigerator. The production of such a machine has not been possible practically
because the adiabatic portion of the stroke would need a high speed while during isothermal
portion of stroke a very low speed will be necessary. This variation of speed during the stroke,
however is not practicable.

» p-V and T-s diagrams of reversed Carnot cycle are shown in Figs. 1 (a) and (b).

» Starting from point /, the clearance space of the cylinder is full of air, the air is then
expanded adiabatically to point p during which its temperature falls from 7 to 7>, and the
cylinder is put in contact with a cold body at temperature 75.

» The air is then expanded isothermally to the point n, as a result of which heat is extracted
from the cold body at temperature 7>.

» Now the cold body is removed from » to m air undergoes adiabatic compression with the
assistance of some external power and temperature rises to 77.

» A hot body at temperature 7; is put in contact with the cylinder. Finally the air is
compressed isothermally during which process heat is rejected to the hot body.

T (Temp.)
p (Pressure) &
»
|
i Isotherms Tif— + L
_—r— Adiabatics T t
j & n
2[7pi .
I I
| |
» v (Volume) q 5 »s (Entrmpy)
(@) (b)
Fig. 1ig)p-Vdiagram for reversed Fig. 1{b) T-s diagram for a reversed
Carnot cvcle. Carnot cycle.
Heat abstracted from the cold body = Area ‘npgs’ = T, X pn
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Work done per cycle = Area ‘lpnm’

= (T —T2) < pn
Co-efficient of performance, C.O.P. = Heat extracted from the cold body _ Area 'npgs
Work done per cycle Area 'lpnm’
__ DLixpn T

(L-T)xpn (1,-T,)
Since the co-efficient of performance (C.O.P.) means the ratio of the desired effect in kJ/kg to
the energy supplied in kJ/kg, therefore C.O.P. in case of Carnot cycle run either as a refrigerating
machine or a heat pump or as a heat engine will be as given below :

(i) For a reversed Carnot cycle ‘refrigerating machine’:

Heat extracted from the cold body
Work done per cycle

_ Area 'npgs’

Co-cfficient of performance, C.O.P. =

 Area 'lpnm’
__Lxpn T,
(h-T,)xpn (T,-T,)

(ii) For a Carnot cycle ‘heat pump’:
Heat extracted from the hot body
Work done per cycle
T, xIm
(T =T,)x pn
Lixpn T
(L-T)xpn (5,-T,)
T,
(T-T.)
This indicates that C.O.P. of heat pump is greater than that of a refrigerator working on

reversed Carnot cycle between the same temperature limits T1 and 72 by unity.
(iii)  For a Carnot cycle ‘heat engine’:

Co-efficient of performance, C.O.P. (neat pump) =

=1+

(iv) Co-efficient of performance, C.O.P. (neat pump) = Work obtal.ned/cycle
Heat supplied/cycle
_(T=T)xpn
B T, xIm
_(5-T)xpn_(5-T))
- Txpn T

Examples: 1.2 A Carnot refrigerator requires 1.3 kW per tonne of refrigeration to maintain a
region at low temperature of — 38°C. Determine: (i) C.O.P. of Carnot refrigerator (ii) Higher
temperature of the cycle (iii) The heat delivered and C.O.P. when this device is used as heat
pump.
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Solution. T,=273-38=235K
Power required per tonne of refrigeration = 1.3 kW

(7)) C.O.P. of Carnot refrigerator:

(C.OP) popi= Heat extracted from the cold body _ ltonne _ 1400047 / hr .99 Ans
‘ Work done per cycle 1.3kWw  (1.3kW)(3600sec/ hr)
(i) Higher temperature of the cycle:
(C.0.P) ,~@ﬁ~l:L =299 = 235 =T =313.6K Ans
" (n-T) T,-235
(iii) The heat delivered and C.O.P.:
Heat delivered as Heat Pump:
= heat absorbed + Work done
— ltonne +1.3kw=—2000K T hr_ 1 3 < 189k /sec Ans
(3600sec/ hr)
C.OP. reat ) = Heat extracted from the hot body/Heat delivered _ 5.1894; / sec ~3.99 Ans
Work done per cycle 1.3kW

Refrigeration-Air Cycles-Open and Closed

Two Ways of Operating Of Bell Coleman Cycle

(1) Open air refrigeration cycle: When cooled air from the turbine enters the cabin and comes
in physical contact with the occupants. It is not much in use because of moisture added to air in
the cabin.

(i1) Closed air refrigeration cycle or dense cycle: When cooled air from the turbine passes
through the coil and a fan circulates and recirculates cabin air over it. The pressure of cooled air
in such systems is much higher than in the open system. Because of high pressure, volume is less
and hence density of air is high. It is therefore also called a dense system. It reduces
compression ratio and hence COP is high. There is no moisture problem too.

Air Refrigeration System Working On Bell-Coleman Cycle:

Bell Coleman Cycle also knows as a Reversed Brayton Cycle or the Joule cycle. The fluid is
always in a gaseous state which is compressed and expanded. It was one of the most punctual
sorts of coolers utilized in boats conveying solidified meat. The cycle uses air as a refrigerant,
which is effectively accessible and economical. Used both in cooling and heating effects.

Similarly, refrigeration working on this Cycle has a less COP. The running cost is very high.In
air refrigeration system; air is used as the refrigerant which always remains in the gaseous phase.
The heat removed consists only of sensible heat and as a result, the coefficient of performance
(C.0.P) is low. The various processes are:

Process 1-2: The air leaving the evaporator enters a compressor. Where it is compressed

isentropically to higher pressure and temperature.
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Comprassol

Refrigerator

Expander

Closed Bell Coleman Air Cycle

Coampressor

Couoling
water out

Refrigerator

Cooling
waterin

Expander

Open Bell Coleman Air Cycle

Process 2-3: This high pressure, high temperature air, then enters a cooler where it is cooled at

constant pressure to a low temperature.
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Process 3-4: This high pressure, low temperature air is then expanded in an expander to lower
pressure and temperature in a isentropic manner. At point 4, the temperature of the air will be
lowest.

Process 4-1: This low temperature air is then passed through the heater coils where it absorbs
heat from the space to be cooled namely the refrigerator and the air gets heated back to the initial

temperature, but in the process, it cools the refrigerator. And the cycle repeats.

Working of Bell Coleman Cyecle :

3 2
F3a=pP3 2
T2 |
SEMTNOIC
| ' n 1
E S E1Arogy CETROr LSl gl i -3
2 |Expansid e
g | 5
o
|1 I E Tl 1
] o
Pl=n4. & ' . )
| : T4
| i 4
1 1 i
i syl I |
W3 owd WE Wl =
: 53=54 §1=152
e Ertrapy
|a} 2-W Disgram {0) T-5 Diagram

Bell Coleman Cycle process is defined below

Let p1, vi, and T, be the pressure, volume, and temperature of the air.

> Isentropic Compression: The Cold air from the fridge is brought into the compressor
and compressed isentropically. During this procedure, the pressure increments from P; to
P,. The specific volume diminishes from V; to V, and the temperature increments from
T, to T,. During this procedure Entropy‘s’ stays steady (s;=s;). No heat is absorbed or
rejected by the air.

> Isothermal compression /Steady Pressure Cooling Process: The warm air is from the
compressor is presently passed into the cooler where it is cooled at consistent pressure,
lessening the temperature from T3 to T,. Explicit Volume additionally diminishes from v,
to vs. Warmth is dismissed by the air during this procedure. Heat dismissed by the air:

=qr=9,5,= ¢,(I,-T,)
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> Isentropic Expansion: Air from the cooler is presently brought into the expander and is
extended isentropically. The pressure of the air stays steady during this procedure.
Specific volume changes from v3 to v4 and the temperature diminishes from T3 to T4. No
heat is dismissed or consumed by the air.

> Isothermal expansion/Steady Pressure expansion process: The cold air from the
expander is currently passed into the refrigerator and extended at a consistent pressure.
The temperature of the air increments from T4 to T;. The specific volume of the air
changes from v;4 to v;.

=q,=4,,=¢, (Tl _T4)
Heat consumed by the air: g4 = Cp( T — Ty)

Work done during the cycle per kg of air = Heat rejected — Heat absorbed
=qr—da
= Cp(Ta—T3) - Cp(T1 = Ta)
Coefficient of Performance of Bell Coleman Cycle

Heat absorbed

C.O.P during the cycle per kg of air =
workdone

(COPR  =—T1_
dr — 494
C,(

— »

T-T,) _ (5-1)

Process 1-2,

Process 3-4,
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Since , P2=P3 & P1:P4,SO

_ L 1
T3_T4 5_1
T,
1 1
% R (N
P, R
C.O.P. = 1_
7-1
(rp) -1
r,= Compression or Expansion ratio=—-= L)
PP

% NOTES:
v Co-efficient of Performance of a Refrigerator (C.O.P.); C.O.P. :%
v’ Co-efficient of Performance of a Refrigerator (C.O.P)r= (T TZT ) .
17— 42
v' Co-efficient of Performance of a Pump (C.O.P),=(C.O.P)r+1==1+ (T TZT )
17— 42
v Co-efficient of Performance of a Engine (C.O.P)g=
_ Work obtained/cycle _ (T,-T,) _ 1
Heat supplied/cycle T, (C.O.P)p
v" Coefficient of Performance of Bell Coleman Cycle= L
37 44
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Examples: 1.34 refrigeration plant working on the Bell Coleman Cycle, air is compressed to 6
bar from I bar. Its starting temperature is 15 °C. After compression air is cooled to up to 25 °Cin
a cooler before expanding back to 1 bar. Determine the C.O.P of the plant and net refrigerating

effect.
C, =1.005 kJ/kg K and C,= 0.718 kJ/kg K.

Answer

Given: P, = P; = 6 bar, P1 = P4 = I bar
T,=15+273=288K
T;=25+273=298K
y=Cp/Cv=10050.718 = 1.4

y—1=04
Soy—1/y=10.286
Therefore

Tg/T] = (PZ/P])])—]/)/
So T>/T; = 1.669
Similarly for process 3-4

T4 = L =T4=178.55;
1.669

C.O.P of the cycle is given by, C.O.P = L

37 14

C.OP= __17855 ;C.0.P=1.494

298 — 178.55

Net refrigerating effect = Cp ( T — Ty)

=1.005(288 — 178.55)

=109.99 kJ/kg
Advantages of air refrigeration system
1. Air is cheap, easily available.
2. It is not flammable.
3. For a given capacity, weight of air refrigeration system is less compared to other system and
hence it is widely used for aircraft cooling.

Disadvantages
rreparea By:
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1. Since heat removed by air consists only of sensible heat, weight of air required is high.

2. C.O.P of the system is low compared to other systems.

Slove the Problems

A heat pump is used for heating the interior of a house in a cold climate. The ambient temperature (s
=5°C and the desired interior temperature is 25°C . The compressor of the heat pump is to be driven
by a heat engine working berween |000°C and 25°C. Treating both cycles as reversible, calculate the
ratio in which the heat pump and the heat eagine share the heating load. [Ams. 7]

A refrigerating plamt is required to produce 2.5 tonnes of ice per day &t - 4°C from water at 20°C. If
the temperature range in the compressor is between 25°C and - 6°C, calculate power required to
drive the compressor. Latent heat of ice = 335 kl/kg and specific heat of ice = 2.1 kifkg K.

[Ans 1437 kW]

A refrigerator using Cammot cycle requires 1,25 kW per tonne of refrigeration to maininin a
rature of = 30°C, Find : 1. COP of the Camot refrigerator; 2. Tomperature at whach heat s
rejected; and 3, Heat rejected per tonne of refrigeration. [Ame 28 : 55.4°C - 284 L)fmin]

A Carmnot cycle machine operates between the tempernture limits of 47°C and ~30°C. Determine the

CO.P when it operates a8 1. o refrigerating machine @ 2. & heat pump : and 3 4 heal enging
[Ams, 3,16 , 4.16; 0.24)

Ten tonnes of fish is frozen to =30°C per day. The fish enters the freexing chamber at 30°C and
freczing occurs al —3°C. The frozen fish is cooled w -30°C. The specific heats of fresh and frozen
fish are 3.77 kl/kg K and 1.67 klkg K respectively while latent heat of freezing is 251.2 klfkg K .
Find the twonnage of the plant which runs for 18 hours per day. The evaporator and condensor
temperatires are ~40*C and 45°C respectively. If the C.OP. of the plant is 1 8, determine the power
consumption of the plant in KW, Also find the refrigerating efficiency of the plant.

[Ama 1R6 TR : 361 kW ; 65.7%]
A Camot refrigeration system has working temperature of -30°C and 40°C. What is the maximum
C.0.P. possible 7 If the actual C.O.P. is 75% of the maximum, calculate the actual refrigerating effect
produced per kilownit hoor. [Ans. 347 ; 0.743 TH]

A refrigerator storage 15 supphied suh 30 ipanes of fish ot a =mperature of 27°C. The fish has o be
cooled 1o — 9°C for preserving it for long period without deterioration . The cooling mkes place in 10
hours, The specific heat of fish is 2.93 klkg K above freering point af fish and 1.26 kifkg K below
freezing point of fish which is = 3°C. The latent heat of freezing s 232 ki/kg. 'What is the capacity
of the plant in tonnes of refrigertion for cooling the fish 7 What woald be the ideal C.0.P hetween
this temperaiure range 7 If the actual C.O.P. is 40% of the ideal, find the power required o run the
cooling plant. [Ams. TE TR ; 7.33 : 93.3 kW]
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A refrigerating svstemn working on Bell-Coleman cyele receives nir from cold chamber st - 5°C and
compresses it from 1 bar to 4.5 bar. The compressed air is then cooled to a temperaiure of 37°C
before it is expanded (n the expander. Calculate the C.O.F. of the sysiem when compression and
expansion are (/) isentropic ; and (i) follow the low po'* = constant, {Ams. | 86 ;) 98]

A Bell-Coleman refrigerator works hetwesn 4 bar and | bar pressure limits. After compression, the
cooling water redoces the air iemperature to 1 7°C. What is the lowes! temperature prodeced by the
ideal machine 7 Compare the coefficient of performance of this machine with that of the ideal Carmot
evele machine working hetween the same pressure limits, the tempersture at the beginning of
compression being =13°C. |Ans, -THC | 2.07, 1.02)

An gir refrigerator working on Bell-Coleman cycle takes air into the compressor at | bar and 2568 K.
It is compressad in the compressor to 5 bar and cooled o 298 K at the same pressure. It is further
expanded in the expander w0 | bar and discharged 1o mke the cooling load. The isentropic efficicncies
of the compressor and expander ars 85% and 90% respactively. Determine : |, refrigeration capacity
of the system if the air circulated is 40 kg / min ; 2. power required for the compressor | and 3, C.O.P
of the system. [Ana. 1314 TR ; 46 kW: DE1Z]

An air refrgeration sysiem having pressure ratio of 3 takes air at 0°C. Il is compressed and then
cooled to 19°C at constant pressure, If the efficiency of the compressor is 95 % and that of
in 75%. determine: 1. the refrigeration capacity of the system, if the flow of air is 75 kg/min :

2. the power of the compressor | and 3. C.O.P. of the system. Assume compression and expansion
processes to be isentropic, Take y= 1.4 . c, = 1 kifkg K ; and ¢, = 0.72 ki/kg K.
[Ans. 1168 TR, lidb kKW, 1.71]

A 5 tonne refrigerating machine operating on Bell Coleman cycle has an upper limit of pressure of 12
bar, The pressure and temperature at the start of compression are | bar and 17°C respectively. The
compressed air conbed ot constant pressure to a temperature of 40°C enters the expansion cylinder,
Assuming both the expansion and compression processes o be isentropic with ¥= 1.4 ; Delcrmine
1. C.O.F; 2. quantity of air in circulation per minute; 3. piston displacement of compressor and
expander; 4, bore of compressor and expansion cylinders. The unit runs at 250 rp.m. and is double
acting. Stroke length is 200 mm : and 3. power required to drive the unit. Take ¢, = | klfkg K ;
¢, =071 kifkg K ; R = 0.287 klkg K.

(A 0.952 ; 7.65 kgfmin ; 637 m'fmin, 3.35 mYmin ; 284 mm ; 184 kW]

An air refrigerator used for food storage, provides 50 TH. The temperalure of air entering the
compressor is 7°C and the temperature before entering into the expander is 27°C. Assuming a T0%
mechanical efficiency. find : 1. acual C.OP; and 2. the power required to run the compressor.

The quantity of sir circulated in the system is 100 kg/min. The compression and expansion follow the
law - = constant.

Take y= 1.4 ; ¢, = | klikg K for air. [Amn 113 ; 1106 kW]

A dense air refrigerating system operating berween pressures of 17.5 bar and 3.5 bar is to produce
10 tonnes of refrigeration. Air leaves the refrigerating coils &t —=7°C and it leaves the air cooler at
15.5°C, Meglecting losses and clearance, caleulate the net work done per mimate and the coefTicient
of performance. For wr ¢, = 1005 kifkg K and y= 1.4 [Ams. | 257 klmin ; 1.7]
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Th.5S REFRIGERATION AND AIR CONDITIONING
Chapter -2

2. SIMPLE VAPOUR COMPRESSION REFRIGERATION SYSTEM

2.1 Schematic Diagram of Simple Vapors Compression Refrigeration System’

2.2 Types

2.2.1 Cycle with dry saturated vapors after compression.

2.2.2 Cycle with wet vapors after compression.

2.2.3 Cycle with superheated vapors after compression.

2.2.4 Cycle with superheated vapors before compression.

2.2.5 Cycle with sub cooling of refrigerant

2.2.6 Representation of above cycle on temperature entropy and pressure enthalpy diagram

2.2.7 Numerical on above (determination of COP, mass flow)
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Chapter-2

SIMPLE VAPOUR COMPRESSION REFRIGERATION SYSTEM
Simple Vapor Compression Refrigeration System: A simple vapor compression refrigeration
system consists of the following equipments: i) Compressor ii) Condenser iii) Expansion valve

iv) Evaporator.

