Chapter-1

DEVELOPMENT
OF
REFRIGERATION

1.1 Definition, Purpose & Applications of refrigeration & air—conditioning
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 spaceisto be kept at -2°C , we must continuously extract heat which flows
intoit.

1.2 Purpose & Applications of refrigeration & air—conditioning
Important refrigeration applications are given below

Ice making

Transportation of foods above and below freezing
Industrid air-conditioning

Comfort air conditioning

Chemical and related industries

Medical and surgical aids

Processing food products and beverages
Oiolreefining and synthetic rubber manufacturing
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1.3 Heat Pump, Refrigerator, Heat engine

4.3 HEAT PUMP

A heat pump is a reversed heat engine. It receives
heat from a low temperature reservoir (sonrce) and
rejects il 10 @ high temperature reservoir (sink).

This transfer of heat from a low temperature
body to & high temperature one is essentially & non-
spontaneous process. And that calls for the help of
an extemnal work which is supplied to the heat pump
(Fig.44).

Fig.44 A schematio diagram of a heal pum.

Aheat pump extracts 0, amount of heat from the low
temperature (T) source and defivers 0, amount of
heat to the high temperature (T;) sink by consuming
W amount of external work,

Now, the first law of efficiency of a heat pump
cycle is usually called the coefficient of performance.
It is the desired effcct upon the external work
supplied for obtaining that desired effect,
Desired effect

Work input
Now, the desired effect for & heat pump is to supply
heat @, to the hot body, Therefore,

COpP= 42)

COPyp = & (the first law of {4.2a)
W thermodynamics)
Again, Z 0= 2 W
cyele eyele
LQ -0y =W
Hence, Eqn. (4 2a) becomes
2]
COPyp = 42b
70 -0, a2

4.4 REFRIGERATOR

A refrigerator is similar to a heat pump. It operates
as a reversed heat engine. lts duty is to extract
heat as much as possible from the cold body/space
and deliver the same to high temperatere body/
surroundings. The desired effect of a refrigerator,
under @ steady state, is to pump out the heat in the
same rate as is infiltrating into the system (Q,). And
in order to do so, the refrigerator or an air conditioner
Lakes up Wamount of external work (Fig. 4.5).

The desired effect of a refrigerator is to remove
0, heat infiltrating into the cold space. By using
the external work, it rejects @, heat to the high
temperature reservoir {surroundings). Therefore,

COPyys = Q {the first law of (4.3)
: thermodynamics)
Again, 3, 0= W
cysle ok
S Q-0 =W
Hence, Eqn (4.3) becomes
233
COPppn= (4.3a)
o 0 -0

0, is the heat infiltrating into the cold space of the
refrigerator

0, s the heat infiltrating into the cold space
of the relngerator

Fig.45 The workirg principle of 2 refnigerator. Il pumps sut
Q; emaunt of heal that infillrates in%o the coid space.
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4.2 HEAT ENGINE

Aheatengine is a device that converts heat into werk,
[t does so by operating between twe temperatuse
limits— 1), and Ty,

That is, a heat engine 15 @ device that can operate
continuously to produce wark recciving heat from
a high temperature source (73) and rejecting non-
converted heat to a low temperature sink (7))
{Fig. 4.2}

1.4 C.O.P., Unit of Refrigerating Effect

C.O.P.

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

Mathematically C.O.P. = 2

Unit of Refrigerating Effect:
The practical unit of refrigeration is expressed in terms of “tone of refrigeration”.

One tone of refrigeration is defined as the amount iof refrigeration effect produced by the
uniform melting of one tone (1000kg) of ice from and at 00C in 24 hours.

1TR = 1000 x 335 kj in 24 hours

=232.6 kj/min
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Chapter — 2

Air Refrigeratiion system
2.1 carnot cycle, reversed carnot cycle

carnot cycle:

K
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{a) PVdiagram
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Entropy, §
{b} TSdiagram

Fig.48 The Camat cycle,

Process 1—2  Reversible isothermal hea! addition
Heat (0,,) Bows from a high temperature reservoir
{source) to the working fluid which is at a constant
tzmperature, but only infinitesinally below that of
the source, '
Qo= AU+ W, 5  [First law of thermodynamics]
As the process is isothermal, the entire heat absotbed
goes (0 produce the mechanical work.
e, AU=0 :

Qg =+ Wiz
Process 23 Reversible adiabatic expansion
The working fluid expands through a turbine of
expander adiabatically producing a net positive
work output (W,).
As the process is adiabatic, there is neither any heat
ibsorption nor rejection,
ie., =0
So the mechanical work has been done by the syslei
only at the expense of its intemal energy

& 0= Al g+ Wy [First law of thermodynamics|

Process 3—4  Reversible isathermal heat vejeciion
Heat () s rejected by the working fluid (o (he
sink—both are at a constant temperature, but differ
only by an infinitesimal amount.