Introduction to Vapour Compression System:

» A vapour compression refrigeration system is an improved type of air refrigeration system in
which a suitable working substance, termed as refrigerant, is used.

» It condenses and evaporates at temperatures and pressures close to the atmospheric
conditions.

» The refrigerants, usually, used for this purpose are ammonia (NHj3), carbon dioxide (CO2) and
sulphur dioxide (SO2).

» The refrigerant used, does not leave the system, but is circulated 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.

Advantages and Disadvantages of vapour Compression Refrigeration System over
Air Refrigeration System:

Following are the advantages and disadvantages of the vapour compression refrigeration system
over air refrigeration system:
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.
Mechanism of a Vapour Compression Refrigeration System:
(1) Compression of the vapour, thereby increasing pressure.
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(i1)) Condensing these vapours and rejecting heating to the cooling medium (usually water or
atmospheric air).

(i11) Expanding the condensed liquid refrigerant thereby lowering the pressure and corresponding
saturation temperature.

(iv) Evaporating the liquid refrigerant thereby absorbing heat from the body or space to be
cooled or refrigerated. It is due to this requirements of compression that the system is called
Vapour Compression System and the cycle of operation is called Vapour Compression Cycle of
Refrigeration.

Cycle of Vapour Compression Refrigeration System

This cycle, incorporating the compressor and condenser is shown in Fig.2.1. Here the liquid at
state D, the discharge of the condenser, is still at the same pressure of compresor discharge. If it
were allowed to boil as it is, it will do so at the saturation temperature and will require heat to be
supplied to it. Heat could possibly flow only from some temperature higher than this saturation

temperature. But the requirement is to achieve a low temperature.

z
- - i o e 1
W o d
= £ i
E o Heat dd€ad or absoibed vapeur a1 kw =]
prezsmre £p
] ma
Expansion vakes L [ 5 &
o O
5
=
[
b Condenas +
Lizyuid al
high pressure
Hbak rdjeclad
Fig. 2.1 Schenmimnic af vapoer compeession cpele

The vapour compression cycle is used for refrigeration in preference to gas cycles; making use of
the latent heat enables a far larger quantity of heat to be extracted for a given refrigerant mass
flow rate. This makes the equipment as compact as possible.

A liquid boils and condenses — the change between the liquid and the gaseous states — at a
temperature which depends on its pressure, within the limits of its freezing point and critical
temperature see Figure 2.2. In boiling it must obtain the latent heat of evaporation and in

condensing the latent heat is given up.
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2.2 Evaporation and condensation of a fluid.

2.3 Simple vapour compression cycle with

pressure and enthalpy.
Heat is put into the fluid at the lower temperature and pressure thus providing the latent heat to
make it vaporize. The vapour is then mechanically compressed to a higher pressure and a
corresponding saturation temperature at which its latent heat can be rejected so that it changes
back to a liquid. The cycle is shown in Figure 2.3. The cooling effect is the heat transferred to the
working fluid in the evaporation process, i.e. the change in enthalpy between the fluid entering

and the vapour leaving the evaporator.
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2.4 Pressure—enthalpy, P-h diagram, showing vapour compression cycle.
P, and on the horizontal, 4, enthalpy. The saturation curve defines the boundary of pure liquid
and pure gas, or vapour. In the region marked vapour, the fluid is superheated vapour. In the
region marked liquid, it is sub-cooled liquid. At pressures above the top of the curve, there is no

distinction between liquid and vapour. Above this pressure the gas cannot be liquefied. This is
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called the critical pressure. In the region beneath the curve, there is a mixture of liquid and
vapour.

The simple vapour compression cycle is superimposed on the P-4 diagram in Figure 2.4. The
evaporation process or vaporization of refrigerant is a constant pressure process and therefore it
is represented by a horizontal line. In the compression process the energy used to compress the
vapour turns into heat and increases its temperature and enthalpy, so that at the end of
compression the vapour state is in the superheated part of the diagram and outside the saturation
curve. A process in which the heat of compression raises the enthalpy of the gas is termed
adiabatic compression. Before condensation can start, the vapour must be cooled. The final
compression temperature is almost always above the condensation temperature as shown, and so
some heat is rejected at a temperature above the condensation temperature. This represents a
deviation from the ideal cycle. The actual condensation process is represented by the part of the

horizontal line within the saturation curve.
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2.5 Temperature—entropy diagram for ideal vapour compression cycle
When the simple vapour compression cycle is shown on the temperature—entropy diagram
(Figure 2.5), the deviations from the reversed Carnot cycle can be identified by shaded areas.
The adiabatic compression process continues beyond the point where the condensing
temperature is reached. The shaded triangle represents the extra work that could be avoided if the
compression process changed to isothermal (i.e. at constant temperature) at this point, whereas it

carries on until the condensing pressure is attained. Expansion is a constant enthalpy process. It
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is drawn as a vertical line on the P-/ diagram. No heat is absorbed or rejected during this
expansion, the liquid just passes through a valve. Since the reduction in pressure at this valve
must cause a corresponding drop in temperature, some of the fluid will flash off into vapour to
remove the energy for this cooling. The volume of the working fluid therefore increases at the
valve by this amount of flash gas, and gives rise to its name, the expansion valve. No attempt is
made to recover energy from the expansion process, e.g. by use of a turbine. This is a second
deviation from the ideal cycle. The work that could potentially be recovered is represented by the

shaded rectangle in Figure 2.5.
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2.6 T-s & P-v diagram of Vapor-Compression Refrigeration Cycle.
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The various processes of the cycle 1-2-3-4 are as given below:
Process1-2(Isentropic Compression):

» Low pressure and low temperature refrigerant air passes through compressor.

» In compressor it converts into high pressure and high temperature refrigerant air.
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» Process shown on T-S and P-H diagram (1-2).

» Refrigerant air entering at compressor is at dry saturated state (1), hence point lies on
saturated line after isentropic compression air becomes superheated state (2).

Process 2-3(Constant pressure heat rejection):

» In this process high temperature and high pressurised refrigerant air reject its heat to
surrounding by converting into liquid as shown as 2-3 process.

» Condenser rejects heat to atmosphere maintaining constant pressure. In this process high
temperature and high pressurised air converted into high temperature and high
pressurised liquid refrigerant.

Process 3-4 (Throttling -Expansion):

» In this process high temperature high pressurised liquid refrigerant converted into low
temperature low pressurised liquid refrigerant.

» This process is generally carried out in capillary tube, throttling valve etc. Fig shows T-S
and P-H diagram showing this process by 3-4.

» At the end of this process that is at state 4 very cold liquid refrigerants is obtained.

Process 4-1(Heat Extraction):

» It is heat absorption process in which heat is absorbed by cold liquid refrigerant and
converted into air.

» This process is carried out in Evaporator as shown by 4-1.

Cold refrigerant absorb heat from application and converted into air vapour for compression

process in 1-2 and this cycle continues.

Types of Vapour Compression Cycles
We are already discussed that vapour compression cycle essentially consists of compression,

condensation, throttling and evaporation. Many scientists have focussed their attention to
increase the coefficient of performance of the cycle.Through there are many cycles, yet the
following are important from the subject point of view :

1. Cycle with dry saturated vapour after compression,

2. Cycle with wet vapour after compression,

3. Cycle with superheated vapour after compression,

4. Cycle with superheated vapour before compression, and

5. Cycle with undercooling or subcooling of refrigerant.
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Now we shall discuss all the above mentioned cycles, one by one,

1. Cycle with dry saturated vapour after compression:
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» At point 1, let Ty, p; and s; be the temperature, pressure and entropy of the vapour

refrigerant respectively.

1. Compression process.

The vapour refrigerent at low pressure pl and temperature T1 is compressed
isentropically to dry saturated vapour as shown by the vertical line 1-2 on T-s diagram
and by the curve 1-2 on p-h diagram. The pressure and temperature rises from p; to p;
and T, to T, respectively.
The work done during isentropic compression per kg of refrigerant is given by
w=hy-h;

Where h; = Enthalpy of vapour refrigerant at temperature T}, i.e. at suction of the
compressor, and

h, = Enthalpy of the vapour refrigerant at temperature T», i.e. at discharge of the
COMPressor.

2. Condensing process.

The high pressure and temperature vapour refrigerant from the compressor is passed
through the condenser where it is completely condensed at constant pressure p, and

temperature T, as shown by the horizontal line 2-3 on T-s and p-h diagrams. The vapour
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refrigerant is changed into liquid refrigerant. The refrigerant, while passing through the

condenser, gives its latent heat to the surrounding condensing medium.

3. Expansion process.

The liquid refrigerant at pressure p; = p, and temperature Ts; = T, is expanded by
throttling process through the expansion valve to a low pressure ps = p; and temperature
T4 = Ty, as shown by the curve 3-4 on T-s diagram and by the vertical line 3-4 on p-h
diagram. We have already discussed that some of the liquid refrigerant evaporates as it
passes through the expansion valve, but the greater portion is vaporised in the evaporator.
We know that during the throttling process, no heat is absorbed or rejected by the liquid
refrigerant.

Notes:

(a)

» In case an expansion cylinder is used in place of throttle or expansion valve to expand the
liquid refrigerant, then the refrigerant will expand isentropically as shown by dotted
vertical line on T-s diagram in Fig (a).

» The isentropic expansion reduces the external work being expanded in running the
compressor and increases the refrigerating effect. Thus, the net result of using the
expansion cylinder is to increase the coefficient of performance.

Since the expansion cylinder system of expanding the liquid refrigerant is quite complicated and
involves greater initial cost, therefore its use is not justified for small gain in cooling capacity.
Moreover, the flow rate of the refrigerant can be controlled with throttle valve which is not

possible in case of expansion cylinder which has a fixed cylinder volume.

(b) In modern domestic refrigerators, a capillary (small bore tube) is used in place of an

expansion valve.

4. Vaporising process. The liquid-vapour mixture of the refrigerant at pressure ps = p; and
temperature T4 = T, is evaporated and changed into vapour refrigerant at constant pressure and
temperature, as shown by the horizontal line 4-1 on T-s and p-h diagrams. During evaporation,

the liquid-vapour refrigerant absorbs its latent heat of vaporisation from the medium (air, water
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or brine) which is to be cooled. This heat which is absorbed by the refrigerant is called
refrigerating effect and it is briefly written as RE. The process of vaporisation continues upto

point 1 which is the starting point and thus the cycle is completed.

We know that the refrigerating effect or the heat absorbed or extracted by the liquid-vapour
refrigerant during evaporation per kg of refrigerant is given by
Rg=h; -hy=h; - hg ... (hp=hy)

Where hg; = Sensible heat at temperature Ts,

i.e. enthalpy of liquid refrigerant leaving the condenser.
It may be noticed from the cycle that the liquid-vapour refrigerant has extracted heat during
evaporation and the work will be done by the compressor for isentropic compression of the high
pressure and temperature vapour refrigerant.

Coefticient of performance,
Refrigerating effect  h,—h, h,-hgp
Work done h, —h;, h,—h,

COr=

Problem 2.1 In an ammonia vapour compression system, the pressure in the
evaporator is 2 bar. Ammonia at exit is 0.85 dry and at entry its dryness fraction is
0.19. During compression, the work done per kg of ammonia is 150 kJ. Calculate
the C.O.P. and the volume of vapour entering the compressor per minute, if the

rate of ammonia circulation is 4.5 kg/min. The latent heat and specific volume at 2
bar are 1325 kJ/kg and 0.58 m’/kg respectively.

Solution. Given . pi=ps=2bar ; X =085 | X =019 ;. w= 150 klVkg . m.
= 4.5 kp/min; he = 1325 kl'ke ; v, = 0.58 m’/kg

C.OP.
The T-s and p-h diagrams are shown in Fig, (a) and (b) respectively.

Since the ammonmia vapour at entry to the evaporator (1.e. at poant 4) has
dryness fraction (%) equal to 0.19, therefore enthalpy at point 4,

hy=xy =-cI1rF =0.19=1325=251.75 klkg

Sunularly, enthaipy of anumoma vapowur at exit 1.e. at poant 1,

Iy =x1:-chq! =085=1325=1126.25 kl'kg

-, Heat extracted from the evaporator or refngerating effect,
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Bp=hy—hy =113 25251 75 — 5745 klikp
We kuwrw ihinl wonk dome duniog congasssion
w150 ETke
ClYP = Hefw=Ra %1l =4 54 Ans
Fialmse il Wiy peney Uy (e CLUMLINEs A LF bR s
We oo that volvme of vagour endenng the comprescor pef iinuts
= Mass nf refmgermt | min © Specifie vnhome

=m, ®w, =45 %E="7 e Lnime Ans

Problem 2.2 The temperature limits of an ammonia refrigerating system are
25°C and -10°C. If the gas is dry at the end of compression, calculate the
coefficient of performance of the cycle assuming no undercooling of the
liquid ammonia. Use the following table for properties of ammonia:

i [ [
Temperaiuee Ligrancd frecar Foovrent Bt Ligpueicd crdropy
) (et £l didegzd fhedidce W)
2.9 208, o P T N {4242
= i} F'ai 37 U 0 A44 3

Solution. Given : T, =T, =25"C=25+273=208 K, T, = Ty = -10°C -
263K ;
b = by = 2989 klke ; by = 116694 klkg ; sp = 1.1242 klke K & hy = 135.37
klkg ; hgy = 129768 ke | sy = 05443 klkg K

b e H » S

The T-5 and p-h dingrams are shown i Fig. 2. 4 (2) and (k) respectively.

Let xi = Drvness fracton af point 1.

We know that entropy at peimt |, Fig.
xh X, x 1297 68
5 =8gy + b = () 5443 4 1 8
T, 263
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=0.5443 + 4.933 x4

Simuiariy, enfropy at pomt 2,

i 116694
g1-=5I'-| +J-‘=D.S‘4d3+ !
SR 294

Since the enropy al point 1 15 equal W entropy gl puint 2, there fore equating
equations (1) and (1) 0.5443 + 4934 ¢, =504 orxy = 091

[ | ——s

{@) T-s diagram. (b) p-k diagram.

We know that enthalpy at point 1,

hy —hi} ~ x| hgyy — 13537+ 0.9] = 1297.68 — 1316.26 kl/kg
and cnthalpy at point 2,

hy =hp + hypr = 2989 + 1166.94 = 1465.84 kJ'kg

-, Coethicient of performance of the cvele

_h—hy;  131626-2989
h,—h, 146584-1316.26

= 6.8 Ans.
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Problem 2.3 A vapour compression refrigerator works berween the pressure limits of 60
bar and 25 bar. The working fluld is just dry ar the end of compression and there is no under-
cocling of the liquid before the expansion valve. Determine : 1. C.O.P of the cvele : and

2. Capacity of the refrigeraror if the fluld flow is ar the rate of 5 kg/min.

Data :
Fressure Saturation Enthalpy (k1Eg) Entropy (k&g K)
(Bar) remperanire (K) Liguwid Vapour Liguid Vapour
a0 295 151906 29329 0554 1.0332
25 261 56.32 332.58 0.226 1.2464

solution. Given : p,=p,=60bar:p, =p, =23 bar; T, =T, =293 K ;T\ =T, =261 K;
b, =h,= 15196 kikg ; h, = 5632 kifkg; hy, =h,=293.20 klkg ; h,, = 32258 kifkg ;
S, =055 ke K i 5, =0226 kg K s3=5= 10332 kkg K : 5, = 1.2464 klkg K
1. CAAE of the cyeie

The T-5 and p-h disgrams are shown in Fig. (a2} and (b} respectively.

- , 5
g el R e i &
£ ..-',ta E | If !
P \ L
E r![zril \ ! "L..__L_l:
|1 ] I:
0 | - [ I—I fl,.:l-.FSJ | ::
8 = & — P o -
2= —h—]
&1 —— Entropy — Enthalpy—
{a} T-x dingram. {5 p-h diagram
Lt x, = Lryness fraction ol the vapour relngerani enienng te
compréssor al poiat 1.
We know that entropy at point 1,
5 = 8y hE 8T8 +:|{sﬂ—.1'n| o 54 =&, "".MI
= 0226+ x, (12464 - 0.226) = 0226 + 102 1, ... (D)
and entropy af point 2, & = £g= 10332 Kikg K s (Given ) ... (i)

Since the entropy at point | is equal to entropy at point 2, therefore aquating equations (/)
and (i),
0226 + 1,0204 x, = 1.0332 or x,=0.791
We know that enthalpy af point 1,
by o= By 4 By =hy b3 Oy =By 0 By =y + Ry

= 5632 + 0.79] (32258 — 35.32) = 266.93 iy

< C.OP of the cycle
_ h-hyy  26693- 15196

ha—ly 2932920683 0
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2. Capacity af the refrigernfor

We know that the heat extracted or refrigerating effect produced per kg of refriparant
= h,-ﬁ,, = 26693 - 151.96 = 11497 kifkg

Since the Muid flow is at the rate of 5 kg/ min, therelore 1ol heat extracted
= 5% 11497 = 57485 kl/min

. Capacity of the refrigerator

574.85
210 =274 TR Ans. w0 1 TR = 210 klimin)

Froblem 2.4 28 fonnes of ice from and at 0°C is produced per day in an ammonic
refrigerator. The temperature range in the compressor is from 25°C to —[5°C. The vapour iz dr
and saturated ar the end of compression and an expansion valve is used. There (s no liguid
mbeooling, Assuming actual C.OF. of 62% of the theoretical, calculate the power required to
drive the compressor. Following propertics of ammeonia are given:

Temperature Enthalpy (kg ) Entropy (klikg K)
o°C Liguid Vapour Liguid Vapour
L5 298.9 146584 1.1242 J2.0391
~15 112.34 1426.54 0.4572 55490

Take latent heat of ice = 335 kifkg.