Again the process being isothermal, AU'=0

= Qg =— Wiy (Firstlaw of thermodynamics)
— (2 implies heat has been rejected by (he system.
— Wimplies work has been done on the system.
Process 4—1  Reversible adiabatic compression
(W,)
The temperature of the working fluid is raised back
to the temperature level of the high temperature
source through adiabatic compression, ie,, =0
0= AU +(-W.)
AUy =W, (First law of thermodynamics)
As the two isothermal and two adiabatics complete
the cycle
% Q= 2 W
i cyce
or  (Leat (=0
= Wi+ Wl = (W g+ Wil
or Q.dd”Q:ej= W, - W,
Therefore, the efliciency
_ Net work output
~ Net heat input

W, W,
Qus
Quu G Q rz)
Lot~ i
s
O
Q4

Miters

Reler to the TS diagram (Fig. 4.8b)

Net work done, W, = area 1-2-3-4
=side 1-4 x side 1-2
= (T~ T3) (AS)

Net heat inpul U= T|(A§J

2 The efliciency,

yo Ve _(0-To8S)_(1-73) | T,
Q a4 Tl (AS) Tl Tl
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2.2 Brayton Cycle

2.9 Air Refrigerator Working on a Bell-Coleman Cycle (or
Reversed Brayton or Joule Cycle)

A Bell-Coleman air refrigeration machine was developed by Bell-Coleman and Light Foot
by reversing the Joule's air cycle. It was one of the earliest types of refrigerators used in ships
carrying frozen meat. Fig. 2.5 shows 2 schematic diagram of such a machine which consists of a
compressor, a cooler, an expander and a refrigerator.

21 21
el N T —
| L | JL!,
| ) % j A | |
Cooling Compressor | Coaling Bdoe
water out p— —— waterout - - ~| e
. (%:: Cooler b e | :: ‘;COO'.! e
Cooling i_—aJ | e Cooling " [ — — " Brine
water in ' water in l I out
3 } ha 39 B
e éli_:ii F - éJ;_ﬁ" e
( /\I Expander ( H Expander
Fig. 2.5. Open cycle air Bel-Coleman Fig. 2.6. Closed cycle or dense air Bell-Coleman
Refrigerator, Refrigerator,

The Bell-Coleman cycle (also known as reversed Brayton or Joule cycle) is a modification
of réversed Camnot cycle. The cycle is shown on p-v and T-s diagrams in Fig. 2.7 (a) and (b). At
point I, let p, v, and T, be the pressure, volume and temperature of air respectively. The four
processes of the cycle are as follows -

L. Isentropic compression process. The cold air from the refrigerator is drawn into the
compressor cylinder where it is compressed isentropically in the compressor as shown by the curve
1-2 on p-v and 7-s diagrams. During the compression stroke, both the pressure and temperature
increases and the specific volume of air at delivery from compressor reduces from v, to v,. We
know that during isentropic compression process, no heat is absorbed or rejected by the air.
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(b) T-s diagram,
Fig. 2.7. Bell-Coleman cycle.
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2. Constant pressure cooling process. The warm air from the compressor is now passed

into the cooler where it is cooled at constant pressure P; (equal to p,), reducing the temperature
from T, to 7, ( the temperature of cooling water) as shown by the curve 2-3 on p-v and 75
diagrams, The specific volume also reduces from v, 10 v,. We know that heat rejected by the air
during constant pressure per kg of air,

0, = ‘-'p(T: -1y
3. Isentropic expansion process. The air from the cooler is now drawn into the expander

cylinder where it is expanded isentropically from pressure P, 1o the refrigerator pressurc p, which
is equal to the atmospheric pressure. The temperature of air during expansion falls from IitoT,
(L.e. the temperature much below the temperature of cooling water, T,). The expansion process is
shown by the carve 3-4 on the p-v and T-s diagrams. The specific volume of air at entry to the

refrigerator inc from v, to v,. We know that during isentropic expansion of air, no heat is
absorbed or rejec the air.