Seolution. Given: lce produced = 28t/day | I, =T, = 25°C =25 + 273 =108K \ T, =T,
==15°C=—15+273=258 K ;h,=h,=298.9ki/ke ; h, = 11234 kITkg ; b, = by = 1465.84 KI/kg ;
k= 142654 klikg ; "5p= 11242 klkg K ; 5, = 04572 klVkg K ; 5, = 9, = 5.0391 k)/kg K ;
£ =33490klkg K.

The T-5 and p-h diagrams are shown in Fig.  (a) and (B) respectively.

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

1| Erp
g L I
2 j :
e e ———.] 1
et 1S
T B e A,

G i re— o . S

Py = By
—— Enthalpy ——

(#) p-h diagram.
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We know thal entropy at point 1,

% =dn +X Iy =8 +4{—dn) el Gy =3y F g )
= 04572 + x,(5.5490 - 0.4572)
= 04572 + 5.0918 x, D
and entropy at point 2, 5= 2 = 50301 klfkg K e (Given)  ...(#)
Since the entropy at point 1 (s nquarzm entropy at point 2, therefore equating equations (1) end

(i,
0.4572 + 50918 xr, = 5.039] or x, =08
We know that enthalpy st point 1,

hy = by +xhyy =Ry + xylhy, —hp) ol iy =hy b,

= 11234 + 0.9 (1426.54 — 112.34) = 1295.12 ki/kg
P—hpy  1705.12-2989  996.22
h—t  1465.84—1295.12  170.72 = 833

Since actual C.O.P is 62% of theoretical C.O.P, therefore
Acmal COP = 062 x 5835 =13.618
We know that ice produced from and at 0°C

.3 Theoretical COP =

b4
- =23u‘d=y=%=ﬂ.324kg!s
Latent heat of ice = 335 kl/kg
.~ Refrigeration effect produced
= (L324 x 335 = 108.54 ks
We know that actual CO.F,,

Refrigeration effect  108.54
workdone  workdone
- Workdone or power required to drive the compressor

3.618 =

108.54 .
Im = 30 kI/s or KW Ans
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2. Cycle with wet vapour after compression:

i

T.

Ta"_'-

b
s

; r. ‘4 Evap. 1
=T, 7=

——Pressure —»
. =
Exp.

— Temperatura —»

Pa=Ty Py 1y
«—— Entropy ——»

(8) p-h diagram.

A vapour compression cycle with wet vapour after compression is shown on T-5 and p-#
dingrams in Fig. (@) and (b) respectively. 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 obtainod
by equating entropies al points 1 and 2.

Now the coefficient of performance may be found oot as usual from the relation,

Problem 2.5 Find the theoretical COE for a CO, machine working between the
eemperature range of 23°C and — 3°C. The dryness fraction of CO, gus during the suction siroke
i 0.6, Following properiies af C0, are given :

]{ Temperarure Liguid Viaprowur Latent hear
. Enthalpy Entropy Enthalpy Entropy kg
kg Effkg K klikg klikg K
25 164 TF 0.53978 282.27 09918 11746
-5 72.57 02862 321.33 12146 2B TG

Solution. Given : T, =T, =25°C=25+2713 =2 K T, =T, =-5°C =-5 + 273
=268K; x,=06; .&ﬂ = ’&.ﬂ = 164.77 kl/kg ; h =hf4 = T72.57 klfkg ; Sy = 0.5978 kl/kg K;
8y = 0.2862 ki/kg K ; h,r = 282.23 kl/kg ; F';:! = 321.33 kl/kg ; *s,» = 0.9918 kJ/kg K ;
s,y = 1.2146 kl/kg K ; hn! = 117.46 kl/kg "'kfxl- = 248.76 kl/kg

The T-s and p-h diagrams are shown in Fig.  (a) and (b) respectively.
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First of all, let us find the dryness fraction at point 2, i.e. x,. We know that the entropy a1
point 1,

h
5 = sﬂ+""1_rﬂ‘=&.:saz+u—'“#=n}.ml e ()
Similarly, entropy at point 2, L
G = s e =M!ﬂs+—‘=“;;;'“
= 0.5978 + 0.394] x, s (i)
1 3 : & - &
= p P | I|
i
E g
i 1"
i - |
—-* hy ———
My, =ty Enthal s
(a) T-r dingram. (B pokr diagram.

Since the entropy at point | (s,) is equal to entropy at point 2 (5,), therefore equating
equations (i) and {ii),
0.8431 = 05978 + 03941 x, or  x,=0622

We know that enthalpy at point 1,
hy = hyy +x hy, =T257 + 0.6 % 248.76 = Z21.83 kl/kg
and enthalpy at point 2, h, = tn+;1!xm-Iﬁ4:.|'?+l:r.5uxu‘!_¢ﬁ=131.s! g

h—ﬁ_rg 2218316477 5706
= = 3'357 ﬂ,ni
h,—h,  23783-22183 16 .

Theoretical C.O.P. =

Problem 4.6 An ammonia refrigerating machine fitted wirth an expansion valve works |
berween the temperature limits of - 10°C and 30°C. The vapour ix 95% dry at the end of
isentropic compression and the fluid leaving the condenser is af 30°C. Assuming actwal C.0LF. aa
&% of the theoretical, calculate the kilograms of ice produced per EW hour at 0°C from water &
10, Latent heat of iee v 335 ELkg. Ammaonia has the following properties :

Temperamure | Liguid heat (h) | Latent heat (h,) | Liguid entropy (1) | Total entropy of dry
-y o Elke ke sarurated vapour
30 323.08 1145 80 1.2037 49842
—Ia §35.37 297,68 5447 54770
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Solution. Given : T =T, =- 10°C =104 213 =263 K ; T, =7, =30°C =30 + 173 =
MIK ;5 =095 I'ﬁ_,l"!=h,r:l =323.I]Ek}rt_g-,hﬂ =ﬁﬂ = 13537 kl'kg J-IIIMI 1145.8 kl/kg ©
By, = 129768 Iikg , 5, = 1.2037 {5, = 05443 { “ 5 = 40842 5, = 54770

The T-s and p-h diagrams are shown in Fig. () and (b) respectively.

Lt x, = Dryness fraction ol point 1.

We know that entropy at point 1,

s +i;_l#l-u.m3+ ”:T'“
1

= [.'!.54431-4334.::1 e ()

—— Tamparatuse (K}—-

By, —=i
I:__ by bl
Entropy ——= — Enthaipy —
{#) T=s dingram (8) poh dingram.
Similurly, entropy at point 2,
¥ h 0.95x1145.8 .
3y = EI!+“—?‘;ENI.EMT+T=4-?% «se L)

Since the entropy at peint 1 (5,) is equal to entropy at point 2 (s5), therefore equating
equations (7} and (§1),

0.5443 + 4934 x, = 4796 or x = 0.86
s Enthalpy atpoint 1, A, = Ay +x; by, = 13537 + 0.86 x 1297.68 = 1251.4 klag
and enthalpy at point 2, by = Byt 3, Hgy = 32308 + 0.95 x 11458 = 14116 Elkg
We know that theoretical C.O.P.

'hl _h‘r'_l, i !.?_51.,4—13':35:5 H
b -k 1411.6-12514

Acinal COP = 0.6 x 58 = 348

Work to be spent comesponding to | KW hour,
W = 3600 k)
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. Actual heat extracted or refrigeration effect produced per kW hoar
= W Actunl C.OP. = 3600 x 3.48 = 12 528 kJ
We know that heat extracted from | kg of water at 10°C for the formation of [ kg of ice
m 0°C
. = | x4.187 x 10+ 335 = 376.87 kJ
| *  Amount of ice produced

«33.2 kg / kW hour Ans.

12928
= 317687

3. Cycle with superheated vapour after compression:

1 PP =P

(@) -z diagram.

Theoretical vapour compression cycle with superheated vapour after compression.

A vapour compression cycle with superheated vapour after compression s shown on Tos and
prh hagroone i Fig. (o) ad (8) mespectively. In this eycle, the enthalpy ol poind 2 is founed ot
wilh the help of degree of superheat. The degree of superheat may be found out by equating the
endropies ai points | and 2.

Now the coefficient of performance may be found out as usual from the relation.

Refrigerating effect b =hy,
Work done b, = hy

COP =
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Problem 4.7 A vapour compression refrigerator ures paethyl chioride (R-40) and operares
between temperanre limits of = 10°C and 45°C. Ar entry to the compressor, the refrigerant is dry
raturated and after compression it acquires a temperature of 60°C. Find the C.O.F of the
réfrigerator. The relevant properties of methyl chloride are as follows :

Saturarion Enthaipy in kJikg Entropy in kSikg K
remperature in °C Liguid Yapour Liguid Vapour
=10 454 $60.7 0,183 1.637
45 133.0 483.4 0.485 1.587

Solution. Given: T\ =T, =-10°"C=-104273=263K; Ty=T,=45C=45+273 =
B K ; Ty=60°C =60+ 273 = 333K ; *hy, = 45.4 kWikg ; by = 133 Wikg ; by = 460.7 kiikg :
By = 483.6 kI/kg : *s,, = 0.183 kI/kg K : *s,, = 0.485 kI/kg K ; #, = 5, = 1.637 KI/kg K:
1= L3587 kg K

The s and p-h dingrams are shown in Fig. (a) and (b) respectively.

!
I

]
]
]
]

T
fe— 8, =5, —
- Entropy ==
(@) T=r diagram. {8) p-h diagram.
Let ¢, = Specific heat at constant pressure for superheated vapous
We know that entropy at point 2,

it
]

2423 ¢, log [;‘—'::]

1637 = 1587+ 23 ¢, log [E

318
1587 + 2.3 ¢, x 0.02 = 1.587 + 0.046 €y
c. = 1.09
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By +<, % Degree of superheat = by + ¢, (I, - I}))
4836 + 1.00 (333 — 318) = 500 K)kg

and enthalpy at paint 2, hy

s C.OP. of the refrigerator

M=l 460.7-133
By =hy  500-460.7

8.34 Ang

Protem 2.8 A simple refrigerant 134a (tetrgfluroethane) heat pump for space heating,
operates between temperature [imits of 15°C and 50°C. The heat required to be pumped is
100 Mk, Determiine : 1. The dryness fraction of refrigerant entering the evaporater; 1. The discharge
temperature assuming the specific heat of vapour as 0.996 ki/kg K; 3. The theoretical piston
displacement of the compressor; 4. The theoretical power of the compressor; and 5. The CO.F.

The specific volume of refrigerant 134a sanirated vapour at 15°C is 004155 w' Az The
ather relevant properties of R-134a are given below:

Sarurarion Presiure “Specific enthalpy (kJ/kg)  |Specific entrogy (Lbis K
lemperanre {bar)

(°Ci Liquid Vapour Liguid \apour
15 4,887 220.26 413.6 1.0729 r7ere |
50 13.18 271.97 4304 12410 | 17302

Solution: Given: T\ =T, = 15*C = 15 + 273 = 28R K ; T =T, =50°C = %0 = 173
=323 K ; 0= 100 MV/h= 100 = 107 kI 16, =099 kikg K ;v =004185m'kg .k, =22026
kifkg s by =k, =270.97 kllkg ; by = 4136 kl/kg ; By = 4304 k)kg | 3, = 1TV LG K
5 =25= L7430 kkg K] 5, =1.2410 kMg K [ 5, = 17312 kI/kg K

The T-s and p-h diagrams are shown in Fig, (a) and (&) respectively.

:
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I. Dryness fraction of refrigerant eniering the evaporaior
We know that dryness fraction of refrigerant entering the evaporator : < of poant £
By =y _271.97-22026 5171
by —hy 413.6-22026 19334

Xy = 02675 Amns.
. Lischarge remperamnire

Let Iy, = Discharge temperature.
We know thal entropy af discharge i.¢. 8t point 2,

|
——

T
17439 = 17312 + 2.3 x 0.996 Jnx[;z-]
1i

tog[ T2 | 2 MT499-LT3I2 e g
Ty 2.3:0.996

I’T!ﬂ_mm ... Taking antilog of 0.005 54)
.o

LHefyuxl0128 =323 x 1.0128 =327.13 K = 54.13°C Ans.
d. Theoretical pivion displacemenl of the compressor
We know that enthalpy at discharge e, at poant 2,
by = by ve, (B -Tx)

= 4304 + 0996 (327.13 - 3123 = 434.5 kl/kg
and mass flow rate of the refigerant,

— — 100x 10" - 615.3 kg/h =

y—h,  4345-271.97
s Theoretical giston displacement of the compressor
= Mg K¢ m 10254 x 04185 =420 m''min Ams.

i Theoreileal power of ihe comprestor
We know that workdone by the compressor

= Figilp—hk) = 10254 (434.5 = 413.6) = 214.3 kI/min

= Power of the compressor = 214.3/00 = 3.57 klfs or KW Ans,
LR T

10.254 kp/min

by—hey  4136-27197 14163
- = =HH A,
hy=hy  4345-4136 209

We know that C.OF, =

Prepared by:Saritprava Sahoo,Lecturer in Mech.iiPM-SET, Kansbahal



-

Problem 4.9 A refrigeration machine using R-12 as refrigerant operates between the
pressures 2.5 bar and 9 bar. The compression is isentropic and there it no undercooling in the
condenser.

The vapour is in dry saturated condition at the beginning of the compression. Estimate the
theoretical coefficiens of performance. If the actual coefficient of performance iz 0.65 of
theoretical value, calculate the nei cooling prodiuced per hour. The refrigerant flow is 5 kg per
minute. Properties of refrigerant are !

Frersure, bar Saturarion Enthalpy, kffeg Entropy of saturated
remperarre, “C Liguid Vapour vapour, kifkg K
2.0 6 JO.55 201.8 06336
23 =7 2962 1845 0, 7001

Tmc’_ﬁzrﬂpwiearedmwwﬂbﬂrmﬂ,ﬁhﬂgﬁ

Solution. Given : Ty =T, =36C=36+2T3 =30 K T, =T,=-7TC=-T+ 1273 =
WHK ; (COP) = (1L65 {E.{}.F.}*; m =5 kg /fmin ; J&H = ﬁ* = 7055 kI /kg ; "'ﬂ‘” m Hﬂ =
W62 kIkg ; b= 20181 kg ; h, = 1845 kkg ; 5, = 0.6836 Kikg K ; 5, =5, = 07001 kI/kg K ;
¢, = 0.64 kI /kg K

The T-5 and p-h diagrams are chown in Fig.{(a) and (b) respectively.

E
1L, 4
E :
g=Tm
)
by "
——— Enlhapy ——=
{a} T-s diagram. (i) p-h diagram,

Flheorctical coelliciend of performance
First of all, let us find the temperature at point 2 (T,).
We know thnt entropy ot point 2,

T
=423 hg[};-J

1.hEIl = D6HIG+ 1.3 = 0ubd ID'E[_:H%]

= ———a 0012

lﬂi[ L ] 0.7001 - 0.6836
2.3%0.64
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T
Trlﬁ 1.0 +os [ Taking amiibog of BE112)

-, T, = L026 x MR = HTK
We koow that enthalpy of superheats] vapour ar podnt 2,
By = by ve (13- Ty)
= 2018 + 0,64 (317 - 309) = 206.92 kkg

-« Theoretical coefficient of performance,

hj=hes  1845-7055

B - 20692-1845 1 Ans

(COP), =

Ve cooling produced per hour
We also know that actual C.0.P. of the machine,
(C.OP) g = 065 x (COP), =0.65 x5.1=3315

and actual work done, Wt = My =Ry = 200592 = 1845 = 2242 kl/kg
We know that net cooling (or re-frig;:-rﬂl:ing effect) produced per kg of refrigerant
= Wy X(C.OP), ., =2242 %3315 =743 Kl/kg

» Net cooling produced per hour
= mxT43=75 =743 =371.5 k)/min

3715

= —=—m]TT TR ADs. w3 1 TR = 210 klfmin)

210

Froblem 2.10 4 simple saturation cycle using R-12 is designed for taking a load of
10 tonnes. The refrigerator and ambient temperature are {0°C and 30°C respectively. A minimum
remperature difference of 53°C is required in the evaporaior and condenser for heat transfer. Find
: 1. Mass flow rate through the sysiem ; 2. Power required in kW ; 3. C.OP. ; and 4. Cylinder
dimensions arsuming L/ D = [.2, for a single cvlinder, single acting compressor if it runs at 300

rp.m. with volumetric efficiency af 90%.
Solution. Given : Q = 10TR = 10 x 210 = 2100 k}/min

Smnce a minimum lemperature difference of 5°C is required in the evaporator and condenser,

therefore evaporator temperature would be
FL=T=0-53=-5C=-5+773=268 K
and condenser temperature,
L= =3+5=3C=35+113=308K

The T-5 and p-k diagrams are shown in Fig. {a) and (b) respectively,
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g ! /
B sl :
2 g1 ¥
3 i | o
| . iy
Entropy ——— P = hy bbby

(@) T-5 diagram, ==

(&) p-h diagram.

From p-h diagram, we find that enthalpy of dry saturated vapour at —5°C (268 K) ie. al

point 1,
h, = 185 klfkg
Enthalpy of superheated vapour at point 2,
hy = 206 klikg

Enthalpy of saturated liquid at 35°C (308 K) Le, at point 3,
hyy =hy =70 kiikg
and specific volume of dry saturaied vapour at =5°C (268 K) i.e. at point 1,
v, = 0.065 m*kg
I Mass flow rate through the sysiem
We know that refrigersting effect per kg of the refrigerant

= By —hey = 185-70= 115 ki/kg

Refriperating capacity  10x 210

Refrigarating eff = s = |8.26 kg / min Amns.

Mass flow rate, mp =

1 Power reguired
We know that workdone during compression of the refrigerant
= mgilhy—h )} = 18.26 (206 - 1B5) = 32346 kI/min
& Power required = 383.46/6( = 6.4 kl's or kW Ans.
i COF

ho—h i,
s 185270 115 o6 ams

hy—hy,  206-185 21

We know thar COF =
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4 wlimder Jimenxionr

Lt

D = Bore of cylinder,
L = Length of stroke = 1.2 D

N = Speed of compressor = 300 Lp.m.

N, = Volumetric efficiency = 9% = 0.9

We know that theoretical suction volume or piston displacement per minute

= g K= mz:-mms:% = 1.32 m¥min

We aleo know that suction volume or piston displacement per minute
= Piston area x Stroke x R.PM.

- E:-:D" wL%N u%xﬂ; %1205 300 = 282.8D" mmin

Equating equations (i) and (if),
P =132/ 2828 =4867x 107 or D=0.16Tm= 167 mm Ans.
L=1210=132x167=2004mm Ang.

o GAvEn)
.. [ Gliven)

«..[Given)

weel(d)

i)

Problem 2.11 A water cooler wsing R-12 works on the condensing and evaporating
remperatures of 26°C and 2°C respectively. The vapour leaves the evaporator saturated and dry.

The average output of cold water is 100 kg / h cooled from 26°C 1o 6°C.

Allowing 20% of useful heat into water cooler and the volumetric efficiency of the
compressor as 80% and mechanical efficiency of the compressor and the electric motor ay 85%
and D5% respectively, find ;1. volumetric displacement of the compressor ; and 2. power of the
meor. Data for B-12 i given below

Temper- | Pressure Enthalpy, kg | Entropy, kg K Specific hear Specific
ature bar ke K voltume of
*C Liguid | Yapour | Liguid | Vapour | Liguid | Vepour | vapour
m'kg
26 &, 69 Alad | JOK 10 02270 | (.6865 0. 506 (674 026
F 3.297 3rez | 18839 1487 | (L6956 1.067 (he2er G032
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Solution. Given : Ty =T, =26"C =264+ 273 =200 K ;T\ =T, =2"C=2+17T3=215K;
m =100kgth; T, =26°C=26+273=299 K;T,=6C=6+273=279K ;n, = 350%
= 080 I M, = 85% = 0.85 (71, = 95% = 095 [ h, = o0.04 U.Fkg;"'hﬂ=3T.92 Elkg ;
hy = 198,10 kikg ; b, = 188.39 KIfkg ; *sn = 02270 Ki/kg K ; %, = 0.1487 kifkg K ;
*rp = 0.6865 EVkg K ; 5, =5, = 0.6956 kl/kg K | *c,; = 0.996 KMkg K | *c, = 1.067 kl/kg K;
Yo r=0.674 kikg K ; e, = 0.620 kg K ; *vp = 0.026 m* [ kg ; v, = 0.052 m* [ kg

L. Vilemetric displacement af the compressor
The T-s and p-h dingrams are shown in Fig. 4.15 (a) and (b) respectively. Since 20% of the
usclul heat is lost inio waier cooler, therelfore sctual heat exracted from the water cooler,
hy = 12m_xe (T, ~T.)
= 1.2x 100 x 4187 (299 - 279) = 10 050 kI'h = 167.5 kl/min
e {5 Sp. heat of water, ¢ = 4,187 klfkg K)
We know that heat extracted or the net refrigerating cffect per kg of the refrigerant
= h -lh = 18835 - 60.64 = 127.75 kl/kg
.~ Mazs flow of the refriperant,

1675

m, = m-l.]lg!m’m

and volumetric displacement of the compressor

" f—'i-——ln’:" =——~u$ﬂ = 0.085 m¥/min Aus.

a3,
T:ef""“"""-.-tz T | ey

I"_ 5 =5y _'4
Entrogy ——is l M |
Enthalpy———
(o) Ter dinpram. B phr dimerram.
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X Pawer af the mrdor

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

T,
5 = g 23 C’ hﬂ[f;’_]

06956 = 0.6865 + 2.3 x 0.674 mg[{;g-)

T; 06956 — 0.6865
o S - .
jﬂ[m] T 23x0674 aeaied
or Elga = 10136 vo. [Taking amti-bog of [ (05 57
T,=29x10136=303K
We know that enthalpy at point 2,

By = by + g (Ty = Tp)
= 198.10 + 0.674 (303 - 299) = 200.8 kl/kg
We also know that work done by the compressor per kg of the refrigerant
= h,=h, = 200.8 - 188.39 = 12.41 kl/kg
and work done per minute = my % 12.41 = 1.3 % 1241 = 16.133 kl/min
= .27 kl/s = 0.27 kW
.. Power required for the compressor
- E-ll =EE?- = 0317 kW
M 085
0317 0317
N,: 0.5

4. Cycle with superheated vapour before compression:

|
%

and power of the motor =

= 0.334 kW Ans.

— PrRgse ——
N

F -

]

:

(]
A, h
Enthaipy —s
() 15 dingrram., (b} p<h dimgram,
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Theoretical vapour compression cycle with superheated vapour before compression,

A vapour compression cycle with superheated vapour before compression is shown on
T-s and p-h diagrams in Fig. (@) and (B) respectively. In this cycle, the evaporation starts =
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.

The coefficient of performance may be found out as vsual from the relation,

Refrigerating effect  By—h,,

COR = Wokcdone  m—h

Frobiem 2.11 A vapour compression refrigeration plant works between pressure limitsaf
5.3 bar and 2.1 bar. The vapour is superheated at the end of compression, its femperature peing
37*C. The vapour is superheated by 3°C before entering the compressor,
If the specific heal of superheated vapour is 0.63 kg K, find the coefficient of
performance of the plant. Use the data given below :

Pressure, bar | Satiration temperatwre, °C | Liguid hear, kifkg Latent heat, kifkg
53 155 36.15 1449
21 -14.0 2512 1587

Solation. Given :p, =33 bar ; py= 21 bar; L, =31C =37 + I =30 K T, - Tr=
e =0R A K Ty =155C=155+1M=0M5K | Tr==-4T=-14+111 =
259 K5 by = Ry = 56,15 klieg ; by =25.12 kikg ; b= 144.9 Eldkg : By o = 1387 kllkg

The T-z and p-h dingrams are shown in Fig. {a} bod (B) respectively.

We know that enthalpy of vapour at poant |,

hy hl""'ﬂp (T,-TA= {hﬂ:-i IEAIIJ}+:P (-1
(25.12 + 158.7)+ 063 % 5 = 186,97 kKlkg

310 T 2
-1
288.5 E
i !
2h9

"=y

—— Tampearmture (Kj—»

hy h;'hl hy
{a) T diagram. (&) p-h diagram.
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Similarly, enthalpy of vapour at point 2,

h, = h{+cp{Tz—T=ﬂ}={bﬁJ+

= (56.15 + 144.9) + 0.63 (310 — 2B8.5) = 214.6 kl/kg
- Coeflicient of performance of the plant,

h—hyy  18697-56.15 130.82
COP. = S " 2146-18697  27.63 ~ 4 0 Am.
5. Cycle with under cooling or sub-cooling of refrigerant:
r m % 2"
T T 3 3 < “\ 2
% % Unde /
) Comp
o cooling /‘

E = —71

s 4 Evap.
Entropy ———»
(a) T-s diagram.

(b) p- dingr=n.
Theoretical vapour compression cycle with undercooling or subcooling of the refrigerant

Sometizes, the refriperant. after condensation process 2-¥. is cooled below the =ataraticn
iemperature (I, before expansion by throttling. Such a process is called undercoollg of
subeooling of the refrigorant and is generally done along the liquid Tine as shown in Fig

i)
and (b). The sltimate effect of the undercooling = to increase the value of coelMicien of
porformance under the sume sel of conditions,

The process of undercooling # generallly brought sboit by circulating more goannny of
conling water through the condenser or by using water colder than the main circulating water
Sometimes, this process is ilao brought ahom by employmg o hest exchanger. In actual practice,
the refriperant is superheated after compression and undercooled before throtthing, as shown in Fig
() and (b}

A linthe consideration will show, that the refrigerating effect s increased by
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adopting both the seperheating and undercooling process as compared to a cvcle without them,
which & shown by dotted lines in Fig.(a),

In this case, the refnpgerating eifect or heat absorbed or exincied,

Ry = by =h,=h —ﬁ‘”
and work done, W= f-h,
FHE Refrigerating effect _ b —Hry
Work done by =y

Nole! The value of &, may be found vut from the relation,
hy ® A=, ¥ Dapres of undercenling

Problem L2 4 yupour comprescion refrigerator uves B-12 af refrigerant and the Syl
Fraporates in dhe evaporator af = F15%C. The semperatare of thiv sefrigerant o the delivery from
tha CEMNIrEs R i F5°C whien dhe ViR ig condenyed af PO Find the ﬁllﬂ_‘ﬂl-ﬂ.f.ﬂ'qr
performiance (F{} there is ne imdercooling . and (i) the Hgiud i3 cooled by 3°C befor exipe sdon
by thorling.

Tieke specific heat o conciand pressure for the superheaied vopour ax 64 kg K ond that
Jfrar "gln'd ar (L9 kg K. The otlunr pmlrlr.r:'.ﬂcr ﬁgl":ﬂngrm.! CEFE AN _.ﬁ::-'fr:rw: '

Tempreratury in "C Enthalpy in LI/ kg Specific entropy in k17 kg K
Liguid Vaponr Liguid Vapour
=% 223 18188 £ 0.7a5]
+14 454 191765 1750 Q692 ]

Selution. Given : T, s T, == 15U == 15+273=250 K; T,=15°C = 15+ 273 = 285K ; T2~
=10FC=10+27T3=283 K : ¢ =064 kifkg K { e, =094 kifkg K ; &, =223 k2
l:"-' - 454 k..lﬂ-;s B hl' - [Nl EH m; & "If w 19176 i.','F.I"h;-; P ¥ = LY Ll.u"i:g K ; "s” = 1750
kg Ko, = 07051 k&g K oy = 06921 klfkg K
i Coffictent of performance {f there (v mo usdercoollng

The T-5 ancl p-f diagrarms. when there is no undercooling, ase showin i Fig, (a) aod (b}
mespectively,

Lzt x, = Dryness froction of the refrigerant ar point L.

We know that entropy ot point 1,

Fy & Xy X By S8 TR 5 )
= A0 + x, (07051 = 00904) = (LK 4+ (LA14T x, ------E"f;.L

wrcd entropy at point 2,
=g+ 23 e I-qg[‘j—{‘i-]
248

= 06921 + 2.3 = 0.64 h'[l'lﬂ-]

= 06921 + 2.3 x 064 = 0.0077 = (L.7032 see i)}
o Since the entropy of point | is equal to entropy at point 2, therefore eguating equations (1)

(i,
A0S 4 L6147 x, = 07024 or x, =T
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(@) T-x diagram. (&) p-h dizgrum,

We know that the enthalpy at point 1,
hy = hytx by, =hy +x (b, —h,)
= 223 4+ 0997 (180.88 — 22.3) = 180.4 kJ/kg

voe (50 By = )
and enthalpy at point 2, fy = by te, (I~ Ty)
= 19176 + 0.64 (288 — 283) = 194,96 kJ/kg
-k 1804454
Cop = Al 22 a7 A,

hy—h 194961804

1id) Coefficient af performance when there i1 an undercooling of 5°C
The T-5 and p-h diagrams, when there 15 an undercooling of 5°C, are shown in Fig. (a)
and {¥) respectively.

— Preasure —s

Enlropy —— ——— Enthalpy ——»
{a) T-s diagram, (b} T-5 diagram.
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We know that enthalpy of liquid refrigerant at point 3.
by = Nyt =, x Degree of undercooling
= 454094 x5 = 40.7 kl'kg
Iy —hyy 1804407

COP = 4 "= {oso6-i1804 =259 Aus.

Problem: 2.13 A simple NH, i'-n;:l:‘.'ur .r.nmprr,u.:'dn svatem has compressor with pision
displacement of 2 m'/min, a condenser pressure of 12 bar and evaporator prevsure of 2.5 bar. The
Figuid ix sub-cooled to 20°C by soldering the liquid line to suction line. The temperature of vapour
leaving the compressor is I0°C, heat rejected to compressor cooling water iy S000 Elfhowr, and
volumetric efficiency of compressor is (1.8, "

Compute ; Capacity ; Indicared power ; and C.O.F. of the sysiem. _

Solution. Givea : v, = 2 m'fmin ; p, = py =py = p, = 12 bar { p, =p, = 2.5 bar :
LeNC=20+2T=0 K L,=1NC=10+10=3/3K 1 =0K

Capacity of the sysiem
The T-s and p-h diagrams are shown in Fig. (a) and (b) respectively.

s 100°C
T 373 | -3 /30c 2
¢ T
3
£ 20 5 agm K
é E25\ - ;
£ | i o
= i
| i ]
A= h, h hy
Entropy ———» Enthalpy ——
(@) -5 diagram. (5) p-k diagran,
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Froim fe-f didapsrain. we Do (4t the evponnling reinpeniine corieipoilaiog tr 2.5 D s
T, = T=—l4"C=—]4+370 = 259 K

Condensing lemperature comesponding to 12 bar is
Iy = T=30C=30+2IT3=33 K

Specific volume of dry saturansd vapour s 29 bar (e nt polnn 1),

v, = [ 49 m'kg
Enthalpy of dry sotwrated vapour ot point 1,
h, = 1428 Elikp

Enthalpy of superheated vapour af point 2,
by, = 1630 kg
and enthalpy of sub=conled liguid ar 20°C at poing 3,
fi,, = h, =3T0klkg

Lei my = Mass Mow of the refrigerant in kgfmin

We know that piston displacement,
» v, X
Yy ﬁﬂ.u' T iy F-,.]m=2;f;;ﬂ
We know that refrigerating effect per kg of refrigerant
by = iy = 1428 - 270 = 1158 kl/kg
and total refrigerating effect = my (b — hp) = 3.265 (1428 — 270) = 3781 Kl/min
- Capacity of the system = 3781/210 = I8 TR Ans.
Indicated power af the cystem
We know that work done during compression of the refrigerant
= my (hy, — b)) = 3.265 (1630 — 1428) = 659.53 kl/min
Heat rejected to compressor cooling water
= 5000 kI/h = 5000/60 = 83.33 kl/min ++s (Given]
.~ Total work done by the system
659.53 + 83.33 = 742.86 k)/min

= 3.765 kg / min

and indicated power of the system

742 86060 = 1238 KW Ans.
C.0.P. af the system
" We know that C.O.F. of the system
Total n:f:igen:ing_ effiect " 3781
Total work done 742,86

= 5.1 Ans.
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FProtem:Z.14  Samrated ammonia at 2.5 bar enrers a To0mm w [50mm (bore x soroke )
rwin cwlinder, single acting compressor whose voluneelric efficiency iz 79% and speed i 250 rp.m
The head pressure iz 12 bar The subcooled Hguid ammonia at 22°C enters the expansion valve.

For a siandard refrigeranion cycle, find: 1. The ammonia circulated in kg / min.; 2. The
refrigeration in TR ; and 3. The C.OLF. of the refrigeration cycle, Refer to the following table for
the properties of ammonia:
Pressure | Saturation | Specific volume Specific enthalpy Specific entropy
(bar) | temperarure af vapour {klkg) (elikg K)
(*C) {rel ) Liguid Verponsir Liguid | Vapaur
25 ~15 05008 1124 142658 04572 | 5.5497
iz g o107 Fr3.08 1468 87 12037 | 4.9842

Assume specific heat at constant pressure for lguid ammonia as 4.606 g K and for
superheated ammonta vapour as 2,763 kg K

Solation. Given: p, =p, =25 bar ; D= 160 mm = 0.16 m ; L = 150 mm = 0.15 m ;
No. of cylinders =2 ; 0, =79% =07%, N=250rpm. .p,=p, =12 bar | T, =21°C =22 + 273
=205 K Ty=T,=-15°C=-15+273 =288 K ; T =Ty =30°C =30 +273 =303 K ;
v, = 05098 m'kg; *vy = 01107 m'kg *hy =1124 Wikg ; By = 32308 KWig ;
h, = 1426.58 kiikg ; hy =146887 kifkg ; 5y = 04572 kdkg K ; 53 = 1.2037 kg K ;
5= 9, = 5.5497 kifkg K ; s =4.9842 ki/kg K ; ¢, = 4.606 i/kg K ; ¢, = 2.763 Kikg K

The T-5 and p-h diagrams are shown in Fig, (a) and (&) respectively.