4. Constant pressure expansion process. The cold air from the expander is now passed to

the refrigerator where it is expanded at constant pressure Py (equal 10 p, ). The temperature of air
increases from 7, to 7). This process is shown by the curve 4-1 on the p-v and T-s diagrams. Due
to heat from the refrigerator, the specific volume of the air changes from v, to v,. We know that
the heat absorbed by the air (or heat extracted from the refrigeratar) during constant pressure
expansion per kg of air is

L 1
[;ebwwmmworkdoncduﬁngthccyckperkgofa‘ir
= Heat rejected — Heat absorbed

ST T )
- Coefficient of performance,
Heat absorbed e =13)

OPF. = o
2 Work done el =Ty) —c (1, = Ty)

R et/ N
(G, -T)~(5,~1,)

i

= R ()
1 A
We know that for isentropic compression process 1-2,
) .
T, 1
—Tf - ( -:_2] . (i)
Similarly, for isentropic expansion process 3-4.
 xI=t
}7'.3' = [&) 4 .. (1E1)
4 P
Since. p, = p, and p, = p,, therefore from equations (i) and (i),
, & T
2 o = 2 _ - -
T = 7 or 7, =% e (@¥)
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Now substituting these values in equation (). we get

T, I
C. vP. = =
0 L-T, _Tl -1
T,
i 1 1
BRI T = (e = ()
(‘p}.]Y 1 [&JY - (r’,)’l =1
Py P
B Py
where r, = Compression or Expansion ratio = ’ =
L
Sometimes, the compr€ssion and expansion processes take place according to the law

pv" = Constant. In such a case, the C.O.P. is obtained from the fundamentals o5 discussed below :
We know that work done by the compmsm during the process 1-2 per kg of air,

Wy = l(pz 2-p "1)) T RT* RL) ...( = pv=RD)
and work done by the expander durmg*thc procgs; E—tfper kg of air,
w2 —(173 V3= Py V«) = "!_‘]‘(RT@ RT)

= wz-“":="_n_ [(T’ ~%)= 2.5 )]

We also know that heat absorbed during constant pressure process 4-1,

= (T, -T)
COP. = Heat absorbed e, (h=T,) . 2
S Workdonc i —"—xR[(T ..T)_(TA..T)] i
= 2= 4 ¥y 1y
We know that R=¢-c=cly-1)
Substituting the value of R in equation (v),
c’ (1, =T7,)
COP. = — Pl &
—a-)[(m-1)-(5-1)]
n-1
2 17 -Ts) o [ €p Y]
n : ; : "-'.—=
njx(?‘l) [(7:-71)'(T3'7:l)] v
L-T, P
B wx (i)
n (y=-hH
T [(Tz-n_)-(n-n)]
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insulated cold chamber '
iy ;
LA
%
/ Low pressure liid
j vapour mixture
Vi
Evaporator :
w&-&‘l—‘-‘d
Pressure gauge Low pressure vapour Expansion valve
....... or refrigerant
Pre control valve
Low pressure side | Z High pressure liquid
High pressure side
A B '
Compressor
Receiver
High pressure liquid
vapour mixture
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4.7 Theoretical Vapour Compression Cycle with Wet
Vapour after Compression

\ “Cond.
I 3‘C°nd 2\ Tp,"-_-p3 ___3' n .2
QT =Ty -—- = \ &5 Q/t
2 /g g : /Iﬁ SF 1)
E "G, OJ \ gpl=p4 —-{2 -—»——«/1 ,:/
TT,.—.n e T E vap-; :
! 1 !
hs=h, B, h;

~———— Entropy ——> = !

(@) T-s diagram. (b;p-’i; di:g;ng

Fig. 4.6. Theoretical vapour compression cycle with wet vapour after compression,

A vapour compression cycle with wet vapour after compression is shown on 7-s and p-h
diagrams in Fig. 4.6 (@) and (&) 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 obtained
by equating entropies at points | and 2.

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

Refrigerating effect B ~hy;
Work done h, —h

Note: The remaining jélc is same as discussed in the last article.
Example 4. Find the theoretical C.0.P. for a CO, machine working between the

temperature range of 25°C and — 5°C. The dryness fraction of C 0, gas during the suction stroke
is 0.6. Following properties of CO, are given :

COP =

. Temperature & Liquid Vapour Latent heat
i i Enthalpy Entropy Enthalpy Entropy kJ/kg
kJ/kg ki/kg K kd/kg kJ/kg K
25 164.77 0.5978 28223 0.9918 117.46
-5 72.57 0.2862 321.33 1.2146 248.76

Solution. Given : T, = 7"3 =25°C=25+273=208K; T, =T, =-5°C =5 + 273
=268K: x,=06; by = by = 164.77 kg : hy, = by, = 7257 kg ; 8, = 05978 kikg K ©
;) = 0.2862 kl/kg K ;. hy = 282.23 kJiKg ; hyr = 321.33 ki/ke ; sy = 0.9918 kl/kg K ;
*s2= 12146 kl/kg K ; hy,. = 117.46 ki/kg hy, = 248.76 kifkg

The T-s and p-h diagrams-are shown in Fig. 4.7 (@) and (b) respectively.