=

'y
&~

Tomparaturs (K) —
g 8

¥

Entropy ———

Enihalpy ——
(a} T-s dingram. (5) p-k dingram.
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I. Ammonia circulated in kgfmin
Let my = Mass flow rate of ammonia in Kg/min.
We know that suction volume or piston displacement per minuie
= Piston area % Stroke % R.EM = No, of eylinders

T
Inn‘xwax:

(i

i Em.mfu.u %250 %2 =1.508 m¥min

We also know that piston displacement per minute

= My :r:ut:l.": =y xﬂ-iﬂgﬂrﬁ—!{iz 06453 my, —— (i)

Equating equations () and (if),
my = 1.508 /0.6433 = 2.34 kg / min Ans.

£, =5 4+23c, log L;—;}

T
5.5497 =4.9%842+ 2.3 rE.?&]lﬂg[F‘—J
oy

(T3) 5549749842
logf —1= = (.089
L. y o 23x2.763
T
2 =].227 oo Taking antilog of 0089}

pr

Ty =T %1227 = 303 % 1.227 = 17178 K

= 371,78 - 273 = 98,T8°C
We know that enthalpy at point 2,
|II'1 = FllT' +fp1_,
= 1468.87 + 2,763 (371.78 - 303) = 1658.9 kl/kg
s C.OP of the refrigeration cycle

hi—hyy  142658-28623 114035
hy—h,  1658.9-142658 23232

(T =Ty)

=4 9] Ans.
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Th.5 REFRIGERATION AND AIR CONDITIONING — + -'
Chapter -3

3.0 VAPOUR ABSORPTION REFRIGERATION SYSTEM
3.1 Smple vapor absorption refrigeration system

3.2 Practical vapor absorption refrigeration system

3.3 COP of an ideal vapor absorption refrigeration system
34.Numerical on COP
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CHAPTER - 111

Vapour Absorption Refrigeration Systems
3.1 Introduction

The vapour absorption refrigeration system is one of the oldest method of
producing refrigerating effect. The principle of vapour absorption was first
discovered by Michael Faraday in 1824 while performing a set of experiments to
liquify certain gases. The first vapour absorption refrigeration machine was
developed by a French scientist Ferdinand Carre in 1860. This system may be used in
both the domestic and large industrial refrigerating plants. The refrigerant,

commonly used in avapour absorption system, is ammonia.

The vapour absorption system uses heat energy, instead of mechanical
energy as in vapour compression systems, in order to change the conditions of the
refrigerant required for the operation of the refrigeration cycle. We have discussed in
the previous chapters that the function of a compressor, in a vapour compression
system, is to withdraw the vapour refrigerant from the evaporator. It then raises its
temperature and pressure higher than the cooling agent in the condenser so that the
higher pressure vapours can regject heat in the condenser. The liquid refrigerant

leaving the condenser is now ready to expand to the evaporator conditions again.

In the vapour absorption system, the compressor is replaced by an absorber,
a pump, a generator and a pressure reducing valve. These components in vapour
absorption system perform the same function as that of a compressor in vapour
compression system. In this system, the vapour refrigerant from the evaporator is
drawn into an absorber where it is absorbed by the weak solution of the refrigerant
forming a strong solution. This strong solution is pumped to the generator where it is
heated by some external source. During the heating process, the vapour refrigerant is
driven off by the solution and enters into the condenser where it is liquefied. The

liquid refrigerant then flows into the evaporator and thus the cycle is compl eted.

3.2 Simple Vapour Absorption System -
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The simple vapour absorption system, as shown in Fig. 3.1, consists of an
absorber, a pump, a generator and a pressure reducing valve to replace the
compressor of vapour compression system. The other components of the system are

condenser, receiver, expansion valve and evaporator as in the vapour compression

system.
ey Heal
wales P ed *
High pressure emmonia vapour 7
| AT
Condenser
Generator
1152 :":‘"d I
} Weak
Steam solution
fhamg cod b Pressure reducing Receiver ]
AR valve
Heal
: /' ke Expansion
vaive
Absorber | Lowpressure | o . lretor |—e é
¥ ammonia vapour
% Heat

waler

Fig3.1 Simple vapour absorbtion system

. In this system, the low pressure ammonia vapour leaving the evaporator
enters the absorber where it is absorbed by the cold water in the absorber. The water
has the ability to absorb very large quantities of ammonia vapour and the solution
thus formed, is known as aqua-ammonia. The absorption of ammonia vapour in
water lowers the pressure in the absorber which in turn draws more ammonia vapour
from the evaporator and thus raises the temperature of solution. Some form of
cooling arrangement (usually water cooling) is employed in the absorber to remove
the heat of solution evolved there. This is necessary in order to increase the
absorption capacity of water, because at higher temperature water absorbs less
ammonia vapour. The strong solution thus formed in the absorber is pumped to the
generator by the liquid pump. The pump increases the pressure of the solution upto
10 bar.
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The * strong solution of ammoniain the generator is heated by some external
source such as gas or steam. During the heating process, the ammonia vapour is
driven off the solution at high pressure leaving behind the hot weak ammonia
solution in the generator. This weak ammonia solution flows back to the absorber at
low pressure after passing through the pressure reducing valve. The high pressure
ammonia vapour from the generator is condensed in the condenser to a high pressure
liquid ammonia. This liquid ammonia is passed to the expansion valve through the
receiver and then to the evaporator. This completes the ssmple vapour absorption

cycle.
3.3 actical Vapour Absorption System

The simple absorption system as discussed in the previous article is not very
economical. In order to make the system more practical, it is fitted with an analyser,
a rectifier and two heat exchangers as shown in Fig. 3.2. These accessories help to

improve the performance and working of the plant, as discussed below :-

Coolng Cooing
waler waler
AWAANY. ——e————{Candense
". Racuher oo
N ey a6
Dnp

= Recewvoc [
Genetatar E Hestng cods

o

West

SHRINOC Hoat
exchangar
2 :E exchangs ; EE QS v Blpqi@-']
4
Pramp Q} gf i
valva |
Strong
soluhoa
Evaporsior
Absoar | Expa
LALLLLLNY e
4 Cr.almg
walka
Fig. 3.2. Practical vapour absorption system.
4 Prepared by
Saritprava Sahoo
L ectuer in Mechanical

I1PM-SET, Kansabahal



1. Analyser. When ammonia is vaporised in the generator, some water is
also vaporised and will flow into the condenser along with the ammonia vapours in
the simple system. If these unwanted water particles are not removed before entering
into the condenser, they will enter into the expansion valve where they freeze and
choke the pipe line. In order to remove these unwanted particles flowing to the
condenser, an analyser is used. The analyser may be built as an integral part of the
generator or made as a separate piece of equipment. It consists of a series of trays
mounted above the generator. The strong solution from the absorber and the aqua
from the rectifier are introduced at the top of the analyser and flow downward over
the trays and into the generator. In this way, considerable liquid surface area is
exposed to the vapour rising from the generator. The vapour is cooled and most of
the water vapour condenses, so that mainly ammonia vapour leaves the top of the
analyser. Since the agua is heated by the vapour, less external heat is required in the

generator.

2. Rectifier. In case the water vapours are not completely removed in the
analyser, a closed type vapour cooler called rectifier (also known as dehydrator) is
used. It is generally water cooled and may be of the double pipe, shell and coil or
shell and tube type. Its function is to cool further the ammonia vapours leaving the
anayser so that the remaining water vapours are condensed. Thus, only dry or
anhydrous ammonia vapours flow to the condenser. The condensate from the

rectifier is returned to the top of the analyser by a drip return pipe.

3. Heat exchangers. The heat exchanger provided between the pump and the
generator is used to cool the weak hot solution returning from the generator to the
absorber. The heat removed from the weak solution raises the temperature of the
strong solution leaving the pump and going to analyser and generator. This operation
reduces the heat supplied to the generator and the amount of cooling required for the
absorber. Thus the economy of the plant increases.

The heat exchanger provided between the condenser and the evaporator may
also be called liquid sub-cooler. In this heat exchanger, the liquid refrigerant leaving

the condenser is sub- cooled by the low temperature ammonia vapour from the
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evaporator as shown in Fig. 7.2. This sub-cooled liquid is now passed to the

expansion valve and then to the evaporator.

In this system, the net refrigerating effect is the heat absorbed by the
refrigerant in the evaporator. The total energy supplied to the system is the sum of
work done by the pump and the heat supplied in the generator. Therefore, the

coefficient of performance of the system is given by

Heat absorbed in evaporator
Work done by pump + Heat supplied in generator

CO.P.=

3.4 Advantages of Vapour Absorption Refrigeration System over Vapour

Compression Refrigeration System

Following are the advantages of vapour absorption system over vapour

compression system:

1. In the vapour absorption system, the only moving part of the entire
system is a pump which has a small motor. Thus, the operation of this system is

essentially quiet and is subjected to little wear.

The vapour compression system of the same capacity has more wear, tear

and noise due to moving parts of the compressor.

2. The vapour absorption system uses heat energy to change the condition of
the refrigerant from the evaporator. The vapour compression system uses mechanical

energy to change the condition of the refrigerant from the evaporator.

3. The vapour absorption systems are usually designed to use steam, either
at high pressure or low pressure. The exhaust steam from furnaces and solar energy
may also be used. Thus this system can be used where the electric power is difficult

to obtain or is very expensive.

4. The vapour absorption systems can operate at reduced evaporator
pressure and temperature by increasing the steam pressure to the generator, with little
decrease in capacity. But the capacity of vapour compression system drops rapidly

with lowered evaporator pressure.
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5. The load variations does not effect the performance of a vapour
absorption system. The load variations are met by controlling the quantity of aqua
circulated and the quantity of steam supplied to the generator.

The performance of avapour compression system at partial loads is poor.

6. In the vapour absorption system, the liquid refrigerant leaving the
evaporator has no bad effect on the system except that of reducing the refrigerating
effect. In the vapour compression system, it is essential to superhest the vapour
refrigerant leaving the evaporator so that no liquid may enter the compressor.

7. The vapour absorption systems can be built in capacities well above 1000

tonnes of refrigeration each which isthe largest size for single compressor units.

8. The space requirements and automatic control requirements favour the
absorption system more and more as the desired evaporator temperature drops.

3.5 Coefficient of Performance of an Ideal Vapour Absorption
Refrigeration System

We have discussed earlier that in an ideal vapour absorption refrigeration
system,

(@) the heat (Qg) is given to the refrigerant in the generator,

(b) the heat (Qc) is discharged to the atmosphere or cooling water from the

condenser and absorber.
(c) the heat (Qg) is absorbed by the refrigerant in the evaporator, and
(d) the heat (Qp) is added to the refrigerant due to pump work.

Neglecting the heat due to pump work (Qp), we have according to First Law

of Thermodynamics,

Qc=Qc +Qe ()
Let T = Temperature at which heat (Qg) is given to the generator,
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T. = Temperature at which heat (Qc) is discharged to atmosphere or cooling
water from the condenser and absorber, and

Te = Temperature at which heat (Qg) is absorbed in the evaporator.

Since the vapour absorption system can be considered as a perfectly
reversible system, therefore the initial entropy of the system must be equal to the

entropy of the system after the change in its condition.

. Qe Qe _Qc (ii)
e
_ Qe+ Qe ... [ From equation (i) ]
Tc
Q Qe _Qe Qe

or =
TG TC TC TE

T~ -T T--T,
QG{TC TG]:QE{TE TC}
c*lc cxX g

Te—To || TexT
QG: QE E C G C

T T [ TexTe
= Qe
 TexTe || To-Te

_ Te—-Tg Ts
= Qe T ][TG—TCJ ... (iii)

Maximum coefficient of performance of the system is given by

(COP)ma = 2 = Qe
QG Q TC — TE TG
- TE TG - TC

— TE TG B TC (IV)
To-Te Ts

It may noted that,
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I. The expression [T TE_I_ Jisthe C.O.P. of a Carnot refrigerator working
c™ e

between the temperature limitsof Tgand T ¢.

TG — TC

2. The expression [ Jis the efficiency of a Carnot engine working

G

between the temperature limits of Tg and Tc.

Thus an ideal vapour absorption refrigeration system may be regarded as a
combination of a Carnot engine and a Carnot refrigerator. The maximum C.O.P. may

be written as
(C-O-P-)max = (C-O-P)camot X M carnot

In case the heat is discharged at different temperatures in condenser and
absorber, then

(C.O.P.)max = [ Te }[TG _TC}
TC _TE TG

where Ta= Temperature at which heat is discharged in the absorber.

Example 3.1. In a vapour absorption refrigeration system, heating, cooling
and refrigeration takes place at the temperatures of 100° C, 20° C and 5° C
respectively. Find the maximum C.O.P. of the system.

Solution. Given: TG = 100°C = 100 + 273 =373 K ; Tc = 20°C = 20 + 273
=293K; TE=-5°C=-5+273=268K

We know that maximum C.O.P. of the system

[T VTe-Tc =( 268 j(373—293j:2_3Ans_
Te-Te | To 293-268 )\ 373

Example 3.2. In an absorption type refrigerator, the heat is supplied to NH3

generator by condensing steam at 2 bar and 90% dry. The temperature in the
refrigerator isto be maintained at - 5° C. Find the maximum C.O.P. possible.
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If the refrigeration load is 20 tonnes and actual C.O.P. is 10% of the
maximum C.O.P ., find the mass of steam required per hour. Take temperature of the

atmosphere as 30°C.

Solution. Given: p=2bar; x =90% =0.9; Te =-5°C=-5+273=268K ;
Q=20TR; Actua C.O.P. = 70% of maximum C.O.P.; Tc =30° C=30+ 273 =303
K

Maximum C.O.P.

From steam tables, we find that the saturation temperature of steam at a

pressure of 2 bar is
Tc=120.2° C=120.2+273=393.2K

We know that maximum C.O.P.

| Te || Te-Te :{ 268 }{393—303}:175“”5
To-Te || Ts 303-268 | 393.2 ' '

Mass of steam required per hour

We know that actual C.O.P.
= 70% of maximum C.O.P. =0.7 x 1.756 = 1.229
.. Actual heat supplied

_ Refrigerationload _ 20x 210
Actua C.O.P. 1.229

=3417.4 kJmin

Assuming that only latent heat of steam is used for heating purposes,
therefore from steam tables, the latent heat of steam at 2 bar is

htg = 2201.6 kJ/kg
.. Mass of steam required per hour

_ Actual heat supplied _ 3417.4

= 1.552 kg/min=93.12 kg/h Ans.

X % Ny 2201.6
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Th.5 REFRIGERATION AND AIR CONDITIONING
Chapter -2

4.0 REFRIGERATION EQUIPMENTS
4.1 REFRIGERANT COMPRESSORS

4.1.1 Principle of working and constructional details of reciprocating
and rotary compressors.

4.1.2 Centrifugal compressor only theory

4.1.3 Important terms.

4.1.4 Hermetically and sermi hermetically sealed compressor.
4.2 CONDENSERS

4.2.1 Principle of working and constructional details of air cooled and
water cooled condenser

4.2.2 Heal rgection ratio.

4.2.3 Cooling tower and spray pond.

4.3 EVAPORATORS

1.6.1 Principle of working and constructional details of an evaporator.
1.6.2 Types of evaporaror.

1.6.3 Bare tube coil evgporator, finned evapvorator, shell and tube evaporaror.
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MODULE IV

Refrigeration System Components

4.1 Introduction

A refrigerant compressor, as the name indicates, is a machine used to
compress the vapour refrigerant from the evaporator and to raise its pressure so that
the corresponding saturation temperature is higher than that of the cooling medium.
It also continually circulates the refrigerant through the refrigerating system. Since
the compression of refrigerant requires some work to be done on it, therefore, a

compressor must be driven by some prime mover.

Note : Since the compressor virtually takes the heat at a low temperature
from the evaporator and pumps it at the high temperature to the condenser. therefore

it is often referred to as a heat pump.
4.2 Classification of Compressors

The compressors may be classified in many ways, but the following are

important from the subject point of view:

1. According to the method of compression

(a) Reciprocating compressors.

(b) Rotary compressors, and

(c) Centrifugal compressors.

2. According to the number of working strokes

(&) Single acting compressors, and

(b) Double acting compressors.

3. According to the number of stages

(a) Single stage (or single cylinder) compressors, and

(b) Multi-stage (or multi-cylinder) compressors.

4. According to the method of drive employed
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(a) Direct drive compressors. and
(b) Belt drive compressors.
5. According to the location of the prime mover

(8 Semi-hermetic compressors (direct drive, motor and compressor in

separate
housings), and

(b) Hermetic compressors (direct drive, motor and compressor in same

housings).
4.3 Important Terms

The following important terms, which will be frequently used in this
chapter, should be clearly understood at this stage:

1. Suction pressure. It is the absolute pressure of refrigerant at the inlet of a

compressor.

2. Discharge pressure. It is the absolute pressure of refrigerant at the outlet

of acompressor.

3. Compression ratio (or pressure ratio). It isthe ratio of absolute discharge
pressure to the absolute suction pressure. Since the absolute discharge pressure is
always more than the absolute suction pressure, therefore, the value of compression

ratio is more than unity.

Note: The compression ratio may also be defined as the ratio of tota

cylinder volume to the clearance volume.

4. Quction volume. It is the volume of refrigerant sucked by the compressor

during its suction stroke. It is usually denoted by vs.

5. Piston displacement volume or stroke volume or swept volume. It is the
volume swept by the piston when it moves from its top or inner dead position to
bottom or outer dead centre position. Mathematically, piston displacement volume or
stroke volume or swept volume,
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Vp:ExszL
4

where D = Diameter of cylinder. and
L = Length of piston stroke.

6. Clearance factor. It is the ratio of clearance volume (v¢) to the piston
displacement volume (v,). Mathematically, clearance factor

7. Compressor capacity. It is the volume of the actual amount of refrigerant
passing through the compressor in a unit time. It is equal to the suction volume (vs).
It isexpressed in m3/s.

8. Volumetric efficiency. It is the ratio of the compressor capacity or the
suction volume (vs) to the piston displacement volume (v,). Mathematically,
volumetric efficiency,

Vv

Ny = —=

Vp

4.4 Reciprocating Compressors

The compressors in which the vapour refrigerant is compressed by the
reciprocating (i.e. back and forth) motion of the piston, are called reciprocating
compressors. These compressors are used for refrigerants which have comparatively
low volume per kg and alarge differential pressure, such as ammonia (R-717), R-12,
R-22, and methyl chloride (R-40). The reciprocating compressors are available in
sizes as small as 1/12 kW which are used in small domestic refrigerators and up to

about 150 kW for large capacity installations.

The two types of reciprocating compressors in genera use are single acting
vertica compressors and double acting horizontal compressors. The single acting
compressors usually have their cylinders arranged vertically, radially or inaV or W
form. The double acting compressors usually have their cylinders arranged

horizontally.
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Fig. 4.1 shows a single stage single acting reciprocating compressor in its

simplest form.

The principle of operation of the compression cycleis as discussed below:

Cylinder
head

Discharge /‘o Suction

valveé valve > | o
Cylinder Pistcn =1
C{)m'::ling P
Crank /
—
Ll (b) (c) @)

Fig. 4.1. Principle of operation of a single stage, single acting reciprocating

compressor.

Let us consider that the piston is at the top of its stroke as shown in Fig. 4.1
(8). Thisis called top dead centre position of the piston. In this position, the suction
valveis held closed because of the pressure in the clearance space between the top of
the piston and the cylinder head. The discharge valve is aso held closed because of
the cylinder head pressure acting on the top of it.

When the piston moves downward (i.e. during suction stroke) as shown in
Fig. 4.1 (b), the refrigerant left in the clearance space expands. Thus the volume of
the cylinder (above the piston) increases and the pressure inside the cylinder
decreases. When the pressure becomes dlightly less than the suction pressure or
atmospheric pressure, the suction valve gets opened and the vapour refrigerant flows
into the cylinder. This flow continues until the piston reaches the bottom of its make
(I.e. bottom dead centre). At the bottom of the stroke, as shown in Fig. 4.1 (c), the
suction valve closes because of spring action. Now when the piston moves upward
(i.e. during compression stroke) as shown in Fig. 4.1 (d), the volume of the cylinder

decreases and the pressure inside the cylinder Increases. When the pressure inside the
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cylinder becomes greater than that on the top of the discharge valve, the discharge
valve gets opened and the vapour refrigerant is discharged into the condenser and the

cycle is repeated.

It may be noted that in a single acting reciprocating compressor, the suction,
compression and discharge of refrigerant takes place in two strokes of the piston or

in one revolution of the crankshaft.

Notes: 1. In a double acting reciprocating compressor, the suction and
compression takes place on both sides of the piston. It is thus obvious, that such a
compressor will supply double the volume of refrigerant than a single acting

reciprocating compressor (neglecting volume of piston rod).

2. There must be a certain distance between the top of the piston and the
cylinder head when the piston is on the top dead centre so that the piston does not
strike the cyclinder head. This distance is called clearance space and the volume
therein is caled the clearance volume. The refrigerant left in this space is at
discharge pressure and its pressure must be reduced below that of suction pressure
(atmospheric pressure) before any vapour refrigerant flows into the cylinder. The

clearance space should be a minimum.

3. The low capacity compressors are air cooled. The cylinders of these
compressors usualy have fins to provide better air cooling. The high capacity
compressors are cooled by providing water jackets around the cylinder.

4.5 Work Done by a Single Stage Reciprocating Compr essor

We have aready discussed that in a reciprocating compressor, the vapour
refrigerant is first sucked, compressed and then discharged. So there are three
different operations of the compressor. Thus we see that work is done on the piston
during the suction of refrigerant. Similarly, work is done by the piston during
compression as well as discharge of the refrigerant. A little consideration will show,
that the work done by a reciprocating compressor is mathematically equal to the
work done by the compressor during compression as well as discharge minus the

work done on the compressor during suction.

Here we shall discuss the following two important cases of work done:
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1. When there is no clearance volume in the cylinder, and

2. When there is some clearance volume.

4.6 Work Done by a Single Stage, Single Acting Reciprocating

Compressor without Clearance Volume

Consider a single stage, single acting reciprocating compressor without
clearance as shown by the p-v and T-sdiagramsin Fig. 9.2.

Let P1 = Suction pressure of the refrigerant (before compression),
V1 = Suction volume of the refrigerant (before compression),
T1 = Suction temperature of the refrigerant (before compression),

P, ,v» and T, = Corresponding values for the refrigerant at the discharge

point i.e. after compression, and
r = Compression ratio or pressure ratio, P,/P;.

As a matter of fact, the compression of refrigerant may be isothermal,
polytropic, or isentropic (reversible adiabatic). Now we shall find out the amount of

work donein compressing the refrigerant in all the above mentioned three cases.
1. Work done during isothermal compression

We have already discussed that when the piston moves from the top dead
centre ( point A ), the refrigerant is admitted into the compressor cylinder and it
continues till the piston reaches at its bottom dead centre ( point B ). Thus the line A
B represents suction stroke and the area below this line (i.e. area AB B' A)
represents the work done during suction stroke. From the figure, we find that work

done during suction stroke,
WI =AreaABB' A' = Ry,

The refrigerant is compressed during the return stroke (or compression
stroke BC; ) of the piston at constant temperature. The compression continuestill the
pressure ( P) in the cylinder is sufficient to force open the discharge valve at C;.
After that no compression takes place with the inward movement of the piston. Now
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during the remaining part of the compression stroke, the compressed refrigerant is

discharged to condenser till the piston reaches its top dead centre.
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Fig. 4.2. p-v and T-sdiagrams for a single stage reciprocating compressor.

From the figure, we find that Work done during compression.

W2 = Area BC,C,B' = p,v, log, [ﬁJ
Vo

and work done during discharge,
W3 =Area CDA'C, =p,v,
.. Work done by the compressor per cycle,

W = Area ABC,D

= Area C,DA'C, +Area BC,C,B’ - Area ABB'A’

=W3+W2-W1

_ Vi Vi _

= PaVa +Pil0ge| == | =Py = Prvi10ge| —= o (0 PVL = P2V2)

V2 Vo
= 2.3pwvilog [ﬁJ =23pvilogr [ﬁ _Pa2_ rj
Va Vo Py

=23mRTylogr . (o p1v1 = MRTy)
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4.7 Hermetic Sealed Compressors

When the compressor and motor operate on the same shaft and are enclosed
in a common casing, they are known as hermetic sealed compressors. These types of
compressors eliminate the use of crank shaft seal which is necessary in ordinary
compressors in order to prevent leakage of refrigerant. These compressors may
operate on either reciprocating or rotary principle and may be mounted with the shaft
in either the vertical or horizontal position. The hermetic units are widely used for
small capacity refrigerating systems such as in domestic refrigerators, home freezers

and window air conditioners.

The hermetic sedled compressors have the following advantages and

disadvantages:
Advantages
1. The leakage of refrigerant is completely prevented.
2. ltislessnoisy.
3. It requires small space because of compactness.

4. The lubrication is simple as the motor and compressor operate in a sealed

space with the lubricating oil.
Disadvantages
I. The maintenance is not easy because the moving parts are inaccessible.
2. A separate pump is required for evacuation and charging of refrigerant.
4.8 Rotary Compressors

In rotary compressors, the vapour refrigerant from the evaporator is
compressed due to the movement of blades. The rotary compressors are positive
displacement type compressors. Since the clearance in rotary compressors is
negligible, therefore they have high volumetric efficiency. These compressors may
be used with refrigerants R-12, R-22, R-114 and ammonia. Following are the two

basic types of rotary compressors:
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1. Sngle stationary blade type rotary compressor. A single stationary blade

type rotary compressor is shown in Fig. 9.14. This consists of a stationary cylinder, a
roller (or impeller) and a shaft. The shaft has an eccentric on which the roller is
mounted. A blade is set into the slot of a cylinder in such a manner that it always
maintains contacts with the roller by means of a spring. The blade moves in and out
of the dlot to follow the rotor when it rotates. Since the blade separates the suction
and discharge ports as shown in Fig. 9.14, therefore it is often called a sealing blade.
When the shaft rotates, the roller also rotates so that it always touches the cylinder

wall.

Vapour

Suction L Rotor shaft

(&)Comletion of intake strokeand
Beginning of compression

Discharge

Blade

(c) compression continued and

new intake stroke continued

continued

('b) Compression stroke

continued and new intake stroke started

Discharge

Blade

Suction:

(d) Compressed vapour discharge to

condenser and new intake stroke

Fig. 4.3 Stationary single blade rotary compressor.
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Fig. 4.3(a) to (d) shows the various positions of roller as the vapour
refrigerant is compressed. Fig. 4.3(a) shows the completion of intake stroke (i.e. the
cylinder isfull of low pressure and temperature vapour refrigerant) and the beginning
of compression stroke. When the roller rotates, the vapour refrigerant ahead of the
roller is being compressed and the new intake from the evaporator is drawn into the
cylinder, as shown in Fig.4.3 (b). As the roller turns towards mid position as shown
in Fig. 4.3 (c), more vapour refrigerant is drawn into the cylinder while the
compressed refrigerant is discharged to the condenser. At the end of compression
stroke, as shown in Fig. 4.3 (d), most of the compressed vapour refrigerant is passed
through the discharge port to the condenser. A new charge of refrigerant is drawn
into the cylinder. This, in turn, is compressed and discharged to the condenser. In this
way, the low pressure and temperature vapour refrigerant is compressed gradually to

a high pressure and temperature.

2. Rotating blade type rotary compressor. The rotating blade type rotary
compressor is shown in Fig. 4.4. This consists of a cylinder and a slotted rotor
containing a number of blades. The centre of the rotor is eccentric with the centre of

the cylinder.

The blades are forced against the cylinder wall by the centrifugal action

during the rotation of the motor.

The low pressure and temperature vapour refrigerant from the evaporator is
drawn through the suction port. As the rotor turns, the suction vapour refrigerant
entrapped between the two adjacent blades is compressed. The compressed
refrigerant at high pressure and temperature is discharged through the discharge port
to the condenser.
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Fig. 4.4. Rotating blade type rotary compressor.

Note: The whole assembly of both the types of rotary compressors is
enclosed in a housing which is filled with oil. When the compressor is working, an
oil film forms the seal between the high pressure and low pressure side. But when the
compressor stops, this seal is lost and therefore high pressure vapour refrigerant will
flow into low pressure side. In order to avoid this, a check valve is usualy provided
in the suction line. This valve prevents the high pressure vapour refrigerant from

flowing back to the evaporator.
4.9 Centrifugal Compressors

The centrifugal compressor for refrigeration systems was designed and
developed by Dr.WillisH. Carrier in 1922. This compressor increases the pressure of
low pressure vapour refrigerant to a high pressure by centrifugal force. The
centrifugal compressor is generally used for refrigerants that require large
displacement and low condensing pressure, such as R-11 and R-113. However, the
refrigerant R-12 is aso employed for large capacity applications and low-
temperature applications.
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A single stage centrifugal compressor, in its smplest form, consists of an
impeller to which a number of curved vanes are fitted symmetrically, Inlet as shown
in Fig.. 4.5. The impeller rotates in an air tight volute casing with inlet and outlet

points.

The impeller draws in low pressure vapour refrigerant from the evaporator.
When the impeller rotates, it pushes the vapour refrigerant from the centre of the
impeller to its periphery by centrifugal force. The high speed of the impeller leaves
the vapour refrigerant at a high velocity at the vane tips of the impeller. The kinetic
energy thus attained at the impeller outlet is converted into pressure energy when the
high velocity vapour refrigerant passes over the diffuser. The diffuser is normally a
vaneless type as it permits more efficient part load operation which is quite usual in
any air-conditioning plant. The volute casing collects the refrigerant from the
diffuser and it further converts the kinetic energy into pressure energy before it
leaves the refrigerant to the evaporator.

Notes. 1. In case of a single stage centrifugal compressor, the compression
ratio that an impeller can develop is limited to about 4.5. But when high compression

ratio is desired, multi- stage centrifugal compressors with intercoolers are employed.

2. The centrifugal compressors have no valves, pistons and cylinders. The

only wearing parts are the main bearings.
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4.10 Advantages and Disadvantages of Centrifugal Compr essor s over

Reciprocating Compressors

Following are the advantages and disadvantages of centrifugal compressors

over reciprocating cCompressors:-
Advantages

I. Since the centrifuga compressors have no valves, pistons. cylinders,
connecting rod etc., therefore the working life of these compressors is more as

compared to reciprocating compressors.

2. These compressors operate with little or no vibration as there are no

unbalanced masses.
3. The operation of centrifugal compressorsis quiet and calm.

4. The centrifugal compressors run at high speeds (3000 r.p.m. and above),

therefore these can be directly connected to electric motors or steam turbines.

5. Because of the high speed, these compressors can handle large volume of

vapour refrigerant, as compared to reciprocating compressors.

6. The centrifugal compressors are especialy adapted for systems ranging
from 50 to 5000 tonnes. They are also used for temperature ranges between - 90° C
and + 10° C.

7. The efficiency of these compressorsis considerably high.

8. The large sizes centrifugal compressors require less floor area as

compared to reciprocating compressors.
Disadvantages

I. The main disadvantage in centrifugal compressors is esurging. It occurs
when the refrigeration load decreases to below 35 percent of the rated capacity and

causes severe stress conditions in the compressor.

2. The increase in pressure per stage is less as compared to reciprocating

COMPressors.
3. The centrifugal compressors are practical below 50 tonnes capacity load.
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4. The refrigerants used with these compressors should have high specific

volume.
4.11 Capacity Control of Compressors

There are many refrigeration applications in which the refrigeration load is
not constant. It is, therefore, necessary to provide some means to control the capacity
of a compressor according to the load. It may be noted that the compressors
operating under partial loads and low back pressure creates a condition where the

coil may freeze or damage may result.

4.2 Condensers
4.12 Introduction

The condenser is an important device used in the high pressure side of a
refrigeration system. Its function is to remove heat of the hot vapour refrigerant
discharged from the compressor. The hot vapour refrigerant consists of the heat
absorbed by the evaporator and the heat of compression added by the mechanical
energy of the compressor motor. The heat from the hot vapour refrigerant in a
condenser is removed first by transferring it to the walls of the condenser tubes and
then from the tubes to the condensing or cooling medium. The cooling medium may

be air or water or acombination of the two.

The selection of a condenser depends upon the capacity of the refrigerating
system, the type of refrigerant used and the type of cooling medium available.

4.13 Working of a Condenser

The working of a condenser may be best understood by considering asimple
refrigerating system as shown in Fig. 4.6 (4). The corresponding p - h diagram
showing three stages of a refrigerant cooling is shown in Fig. 4.6 (b) . The
compressor draws in the superheated vapour refrigerant that contains the heat it
absorbed in the evaporator. The compressor adds more bell (i. e. the heat of
compression) to the superheated vapour. This highly superheated vapour from the
compressor is pumped to the condenser through the discharge line. The condenser

cools therefrigerant in the following three stages :-
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I. First of al, the superheated vapour is cooled to saturation temperature
(called desuperheating) corresponding to the pressure of the refrigerant. This is
shown by the line 2-3 in Fig. 4.6 (b). The desuperheating occurs in the discharge line

and in the first few coils of the condenser.

2. Now the saturated vapour refrigerant gives up its latent heat and is
condensed to a saturated liquid refrigerant. This process, called condensation, is
shown by the line 3-4.

3. The temperature of the liquid refrigerant is reduced below its saturation
temperature (i.e. sub-cooled) in order to increase the refrigeration effect. This process

is shown by the line 4-5.

Evaporator
Suction Superheated E:‘;‘N‘;"“'
hne vapour
1 Discharge ine ?:;'590"“‘
1 2 3

Condenser %

4 - Receiver
Compressor Liquid refrigerant

(a) Schematic diagram of a simple refrigerating system.

1 Total heat
Subcooling  rejected l

P s w1

4

Evaporation

— Pressure ———

Enthalpy ———»

Fig. 4.6
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The condenser capacity is the ability of the condenser to transfer heat from
the hot vapour refrigerant to the condensing medium. The heat transfer capacity of a

condenser depends upon the following factors :

1. Material. Since the different materials have different abilities of heat
transfer, therefore the size of a condenser of a given capacity can be varied by
selecting the right material. It may be noted that higher the ability of a material to
transfer heat, the smaller will be the size of condenser.

2. Amount of contact. The condenser capacity may be varied by controlling
the amount of contact between the condenser surface and the condensing medium.
This can be done by varying the surface area of the condenser and the rate of flow of
the condensing medium over the condenser surface. The amount of liquid refrigerant
level in the condenser also affects the amount of contact between the vapour
refrigerant and the condensing medium. The portion of the condenser used for liquid

sub-cooling can not condense any vapour refrigerant.

3. Temperature difference. The heat transfer capacity of a condenser greatly
depends upon the temperature difference between the condensing medium and the
vapour refrigerant. As the temperature difference increases, the heat transfer rate
increases and therefore the condenser capacity increases. Generally, this temperature
difference cannot be controlled. But when the temperature difference becomes so
great that it becomes a problem, devices are available that will change the amount of

condensing surface and the air flow rate to control condenser capacity.