First of all, let us find the dryness fraction at point 2, i.e. X,. We know that the entropy at
point |,
0.6x248.76

h
s+ 8L _ 02862+

e =0.8431 (i
- . 5, I 768 843 (i)
Similarly, entropy at point 2, ;
S5 = 8 +——"""T"Z2 =507y 221140
= 0.5978 + 03941 x, .. (i)
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Since the entropy at point 1 (5,) is equal to entropy at point 2 (s,), therefore equating
equations (7) and (i),

0.8431 = 05978 +0.394] x, or  x=0622
We know that enthalpy at point 1,
hy = Ry +x, k= 7257 + 0.6 x 248.76 = 221.83 kl/kg

1
h +x..hm 16477 + 0.622 x 11746 = 237.83 kikg

; W~y 22183-16477 _ 5706
Theorgtical COR. = 575 = 2378-22183 16

Example{4.5)An ammonia refrigerating machine fitted with an expansion valve works
between the temperaturc limits of — 10°C and 30°C. The vapour is 95% dry at the end of
isentropic compression and the fluid leaving the condenser is at 30°C. Asswm_g_g actual C.O.P. as
6% of the theoreticdl, calculate the kilograms of ice produced per kW hour at 0°C from water at

10°C Latent heat of ice is 335 klfkg. Ammonia has the following properties :

and enthalpy at point 2, i,

=357 Ans.

"

Temperature | Liquid heat (hy) | Latent heat (hy) Liquid entropy (s,) | Total entropy of dry
"G kJ/kg ki/ke saturated vapour
30 323.08 1145.80 1.2037 4.9842
-10 135.37 1297.68 0.5443 5.4770

Solution. Given : T, =T, == 10°C=—-10+273 = 263 K ; T, =T, = 30°C = 30 + 273 =
303K 5 x,= 09555, =323.08 kiikg ; by, -;:,4 135.37 KJ/kg ; hyy = 1145.8 Kl/kg ;
kg, = 1297.68 kl/kg , sn = 1.2037 18 = 0.5443 5 %5y = 4.9842 Vs = 54770

The T-s and p-h diagrams are shown in Fig. 4.8 (a) and (b) respectively.

Let x, = Dryness fraction at pomt 1.

We know that entropy at point 1, |

% h ; '
B ‘ﬂ X el =0.5443+ X x1297.68
! T 263

= (.5443 + 4.934 x, e (D)
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(a) T-s diagram. (b) p-h diagram,
Fig. 4.8
Similarly, entropy at point 2,
% by 0.95x1145.8
Sy = Sppt——= 2087+ =0 4706 . G
=TTy 303 (e

Since the entropy at point | (5,) is equal to entropy at point 2 (), therefore equating
equations (£) and (if),

0.5443 +4.934 x, = 4.79 or 2, = 0.86
< Enthalpy at point 1, h, = ho + X, ke, = 13537 + 0.86 x 1297.68 = 1251.4 kl/kg
and enthalpy at point 2, hy =y +x, b o = 323.08 + 0.95 x 1145.8 = 14116 klikg

We know that theoretical C.O.P

—hey  12514-323.08
B~k 14116-12514

Actual COP. = 06 x58=348
Work to be spent corresponding to 1 kW hour,
W = 3600 kJ

“ Actual heat extracted or refrigeration effect produced per KW hour
= Wx Actual C.O.P. = 3600 x 3.48 = 12 528 kJ

We know that heat extracted from 1 kg of water at 10°C for the formation of 1 kg of ice
at0°C

= 1 x 4187 x 10 + 335 = 376.87 k)
Amount of ice produced = fetvol e L‘-\/f}ff f(m‘(_ F{L‘7 ORE-

12528_%“( i Qtbed
= 376.87 e 2 ur A,
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4.8 Theoretical Vapour Compression Cycle with
Superheated Vapour after Compression

T | 3 " Cond. \
o Tilo—-. -~ i L g
2 piut -3 Cpd. 1X g |/ :
P g ; 2 | [ 1B | fcomp
£ / \Exp \ Comp o sl l
i) \ \ 18 p‘_p" -' 44—_} 1 H
7 \ \ ( Evap. /1 |
| T1=T4‘r ------ i1 | | |
| ¢ Bep | -
| S . -
g Py =y hy
o s Enthalpy ——»
(a) T-s diagram. (b) p-h diagram.

Fig. 4.9. Theoretical vapour compression cycle with superheated vapour after compression.