Notee Most air-cooled condensers are designed to operate with a

temperature difference of 14° C.
4.15 Heat Rejection Factor

We have aready discussed that in a vapour compression refrigeration
system, the heat is rejected in a condenser. The load on the condenser per unit of
refrigeration capacity is known as heat regection factor. The load on the
condenser(Qc) isgiven by

Qc = Refrigeration capacity + Work done by the compressor = Rg + W
.. Heat rgjection factor,
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Qe _RextW_ W _, 1 (-,-Cop:&j
Re  Re Re  COP W

HRF =

From above, we see that the heat rejection factor depends upon the
coefficient of performance (COP) which in turn depends upon the evaporator and

condenser temperatures.

In actual air-conditioning applications for R-12 and R-22, and operating a a
condenser temperature of 40° C and an evaporator temperature of 5° C, the heat
rejection factor is about 1.25.

4. 16 Classification of Condensers

According to the condensing medium used, the condensers are classified
into the following

three groups :

1. Air cooled condensers,

2. Water cooled condensers, and

3. Evaporative condensers.

These condensers are discussed, in detail, in the following pages.
4. 17 Air Cooled Condensers

An air-cooled condenser is one in which the removal of heat is done by air.
It consists of steel or copper tubing through which the refrigerant flows. The size of
tube usually ranges from 6 mm to 18 mm outside diameter, depending upon the size
of condenser. Generally copper tube used because of its excellent heat transfer
ability. The condensers with steel tubes are- used in amnmonia refrigerating systems.
The tubes are usually provided with plate type fins to increase the surface area for
heat transfer, as shown in Fig. 4.7. The fins are usually made from auminium

because of itslight weight. The fin spacing is quite wide to reduce dust clogging.

The condensers with single row of tubing provides the most efficient heat
transfer. This is because the air temperature rises at it passes through each row of
tubing. The temperature difference between the air and the vapour refrigerant

decreases in each row of tubing and therefore each row becomes less effective.
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However, single row condensers require more space than multi-row condensers. The
single row condensers are usually used in small capacity refrigeration systems such

as domestic refrigerators. freezers, water coolers and room air conditioners.

Tubing
JRIITTTITTTI PRI
(O
(:( - Plaie type

S

Fig. 4.7. Air cooled condenser.

The air cooled condensers may have two or more rows of tubing, but the
condensers with up to six rows of tubing are common. Some condensers have seven
or eight rows. However more than eight rows of tubing are usually not efficient. This
is because the air temperature will be too close to the condenser temperature to

absorb any more heat after passing through eight rows of tubing.

Note: The main disadvantage of an air cooled condenser is that it operates at
a higher condensing temperature than a water cooled condenser. The higher

condensing temperature causes the compressor to work more.
4.18 Typesof Air-Cooled Condensers
Following are the two types of air-cooled condensers:

1. Natural convection air-cooled condensers. In natura convection air-
cooled condenser, the heat transfer from the condenser coils to the air is by natural
convection. As the air comes in contact with the warm condenser tubes, it absorbs
heat from the refrigerant and thus the temperature of air increases. The warm air
being lighter, rises up and the cold air from below rises to take away the heat from
the condenser. This cycle continues in natural convection air-cooled condensers.
Since the rate of heat transfer in natural convection condenser is slower, therefore

they require a larger surface area as compared to forced convection condensers. The
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natural convection air-cooled condensers are used only in small capacity applications

such as domestic refrigerators, freezers, water coolers and room air- conditioners.

2. Forced convection air-cooled condensers. In forced convection air-cooled
condensers, the fan (either propeller or centrifugal) is used to force the air over the
condenser coils to increase its heat transfer capacity. The forced convection

condensers may be divided into the following two groups:

(@ Base mounted air-cooled condensers, and (b) Remote air-cooled

condensers.

The base mounted air-cooled condensers, using propeller fans, are mounted
on the ,same base of compressor, motor, receiver and other controls. The entire
arrangement is called a condensing unit. In small units, the compressor is belt driven
from the motor and the fan required to force the air through the condenser is mounted
on the shaft of the motor. The use of this type of compressor for indoor units is
limited up to 3 kW capacity motor only. These condensing units are used on

packaged refrigeration systems of 10 tonnes or less.

The remote air-cooled condensers are used on systems above 10 tonnes and
are available up to 125 tonnes. The systems above 125 tonnes usually have two or
more condensers. These condensers may be horizontal or vertical. They can be

located either outside or inside the building.

The remote condensers located outside the building can be mounted on a
foundation on the ground, on the roof or on the side of a building away from the
walls. These condensers usually use propeller fans because they have low resistance
to air flow and free air discharge. They require 18 to 36 m3/min of air per tonne of
capacity. The propeller fans can move this volume of air as long as the resistance to
air flow is low. To prevent any resistance to air flow, the fan intake on vertica
outdoor condensers usually faces the prevailing winds. If thisis not possible, the air

discharge sideis usually covered with a shield to deflect opposing winds.

The remote condensers located inside the building usually require duct work
to carry air 10 and from the unit. The duct work restricts air flow to and from the

condenser and causes high air pressure d op. Therefore, inside condensers usually
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use centrifugal fans which can move the necessary volume of air against the

resistanceto air flow.

4,19 Water Cooled Condensers

A water cooled condenser is one in which water is used as the condensing
medium. They are always preferred where an adequate supply of clear inexpensive
water and means of water disposal are available. These condensers are commonly
used in commercial and industrial refrigerating units. The water cooled condensers

may use either of the following two water systems:

I. Waste water system, or 2. Recirculated water system.
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Fig. 4.8. Waler cooled condenser with recirculating water system.

In a waste water system, the water after circulating in the condenser is
discharged to a sewer, as shown in Fig. 4.8 This system is used on small units and in

locations where large quantities of fresh inexpensive water and a sewer system large
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enough to handle the waste water are available. The most common source of fresh

water supply isthe city main.

In a recirculated water system as shown in Fig. 10.4, the same water
circulating in the condenser is cooled and used again and again. Thus this system
requires some type of water cooling device. The cooling water towers and spray
ponds are the most common cooling devices used in arecirculated water system. The
warm water from the condenser is led to the cooling tower where it is cooled by self
evaporation into a stream of air. The water pumps are used to circulate the water
through the system and then to the cooling tower which is usually located on the
roof. Once a recirculated water system is filled with water, the only additional water
required is make-up water. The make up water smply replaces the water that

evaporates from the cooling tower or spray pond.

Note: The water cooled condensers operate at a lower condensing
temperature than an air-cooled condenser. This is because the supply water
temperature is normally lower than the ambient air temperature, but the difference
between the condensing and cooling medium temperatures is normally the same (i.e.
14° C). Thus, the compressor for a water cooled condenser requires less power for

the same capacity.
4.20 Types of Water Cooled Condensers

The water cooled condensers are classified, according to their construction,

into the following three groups:
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Fig. 4.9 Tube-in-tube condenser.  Fig. 4.10. Shell and coil condenser.
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1. Tube -in-tube or double tube condensers.The tube-in-tube or double tube
condenser, as shown in Fig. 4.9, consists of a water tube inside a large refrigerant
tube. In this type of condenser, the hot vapour refrigerant enters at the top of the
condenser. The water absorbs the heat from the refrigerant and the condensed liquid
refrigerant flows at the bottom. Since the refrigerant tubes are exposed to ambient

air, therefore some of the heat is also absorbed by ambient air by natural convection.

The cold water in the inner tubes may flow in either direction. When the
water enters at the bottom and flows in the direction opposite to the refrigerant, it is
said to be a counter-flow system. On the other hand, when the water enters at the top
and flows in the same direction as the refrigerant, it is said to be a parallel flow

system.

The counter-flow system, as shown in Fig. 10.5, is preferred in all types of
water cooled condensers because it gives high rate of heat transfer. Since the coldest
water is used for final cooling of the liquid refrigerant and the warmest water absorbs
heat from the hottest vapour refrigerant, therefore the temperature difference between
the water and refrigerant remains fairly constant throughout the condenser. In case of
paralel flow system, as the water and refrigerant flow in the same direction,
therefore the temperature difference between them increases. Thus the ability of

water to absorb heat decreases at it passes through the condenser.

2. Shell and coil condensers. A shell and coil condenser, as shown in Fig.
4.10 consists of one or more water coils enclosed in a welded steel shell. Both the

finned and bare coil types are available.

The shell and coil condenser, may be either vertical (as shown in the figure)
or horizontal. In this type of condenser, the hot vapour refrigerant enters at the top of
the shell and surrounds the water coils. As the vapour condenses, it drops to the
bottom of the shell which often serves as areceiver. Most vertical type shell and coil
condensers use counter flow water system as it is more efficient than paralle flow
water system. In the shell and coil condensers, coiled tubing is free to expand and
contract with temperature changes because of its spring action and can withstand any
strain caused by temperature changes. Since the water coils are enclosed in awelded

steel shell, therefore the mechanical cleaning of these coilsis not possible. The coils
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are cleaned with chemicals. The shell and coil condensers are used for units upto 50

tonnes capacity.

3. Shell and tube condensers. The shell and tube condenser, as shown in Fig.
4.11, consists of acylindrical steel shell containinga number of straight water tubes.
The tubes are expanded into grooves in the tube sheet holes to form a vapour- tight
fit. The tube sheets are welded to the shell at both the ends. The removable water
boxes are bolted to the tube sheet at each end to facilitate cleaning of the condenser.
The intermediate supports are provided in the shell to avoid sagging of the tubes.
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Fig. 4.11 Shell and tube condenser.

The condenser tubes are made either from steel or copper, with or without
fins. The steel tubes without fins are usually used in ammonia refrigerating systems

because ammonia corrodes copper tubing.

In this type of condenser, the bot vapour refrigerant enters at the top of the
shell and condenses as it comes in contact with water tubes. The condensed liquid
refrigerant drops to the bottom of the shell which often serves as a receiver.
However, if the maximum storage capacity for the liquid refrigerant is less than the
total charge of the system, then a receiver of adequate capacity has to be added in
case the pump down facility is to be provided as in ice plants, cold storages etc. In
some condensers, extra rows of water tubes are provided at the lower end of the
condenser for sub-cooling of the liquid refrigerant below the condensing

temperature.

4.21 Comparison of Air-Cooled and Water Cooled Condensers
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Following are the comparison.between air-cooled and water cooled

condensers:
S.No. Air-cooled condenser Water cooled condenser
1. Since the construction of air | Since the construction of water cooled

cooled condenser is very simple,
therefore the initia cost is less.
The maintenance cost is also low.

condenser is complicated, therefore the
initial cost is high. The maintenance
cost isalso high.

2. There is no handling problem | The water cooled condensers are
with air cooled condensers. difficult to handle.
3. The air cooled condensers do not | The pipes are required to take water to
require piping arrangement for | and from the condenser.
carrying the air.
4, There is no problem in disposing | There is a problem of disposing the
of used air. used water unless arecirculatign system
IS provided.
5. Since there is no corrosion, | Since corrosion occurs inside the tubes
therefore fouling effect islow. carrying the water, therefore fouling
effects are high.
6. The air-cooled condensers have | The water cooled condensers have high

low heat transfer capacity due to
low thermal conductivity of air.

heat transfer capacity due to high
thermal conductivity of water.
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These condensers are used for
low capacity plants (less than 5
TR).

These condensers are used for large

capacity plants.

Since the power required to drive
the fan is excessive, therefore, the

fan noise becomes objectionable.

Thereis no fan noise.

The distribution of ar on

condenser surface is not uniform.

There is even distribution of water on

the condensing surface.

10.

The air-cooled condensers have
high flexibility.

The water cooled condensers have low

flexibility.

4.22 Fouling Factor

The water used in water cooled condensers always contain a certain amount

of minerals and other foreign materials, depending upon its source. These materials

form deposits inside the condenser water tubes. This is caled water fouling. The

depositsinsulate the tubes, reduce their heat transfer rate and restricts the water flow.

The fouling factor is the reciprocal of heat transfer coefficient for the

material of scae.

The following are the recommended fouling factors:

|. For copper tubes used for R-12 and R-22 condensers, the fouling factor is
0.000 095 m? sK/J.
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2. For steel tubes used in ammonia condensers, the fouling factor is 0.000 18
m?sK/J

4.23 Heat Transfer in Condensers

The heat transfer (Q) in water cooled condensersis given by

Q= UAAT—%

where U = Overall heat transfer coefficient,

A = Surface area of the condenser,

AT = Overdl temperature difference, and

R = Overall thermal resistance of the condenser = 1/U A

In order to find the overall thermal resistance, let us consider that the water
is flowing inside the tube and the refrigerant outside the tube in a shell of a
condenser, as shown in Fig. 4.12. When steady state is reached, there is a film of
water inside the tube over the scale formed due to hardness of water. Another layer
of film over the tube is formed by the refrigerant. The heat transfer m. the vapour

refrigerant to the water in tubes takes place in the following manner.

- — iy

e N N e s

—\Nalar low
T,

S
x
q’

Scale layer

r.
T Wm&x Thickness
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Fig. 4.12. Heat transfer in condensers.

1. The heat transfer takes place from the vapour refrigerant to the outside of
the tube through the condensing film. The value of this heat transfer is given by :

Q=hoAg (T1-T2)
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Q

OAO

or T1-T2=

where T, = Temperature of the refrigerant vapour condensing film,
T, = Temperature at the outside surface of the tube,

ho = Coefficient of heat transfer for the refrigerant vapour

condensiq film, and
Ao = Condensing area.

2. The heat transfer takes place from the outside surface to the inside surface
of the tube.

The value of this heat transfer is given by

o KA (T, Ts)
X
- = L 11
orTo,-Ts kAm(TZ —T3) (II)

whereT 3 = Temperature at the inside surface of the tube,
X = Thickness of the tube,
k = Thermal conductivity of the tube material, and
Am = Mean surface area of the tube.
3 EVAPORATORS
4.24 Bare Tube Coil Evapor aters

The simplest type of evaporator is the bare tube coil evaporator, as shown in
Fig. 4.13
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Fig.4.13 Bare tube coil evapourator

The bare tube coil evaporators are also known as prime- surface
evaporators. Because of its simple construction, the bare tube coil is easy to clean
and defrost. A little consideration will show that this type of evaporator offers
relatively little surface contact area as compared to other types of coils. The amount
of surface area may be increased by simply extending the length of the tube, but
there are disadvantages of excessive tube length. The effective length of the tube is
limited by the capacity of expansion valve. If the tube is too long for the valve’s
capacity, the liquid refrigerant will tend to completely vaporise early in its progress
through the tube, thus leading to excessive superheating at the outlet. The long tubes
will also cause considerably greater pressure drop between the inlet and outlet of the

evaporator. This resultsin areduced suction line pressure.

The diameter of the tube in relation to tube length may also be critical. If the
tube diameter is too large, the refrigerant velocity will be too low and the volume of
refrigerant will be too great in relation to the surface area of the tube to alow
complete vaporisation. This, in turn, may alow liquid refrigerant to enter the suction
line with possible damage to the compressor (i.e., slugging). On the other hand, if the
diameter is too small, the pressure drop due to friction may be too high and will
reduce the system efficiency.

The bare tube coil evaporates may be used for any type of refrigeration
requirement. Its use is, however, limited to applications where the box temperatures
are under 0°C and in liquid cooling, because the accumulation of ice or frost on these
evaporates has less effect on the heat transfer than on those equipped with fins. The
bare tube coil evaporators are aso extensively used in house-hold refrigerators

because they are easier to keep clean.
4.25 Finned Evaporators

The finned evaporator, as shown in Fig. 4.14, consists of bare tubes or coils

over which the metal plates or fins are fastened.
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The metal fins are constructed of thin sheets of metal having good thermal
conductivity. The shape, size or spacing of the fins can be adapted to provide best
rate of heat transfer for a given application. Since the fins greatly increases the
contact surfaces for heat transfer, therefore the finned evaporators are also caled

extended surface evaporators.
Vapour R Piale ~
refrigerant :

s =

—
Liquid ' I l l
relngearant

relriga.m

Fig. 4.14. Finned evaporator. Fig. 4.15. Plate
evaporator.

The finned evaporators are primarily designed for air conditioning
applications where the refrigerator temperature is above 0°C. Because of the rapid
heat transfer of the finned evaporator, it will defrost itself on the off cycle when the
temperature of the coil is near 0°C. A finned coil should never be allowed to frost
because the accumulation of frost between the fins reduces the capacity. The air
conditioning coils which operate at suction temperatures which are high enough so
that frosting never occurs, have fin spacing as small as 3 mm. The finned coils which
frost on the on cycle defrost on the off cycle have wider fin spacing.

4.26 Plate Evaporators

A common type of plate evaporator is shown in Fig. 11.6. In this type of
evaporator, the coils are either welded on one side of a plate or between the two
plates which are welded together at the edges. The plate evaporators are generaly
used in house-hold refrigerators, home freezers, beverage coolers, ice cream cabinets,

locker plants etc.

4.3.4 Shell and Tube Evaporators
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The shell and tube evaporator, as shown in Fig. 4.16, issimilar to ashell and
tube condenser. It consists of a number of horizontal tubes enclosed in a cylindrical
shell. Theinlet and outlet headers with perforated metal tube sheets are connected at
each end of the tubes.

Helrgerant
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Fig. 4.16. Shell and tube evaporator.

These evaporators are generally used to chill water or brine solutions. When
it is operated as a dry expansion evaporator, the refrigerant circulates through the
tubes and the liquid to be cooled fills the space around the tubes within the shell. The
dry expansion shell and tube evaporators are used for refrigerating units of 2 to 250
TR capacity. When it is operated as a flooded evaporator, the water or brine flows
through the tubes and the refrigerant circulates around the tubes. The flooded shell
and tube evaporators are used for refrigerating units of 10 to 5000 TR capacity.