A vapour compression cycle with superheated vapour after compression is shown on 7-s and
p-h diagrams in Fig. 4.9 () and (b) respectively. In this cycle, the enthalpy at point 2 is found out
with the help of degme of superheat The degree of superheat m may be found out by equating the
entropies at points Tand 2

Now the cmﬂicnent of performance may be found out as usual from the relation,

Refrigerating effect 1y ~hys

o = Workdone ~ hy~hy

A little consideration will show that the superheating increases the refrigerating effect and

SLVEAAST L LB

the amount of work done in the compressor. Since thc increase in refrigerating effect is less as
compared o the te increase in work done, therefore, the net effecu)f superheating is to hav; low

Note : In this cydc, thc wolmg of supcrheated vapour will take place in two stages. Firstly, it will be
condensed to dry saturated stage at constant pressure (shown by graph 2-2') and secondly, it will be
condensed al constant temperature (shown by graph 2°-3). The remaining cycle is same as discussed in the
fast article,

Lxample 4.6, A vapour compression refrigerator uses methy! chloride (R-40) and operates
between temperature limits of — 10°C and 45°C. At entry to the compressor; the refrigerant is s dry
saturated and after compression it acquires a temperature of 60°C. Find the C.O.P of the
refrigerator. The relevant properties of methvl chloride are as follows :

Saturation Enthalpy in klfkg Entropy in kifkg K
temperature in °C Liquid Vapour Liquid Vapour
-10 454 460.7 0.183 1.637
45 133.0 483.6 0.485 1.587

Sotution. Given: 7,=T,=- 10°C=-104273=263K; Ty="T,=4 5°c 45 +273 =
318K ; T,=60°C=60+273 =333 K ; *hy = 45.4 Kilkg : hyy = 133 kikg ; b= 460.7 Kifkg :
hy = 483.6 kg ; 's;, = 0.183 KIkg K ; *sf3-0485kllkgK 4,':,-163“1/@‘&
5, = 1.587 kikg K o
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The T-s and p-k diagrams are shown in Fig. 4.10 () and (b) respectively.

SR Lo / 2
1 388 2l T Y12
< / l
o A g 7y |
2 9 /
o | l
§ 292/ » 1 g LL. - |
/ 4 i | 1
: LR
| e D N ,
~— Entropy —» —h
——Enthalpy——>
(@) T-s diagram, (b) p-h diagram.
Fig. 4.10
Let ¢, = Specific heat at constant pressure for superheated vapour.
We know that entropy at point 2,
iy L
sy = §y+23¢ log [-T—’]
(333
1637 = 1587+23 ¢ log [—
g [318)
= 1587 +23 ¢, x 0.02= L587 + 0.046 ¢,
oo c, = 1.09
and enthalpy at point 2, hy = hy+ ¢, x Degree of superheat = hy + ¢, (T, - 1)

= 4836 + TO9 (333 - 318) = 500 k/kg
. C.O.P. of the refrigerator

_ h=hyy 460.7-133

= o =331 Ans.
bk S00-460.7 "
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6.4 Multiple Evaporators at Different Temperatures with
Single Compressor, Individual Expansion Valves and

Back Pressure Valves
e
Y
Comgressor
D Condenser
2 7 10
}3 5® B® &
— e .
() Multiple evaparatars at different temperatures with single compressor, individual expansion
valves and back pressure valves,
Sat. liquid line Sat vapour ling

\
3,/’/ ",

2
L SE— a I
i, —
g // / I
i e AL
Eh.-/.-_-g __EP 8/ compression
/ ! P, 11/ ;
o
[ 19 18,6 I
/ | Vit :
‘ | AT "
. lth‘ 13
hﬂ'-'hl'-'hf:htd U“’th' hl
Enthalpy'—o
(b) p-h dsagram.
Fig. 6.3

The arrangement, as shown in Fig. 6.3 {a), consists of three evaporators EF,, EP, and
EP; operating at different temperatures with single compressor, three individual expansion valves
E, E, and E; and back pressure valves. The comresponding p-h diagram is shown in Fig. 6.3 ().

Let Q,. 0, and Q; = Loads on the evaporators EP,, EP, and EP, respectively,
in tonnes of refrigeration.
7. Mass of refrigerant required to be circulated theough the first evaporator EP|,
210
m = —:2'- kg/min
| 0

Page | 14



Similarly, mass of refrigerant required to be circulated through the second evaporator £P,,

210,
my = he "Qh. kg/min
and mass of refrigerant required to be circulated
through the third evaporutor £P,,
2100, .
my, = —— kg/min
b ,E -h.l W

From Fig. 6.3 {a), we sce that the refrigerant
coming out of the third evaporator EP at pressure . is
further expanded through the back pressure valve ss
shown by 5-6, 1o a pressure of the first evaporator (i.e.
Py ) Similarly, the refrigerant coming out of the second
evaporator EP, al pressure p,., is further expanded in the
back pressure valve as shown by 8-9, to a pressure of the
first evaporator (i.e. p,...) Now the refrigerant leaving the
back pressure valves at points 6 and 9 are mixed together
with the refrigerant leaving the first evaporator 2t point
11, at the pressarc of the first evapocator (p,,) which is
the suction pressure of the compressor,

The condition of the refrigerant after mixing and
entering into the compressor s shown by point | in Fig.
6.3 (b). The enthalpy at this point is given by

Multiple sifact evaporaior

poo M by o+ amy i+ my g
i My + iy +my
Work done in the compressor,
W= (m, +m,+m)h,-h)
. Power required to drive the compressor  or the system),
(my + my + ) Uy —hy)
60

kW
Refngerating effect,
RE

my (b = hy) + my Ghy = ho) + my (hy = b))
200, «210Q,+210Q, =210 (Q, + Q,+ Q)

ﬁ-: ZIO(Ql_‘f'Qz?Q]) =210(Q,+Q2+Q_‘)
W (o +my+mq) (hy =) Px60

5 C.OP. of the system

Example 6.2. A single compressor using R-12 as refrigerant has three evaporators of
capaciry 30 TR, 20 TR and 10 TR. The temperature in the three evaporators is to be maintained
@ < 10°C, 5°C and 10°C respectively. The condenser pressure is 9.609 bar. The liquid refrigeram
leaving the condenser is sub-cooled to 30°C. The vapours leaving the evaporators are dry and
saturated. Assuming isentropic campression, find (a) the mass of refrigerant flowing through each
evaporator ; (b) the power required to drive the compressor ;: and (¢) C.O.P. of the sysiem.

Solution, Given : @, =30 TR ; 0, =20 TR ; O, = 10 TR ; £, = — 10°C ; L =5C;
t,=10°C ; *p = 9.609 bar ; ¢, = 30°C
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The p-h diagram for a single compressor with three evaporators at - 10°C, 5°C and 10°C is
shown in Fig. 6.4, The various values as read from the p-h diagram for R-12 are as follows :

Enthalpy of saturated vapour refrigerant leaving the first evaporator at — 10°C at point 11,

b, = 183,19 kifke
Enthalpy of saturated vapour refrigerant leaving the second evaporstor af 5°C at point &,
hy = 189.65 ki’kg

Enthalpy of saturated vapour refrigerunt leaving the third evaporator at 10°C at point §,
he = 191.74 kl/kg
Enthalpy of sub-cooled liquid refrigerant at 30°C at point 3,
hy = hy=h, = hy, =64.59 kikg
Sat lkqud ling

12 =

§
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b
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10 9, :
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Enthalpy ————» A

Fig. 6.4

(@) Mass of refrigerant flowing through each evaporator
We know that mass of refrigerant flowing through the first evaporator,
2009 210x30 .
. mE s 183.19-6430 = 5312 kg/min Ans.
Mass of refrigerant flowing through the second evaporator,
2000, 210x20
m, = T = by = 180.19-64 59 = 33.58 kg/min Ans,
and mass of refrigerant flowing through the third evaporator,
2100, 210x10
™= b=k 190.74—6459 = 1651 k/min Ans.
(b) Power required to drive the compressor
The refrigerant coming out of the three evaporatoes are mixed together before entering into
the compressor. The condition of mixed refrigerant entering into the compressor is shown by point
1 on the p-h diagram. The enthalpy at point 1 is given by
my By 4y by +my b
My + 115y + 1y

hy =

Page | 16



5312% 18319 +3358% 18965+ 1651 19174

53124 3358+ 1651
_ OTIOSHEIRASHI6SET
= 10321 = 1S0,VEiRg

Mark point | on p-h diagram such that i, = 186.6 kifkg. The specific entropy at this pont
is 5, = 0.717 kiikg K. Now from point 1, draw a constant entropy line intersecting the horizoatal
condenser pressure line at point 2 as shown in Fig. 6.4. The enthalpy at point 2 us read from p-h
diagram is

iy = 2134 kifkg
We know that work done in the compressor,
W = (m, +my+m) (hy ~ )
= (53.12 + 33.58 4 16.51) (213.4 - 186.6) = 2786.7 kJ/mun

. Power required to drive the compressor,
2786.7
P= BN =46.44 kKW Ans.
(¢} C.O.P of the system
We know that total refrigerating effect.
RE = 210 (Q) + Qg"‘ Q)}
= 210 (30 + 20 +10) = 12 600 kl/min
. 12600
COBofheysm = BoZH0 o
C.O.P. of the system W 27867 521 Ans,

6.5 Multiple Evaporators at Different Temperatures with
Single Compressor, Multiple Expansion Valves and
Back Pressure Valves