4.27 Shell and Coil Evaporators

The shell and coil evaporators, as shown in Fig. 4.17, are generaly dry
expansion evaporators to chill water. The cooling coil is a continuous tube that can
be in the form of a single or double spiral. The shell may be sealed or open. The
sealed shells are usually found in shell and coil evaporators used to cool drinking
water. The evaporators having flanged shells are often used to chill water in

secondary refrigeration systems.

Another type of shell and coil evaporator is shown in Fig. 4.18 Both types
of evaporators are usually used where small capacity (2 to 10 TR) liquid cooling is
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required. It may be noted that the shell and coil evaporator is restricted to operation
above 5°C in order to prevent the freezing problems.

Fig. 4.17. Shell and coil evaporator.

Water
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Fig. 4.18. Shell and coil evaporator.

4.28 Tube-in-Tube or Double Tube Evaporators

The tube-in-tube evaporator (or double tube evaporator) as shown in Fig.
4.19 consists
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Fig. 4.19. Tube-in-tube or double tube evaporator.

of one tube inside another tube. The liquid to be cooled flows through the
inner tube while the primary refrigerant or secondary refrigerant (i.e. water, air or
brine) circulates in the space between the two tubes. The tube- in-tube evaporator
provides high heat transfer rates. However, they require more space than shell and

tube evaporators of the same capacity. These evaporators are used for wine cooling
and in petroleum industry for chilling of ail.

4.29 Flooded Evaporators

In a flooded evaporator, as shown in Fig. 4.20, a constant liquid refrigerant
level is always , maintained. A float control valve is used as an expansion device
which maintains constant liquid level in the evaporator. The liquid refrigerant from

the recelver passes through alow side float

Suction line

To compressor —e— Balfle

’ : ‘ ' Vapour g
Float contro! Floa: {; o Liquid-vapour
valve — ¥ E,:', e, refrigerant mixture
6o B AP
cinoa o S Eo s = -
qugvd E_-T—-T = = =- Evaporator
relrigerant E - -
from receiver Float iR
chamber = ==~ ——
- === oiling liqui
lr-:lw'deranl relrigerant
ng Accumuliator
Fig. 4.11. Flooded evaporator.
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control valve and accumulator before entering the evaporator coil. The
accumulator (also called a surge drum or surge tank) serves as a storage tank for the
liquid refrigerant. It maintains a constant liquid level in the evaporator and helps to
separate the liquid refrigerant from the vapour returning to the compressor. Due to
the heat supplied by the substance to be cooled. the liquid refrigerant in the
evaporator coil vaporises and thus the liquid level fals down. The accumulator
supplies more liquid to the evaporator in order to keep the liquid refrigerant in the
evaporator at proper level. In this way, the level of liquid refrigerant in the
accumulator also falls down. Since the float within the float chamber rests on liquid
refrigerant at the same level as that in the accumulator, therefore the float also falls
down and open the float valve. Now the liquid refrigerant from the receiver is
admitted into the accumulator. As the liquid level in the accumulator rises and
reaches to the constant level, the float aso rises with it until the float control valve

closes.

Since the evaporator is almost completely filled with liquid refrigerant,
therefore the vapour refrigerant from the evaporator is not superheated but it isin a
saturated condition. In order to prevent liquid refrigerant to enter into the
compressor, an accumulator is generaly used with the flooded evaporators. The
liquid refrigerant trapped in the accumulator is re-circulated through the evaporator.
The evaporator coil is connected to the accumulator and the liquid flow from the
accumulator to the evaporator coil is generally by gravity. The vapour formed by
vaporising the liquid in the coil being lighter, rises up and passes on to the top of the
accumulator from where it is supplied to the suction side of the compressor. The
baffle plate arrests any liquid present in the vapour.

The advantage of the flooded evaporator is that the whole surface of the
evaporator coil isin contact with the liquid refrigerant under al the load conditions.
Thus, it gives high heat transfer rates (i.e., more efficient cooling) than a dry
expansion evaporator of the same size. However, the flooded evaporator is more

expensive to operate because it requires more refrigerant charge.

The flooded evaporators have many industrial applications, especialy in the

chemical and food processing industries. These evaporators used in comfort and
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process air cooling installations may of the bare coil type or finned type. Another
type of the flooded evaporator is the plate evaporator which is found in cold storage

boxes and freezers
4.30 Dry Expansion Evaporators

The dry expansion evaporators are not realy dry at al. They simply use
relatively little refrigerant as compared to flooded evaporators having the same coil
volume. The dry expansion evaporators are usualy only one-fourth to one-third
filled with liquid refrigerant. A simple bare-tube dry expansion evaporator is shown

in Fig. 4.21. Thefinned coil dry expansion evaporators are also available.

Expansion valve

_——.
Liquid
refngerant
from receiver

l Evaporalor

7
Liquid vapour
mixture

Feeler
builb

FRE Lo DA T PN L ol S

f VD L et T
Superheated Suction line to
vapaour relrigerant compressor

Fig. 4.21 Dry expansion evaporator.

In dry expansion evaporators, the liquid refrigerant from the receiver is fed
by the expansion valve to the evaporator coil. The expansion valve controls the rate
of flow of liquid refrigerant in such a way that all the liquid refrigerant is vaporised
by the time it reaches at the end of the evaporator coils or the suction line to the
compressor. The vapour is also superheated to a limited extent. It may be noted that
in a dry expansion system, the refrigerant does not recirculate within the evaporator

asin flooded type evaporator.
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The rate at which the liquid refrigerant is fed to the evaporator generaly
depends upon the rate of vaporisation and increases or decreases as the load on the
evaporator increases or decreases. When the cooling load on the evaporator is light,
the quantity of liquid refrigerant in the evaporator is small. We know that when
liquid refrigerant passes through the expansion valve, some vapour (or flash gas) is
formed. The flash gas causes bubbles in the evaporator. As more refrigerant
vaporises, the bubbles get larger. If the coil diameter is small, the bubbles can cause
dry areas on the interior walls of the coil, as shown in Fig. 4.22 (a). These dry areas
reduce the rate of heat transfer. Thus, the evaporator efficiency decreases as dry areas
increase, i.e., when the load on the evaporator is light. If the cooling load on the
evaporator is heavy, the expansion valve allows alarger quantity of liquid refrigerant
into the evaporator coil in order to accommodate the heavy load. In this case, the
liquid and vapour separate. The liquid refrigerant flows along the bottom of the coil
and vapour rises towards the top as shown in Fig. 4.22 (b). Thus, when the
evaporator operates in this way, its efficiency is greatest. However, this efficiency
depends upon the diameter of evaporator tubes, quantity of refrigerant in the

evaporator and the velocity of the liquid refrigerant within the evaporator coil.

Note: Since t medium to be cooled comes in direct contact with the
evaporator surfaces, in flooded and dry expansion evaporators, therefore they are

called as direct expansion evaporators.
4.31 Natural Convection Evaporators

The natural convection evaporators are used where low air velocity and
minimum hydration of the product is desired. The domestic refrigerators, water
coolers and small freezers have natural convection evaporators. The circulation of air

in adomestic refrigerator by natural convection is shown in Fig. 4.23 The evaporator
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coil should be placed as high as possible in the refrigerator because the cold air falls

down as it leaves the evaporator.
(@) Air circulation without baffles.
(b) Air circulation with baffles.
Fig. 4.23. Circulation of air in natural convection evaporator.

The velocity of air over the evaporator coil considerably affects the
capacity. In natural convection, the velocity of air depends upon the temperature
difference between the evaporator and the space to be cooled. When the temperature
difference, using a natural convection evaporator, is low (less than 8° C), the velocity
of air istoo low for satisfactory circulation. A lower temperature difference than 8°C
may even cause slime on certain products such as meat or poultry. On the other hand,
too great atemperature difference causes excessive dehydration.

(@) Air circulation with incorrect shape of coil.
(b) Air circulation with correct shape of cail
Fig 4.24

The circulation of air around the coil depends upon its size, shape and
location. A small compact coil in alarge box will cause only a small portion of air in
the box to come in contact with the coil. The remainder of the air in the box will then
be cooled by induced currents install of by direct contact. This will result in large
variations of temperature in various parts of the box. The effect on air distribution
with incorrect shape of coil is shown in Fig. 11.15. The coil should occupy at least
2/3rd of the width of the path of the air circulation and 3/4th the length of box. The
natural convection can be improved by the use of baffles as shown in Fig. 4.23 and
4.24 These are simply sheet metal plates which guide the ascending and descending

ar currentsin their proper channels.
4.32 Forced Convection Evaporators

In forced convection evaporators, the air is forced over the refrigerant
cooled coils and fins. This is done by afan driven by an electric motor. The fins are

provided to increase the heat transfer rate.
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The forced convection evaporators are more efficient than natural
convection evaporators because they require less cooling surface and high evaporator
pressures can be used which save considerable power input to the compressor. These
types of evaporators are suited for air cooling units as well as for refrigerator
cabinets used to store bottled beverages or foods in sealed containers.

The forced circulation air cooling units may be divided into the following

three groups according to the velocity of air leaving the unit.

1. Low velocity units. These units have a discharge air rate from 60 m/min to
90 m/min. The low velocity cooling units are used in comfort air conditioning where
low noise and low air velocity rates are needed. Both centrifugal and propeller type

fans are used with low velocity cooling units.

2. Medium velocity cooling units. These units have an exit velocity of air
from 150 m/min to 240 m/min. They are frequently used in refrigerators and freezers
where drafts and noise are not a problem. The propeller fans are usually the source of

ar circulation in these units.

3. High velocity cooling units. These units have a discharge air rate above
240 m/min. They are used principally in blast freezersin specia product refrigerators
requiring quick pull-down of temperature. The high velocity cooling units usually

use centrifugal fans as the source of air circulation.
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SYLLABUS

Chapter: 1

IR REFRIGERATION CYCLE
1.1 Definition —refrigeration effect & Units of refrigeration.
1.2 Definition of COP, refrigeration effect (R.E)
Principle and working of
open air system refrigeration.
closed air system refrigeration.

alculation of COP of Bell-Coleman cycle and numerical on it.
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DEFINITIONS

REFRIGERATION:

It 1s a method of reducing the temperature of
system below that of the surroundings and maintain it at the
lower temperature by continuously abstracting the heat from it.

AIR CONDITIONING:

Providing a cool indoor atmosphere at all
times regardless of weather conditions needed either for human
comfort or industrial purposes by artificially cooling,
humidifying or dehumidifying ,cleaning and recirculation the
surrounding air 1s called air conditioning.
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CONCEPTS OF REFRIGERATION 3iPM

Heat transfer 1s possible from a high temperature region to a low
temperature region.

Heat transfer 1s possible from a lower temperature system to higher
temperature surroundings by some external means as per the 2nd law of
thermodynamics.

The working fluid changes from vapour phase to liquid phase after heat
rejection and from liquid phase to vapour phase after heat absorption.

The change of phase of the working fluid from liquid phase to vapour
phase results in cooling effect



* Unit of Refrigerating:

he practical unit of refrigeration is expressed in terms of “tone of
refrigeration”.One tone of refrigeration is defined as the amount of
refrigeration effect produced by the uniform melting of one tonne (1000kg)
of ice from and at 00C in 24 hours. [

Since the latent heat of ice 1s 335kj/kg, thereforpg one tonne of refrigeration,
1TR =1000 x 335 kj in 24 hours
= 232.6 kj/min
Co-efficient of Performance of a Refrigerator (C.O.P.):

he co-efficient of performance is the ratio of heat extracted in the refrigerator
to the work done on the refrigerant.

Mathematically C.O.P. =%
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 Examples:1 Find the C.O.P of a refrigeration
system if the work input is 80kj/kg and
refrigeration effect produced is 160kj/kg of
80k]/kg
refrigerant foﬂq

o SolutiomtHaiCerP. of a refrigeration system =
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PARTS OF A REFRIGERATOR

I | Condenser

Expansion
device

L’ Evaporator
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1. COMPRESSOR (OR) PUMP:

o compress and circulate the low temperature and low pressure
working fluid into high temperature and high-pressure vapour

hey are power absorbing mechanical devices and need input
power. An electrical motor supplies power to these drives.
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2. EVAPORATOR

[t has cooling coils arranged in form of U — tubes.

he function of the evaporator 1s to reduce the temperature of the
refrigerator cabinet.

he low temperature two phase mixture of refrigerant passing
through the evaporator coils absorbs heat from the cabinet and
changes into vapour phase.

his effect of cooling 1s also known as refrigerating effect
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3. CONDENSER
ondenser consists of a series of coils in the form of U — tubes.

BANTEANS

he high pressure, high temperature refrigerant from the
compressor enters condenser

ere the refrigerant rejects its heat to the surrounding
atmosphere.

he latent heat of the refrigerant 1s given to the surrounding
atmosphere, which results in change of phase of the
refrigerant.
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4. EXPANSION VALVE:

he high pressure and temperature liquid refrigerant expands in
the expansion valve to low pressure & low temperature two-
phase mixture.

he temperature of the refrigerant drops in the expansion valve

due to partial evaporation




REFRIGERATION EFFECT

In a refrigeration system ,the rate at which the heat 1s absorbed in a

cycle from the interior space to be cooled 1s called refrigerating
effect.

pacity of refrigeration system 1s expressed in ton of refrigeration
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Heat Engine

In heat engine the heat supplied to the engine is converted into useful

from the engine, the net work done by the engine is given by:

W,  workdone O, -0,
Q. HeatSupplied 0,

1, =(C.O.P), =

Refrigerator

Refrigerator is a reversed heat engine which either cool or maintain the
temperature of a body (T,) lower than the atmospheric temperature (Ta).
This is done by extracting the Heat from a cold body and delivering it to a
hot body (Q,).

In doing so, work W, is required to be done on the system. According to
First law of thermodynamics W, =Q, — Q,

The performance of a refrigerator is expressed by the ratio of amount of
heat taken from the cold body (Q,) to the amount of work required to be
done on the system (W;).

This ratio is called coefficient of performance. Mathematically, coefficient
of performance of a refrigerator,




* Heat Pump

A refrigerator used for cooling in summer can be used as a heat pump for

heating in winter. In the similar way, as discussed for refrigerator, we have
W,=-Q,—Q

The performance of a heat pump is expressed by the ratio of the amount

of the heat delivered to the hot body (Q2) to the amount of work required
to be done on the system (Wp).

This ratio is called coefficient of performance or energy performance ratio
(E.P.R.) of a heat pump. Mathematically, coefficient of performance or
energy performance ratio of a heat pump,

(cop) =2-2% __ 9 ., i1_(cop) +1
P Wp Qz_Ql Qz_Ql
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Refrigeration-Air Cycles-Open
and Closed
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TWO WAYS OF OPERATING OF  jiPH
BELL COLEMAN CYCLE

»» Two Ways of Operating Of Bell Coleman Cycle
Open air refrigeration cycle
Closed air refrigeration cycle or dense cycle
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Air Refrigeration System Working
On Bell-Coleman Cycle

Closed Bell Coleman Air Cycle

Compressor g

1

Cooling

Water Qut 3 | Brine in
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Cooling Brine Qut

Waterin

4
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Air Refrigeration System Working
On Bell-Coleman Cycle

Opened Bell Coleman Air Cycle

Compressor B

Cooling
Water Out 7

Coole .
Refrigeratar
Cooling
| -3- .\3- |

Water In
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(a) P-V Diagram
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(b) T-S Diagram




Bell Coleman Cycle process

Isentropic Compression

Isothermal compression /Steady Pressure
Cooling Process: ¢:=4,=¢,(T,-T,)

Isentropic Expansion

Isothermal expansion/Steady Pressure
expansion process: q,=gq,, =c,(1,-T,)
=q,=Cp(T;—- T,
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Workdone during the cycle per kg of air =
=Heat rejected — Heat absorbed

—dr —da
= C(T, - T;) - C(T, - T
Coefficient of Performance of Bell Coleman Cycle

Heat absorbed

C.O.P during the cycle per kg of air =
workdone

q 4 _ Cp(Tl_T‘l)

ii-a, G& 1) ¢(5 1)

(1-7) (2]
(Tz_T3)_(T1_T4) T{?— ]_E(g_lj

3
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A refrigeration plant working on the Bell Coleman Cycle, air is compressed tpAYA

6 bar from 1 bar. Its starting temperature is 15 °C. After compression air is

cooled to up to 25 °Cin a cooler before expanding back to 1 bar. Determine thexiimin

C.O.P of the plant and net refrigerating effect.
= 1.005 kJ/kg K and C,= 0.718 kJ/kg K.
1ven P,=P; =6 bar, PI = P4 =1 bar
T,=15+273=288K
T,=25+273=298K
y=Cp/Cv=10050.718 = 1.4

y—1 =104
Soy—1/y=0.286
Therefore

TyT, = (P,/P)y—1/y
So T,/T, = 1.669

imilarly for process 3-4
T,

T, = =T,=178.55;
1.669 T,
C.O.P of the8cycle is given by,C.O.P e
178.55 3 4
C.OP=%55 17555 C.O0.P=1.494

Net refrigerating effect=Cp (T, —T,)
= 1.005(288 — 178.55)
=109.99 kJ/kg



Example .11, In a refrigeration plant working on Bell Coleman cycle, air is compressed
to 5 bar from 1 bar, Its initial temperature is 10°C. Afier compression, the air is cooled up to 20°C
in a cooler before expanding back to a pressure of 1 bar. Determine the theoretical C.0.P. of ﬂu
plant and net refrigerating effect. Take ¢, = 1,005 kJ/kg K and ¢, = 0.718 klkg K.
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