The arrangement, as shown in Fig. 6.5 (a). consists ef three evaporaions EP, EP,and EP,
operating at different temperatures with single compressor, multiple cxpansion valves E,, £, and
E, and back pressure valves. The corresponding p-it diagram is shown in Fig. 6.5 (). In this
system, the refrigerant flows from the condenser through expansion valve £, where its pressure is
reduced from the condenser pressure p,. to the pressure of third cvaporator ([.e. highest lemperature
evaporator) EP, ( Le. pyy). All the vapour formed after leaving the expansion valve E, plus enough
liquid 1o take care of the load of evaporator EP, passes through this evaporator EP,, The
remaining refrigerant then Mows through the expansion valve E, where its pressure is reduced from
Py 10 Py, Again all the vapour formed after leaving the expansion valve £, plus enough liquid to
take care of the load of evaparator EP, passes through the evaporator £F,. The remaining liquid
pow flows through the expansion valve E, and supplies it to first evaporator (Le. lowest
temperature evaporalor) EP,. The vapour refrigemnts coming out of the second and third
evaporators £P, and EP, are further expanded through the back pressure valves to reduce their
pressures lo p,, as shown by 9-9" and 6-6" respectively. Now the refrigesants leaving the back
pressure valves at points 6 and 9 are mixed together With the refrigerant leaving the [irst evaporator
at point 11,-at pressure p,., which is the suction pressure of the compressor.

Let 0, Q, and @, = Loads on the evaporutors EP,, EP,and EP, respectively in

tonnes of refrigeration,

We know that the mass of refrigerunt required to be cuculated (at point 10) through the first
evaporator or the lowest temperatusre evaporator EP
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Mass of refrigerant required (o be circulated (at point 7) through the second evaporator or
the intermediate temperature evaporator EF,,

m, = 'Z':—(_)_—%i kg/min

Back
pressure

vaw
Py

l

10
4 7 >

(@) Multipie cvaporators at different temperatures with single compressor, multiple expansion
valves and hack pressure valves.
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We have discussed above that the second evaporator EF, is also supplied with the vapours
formed during expansion of m_, kg/min refrigerant while passing through expansion valve £, If x,
is the dryness fraction of the refrigerant leaving the expansion valve E,, then the mass of vapours
formed by m_, while passing through the expansion valve E,, is given by

& . 3
my = m"(l-x-,]

Page | 18



. Total mass of refrigerant flowing through the sccond evaporator EP, (i.e. at point 8),

%1
Moy = W X0 =0y 3 m"[l-mJ

Similarly, mass of refrigerant required to be circulated (at point 4) through the third
evaporator or the highest temperature evaporator EP,,

L 2100

P gy

In addition to this, the evaporator EP, is also supplicd with the vapours formed by

expansion of {m,, + m_,) kg/min refrigerant while passing through the expansion valve E. Ifx,is

the dryness fraction of refrigerant leaving the expansion valve E;, then mass of vapours formed by
(m, + m,,) while passing through expansion valve £, is given hy

kg/min

|
my = m,,+m,2} [l—.x;,]

. Total mass of refrigerant flowing through the third cvaporator EP, (i.e. at point 5),

My = mydmye=ms+{m, +m, (:—E‘x_)
&
* Total mass of refrigerant flowing through the condenser
EMytMy+m,

It may be noted that the vapours formed during expansion while passing through cxpansion
valves E, and E; do not take any part in refrigeration.

The vapour refrigerunts coming out of the three evaporators are mixed together and then
supplied to the compressor. Let the condition of the refrigerant entering into the compressor is
represented by point 1 on p-h diagram. The enthalpy at point 1 is given by

PR Xy +ma Xhy + 5 % by
| m,,-rmd%m‘a

Work done in the compressor,
W=o(m, +m,+m,){h,-h)
~. Power required to dnive the compressor,

5 [,y +m,, "‘6'(’;.-3) (f —hy) e

We know that refrigerating cffect of the system,
Ry = m, (_h” - hm) +m, (hy—h) + my (e —h,)
210(Q, + 0, + Q)

_ R 200 +0,+0))
W (mvl+'"r1+m¢3)(,'2-"l)

_ 21000 + O+ 0y)
b Px60

il

= COP. of the system
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10.2 Working of a Condenser

The working of a condenser may be best understood by considering a sumple refrigerating
system as shown in Fig. 10.1 (a). The corresponding p-h diagram showing three stages of a
refrigerant cooling is shown in Fig. 10.1 (B). The compressar draws in the superheated vapour
refrigerant that contains the heat it absorbed in the evaporator. The compressor adds more heat (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 the
refrigerant in the following three stages -

1. First of all, 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. 10.1 (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 1o a
saturated liquid refrigerant. This process, celled condensation, is shown by the line 3-4.

3. The temperature of the liquid refrigerant is reduced below its saturation lemperature (1.
sub-cooled) in order to increase the refrigeration effect. This process is shown by the line 4-5.

Evaporator

Sucton ||
line l Discharge ina ‘

Compressaor

I 4 R
@ / / .
g /4’ Expansion /, Compression
| Z Evap_oraﬂm /‘
8 /1
/
— Enthalpy ——

(&) p-h diagram of & simple refrigerating system.
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It maintains the desired pressure difference between the high and low pressure sides of
the system, so that the liquid refrigerant vaporises at the designed pressure in the
evaporator.

3. It controls the flow of refrigerant according to the foad on the evaporator.

Note: The expansion devices used with dry expansion evaporators are usually called expansion valves
whereas the expansion devices used with flooded evaporators are known as floar welves

12.2 Types of Expansion Devices

Following are the main types of expansion devices used in industrial and commercial
refrigeration and air conditioning system.
Capillary tube,
Hand-operated expansion valve,
Automatic or constani pressure expansion vajve,
Thermostatic expansion vilve,
Low side float valve, and
. High siwde float valve,
The above types of expansion devices are discussed, in detail, in the following pages.

12.3 Capillary Tube

The capillary tube, as shown in Fig. 12.1, is used as an expansion device in small capacity
hermetic sealed refrigeration units such as in domestic refrigerators, water coolers, room air-
conditioners and freezers, It is a copper tube of small internal diameter and of varying length
depending upon the application. The inside diameter of the tube used in refrigeration work is
generally about 0.5 mm to 2.25 mm and the length vanes from 0.5 m to 5 m. It is installed in the
liguid line between the condenser and the evaporator as shown in Fig. 12.1. A fine mesh screen is
provided at the inlet of the tube in order to protect it from contaminants. A small filter drier is used
on some systems to provide additional freeze-up application,

In its operation, the liquid refrigerant from the condenser enters the capillary tube. Due to
the frictional resistance offered by @ small diameter tube, the pressure drops. Since the frictional
resistance is directly proportional to the length and inversely proportional to the diameter, therefore
longer the capillary tube and smaller its inside diameter, greater is the pressure drop created in the
refrigerant flow. In other words, greater pressure difference between the condenser and evaporator

> B W =

_Evaporator
': |' o ;
“-.\-. g— )
= e —
.“._‘\*_- — Vapour
[ S— refrigerant oul
%\ Capillary tube
Srainer ==
" w—_ Liquid refrigerant in
i from condenser

|
iL; Fig. 12.1. Capillary tube,
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When the compressor stops, the liquid refrigerant continues to flow into the evaporator and
increases the pressure in the evaporator. This increase in evApoTalor Pressute causes the diaphragm
to move upwards and the valve is closed. It remains closed until the compressor starts again and
reduces the pressure in the evaporator.

12.8 Thermostatic Expansion Valve

The thermostatic expansion valve is the most commonly used expansion device in
commercial and industrial refrigeration systems. This is also called & constunt tupe et valve
because it maintains a constant superheat of the vapour refrigerant at the end of the evaporator coil,
by controlling the flow of liquid refrigerant through the evaporator.

Suction line Capilary tube

EvapomoL

(TR SN = T A

e —2; Fegler | — 5‘~?‘“"~——-=31. Diaphragm
\ : i1 bulb __,b Py

€ (oo x"s T s (O

N\ External T [fmwomms f'_".n n:.dr—equanaar
| " equaliser __J] o Push |

e
Liquid refrigerant out sy || ezl
FValvv Sowyalvely . 4 Liquid refngerant in

Strainer

W
-

Spring adjusting screw

Fig. 12.4. Thermostatic expansion vaive.

The thermostatic expansion valve, as shown in Fig. 12.4, consists of a needle valve and a
seal. a metallic diaphragm, spring and an adjusting screw. In addition to this, it has a feeler or
thermal bulb which is mounted on the suction line near the outlet of the cvaporator coil. The feeler
bulb is partly filled with the same liguid
refrigerant as used in the refrigeration
system. The opening and closing of the
valve depends upon the following forces
acting on the diaphragm :

I. The spring pressue (p, ) acting
on the bottom of the
diaphragm,

The evaporator pressure (pg)
acting on the bottom of the
diaphragm, end

3. The fecler bulb pressure (pg)

acting on the top of the
diaphragm.

Since the feeler bulb is installed
on the suction line, therefore it will be at
the same temperature as the refngerant at
that point. Any change in the temperature of the refrigerant will ciuse a change in pressure in the

!Q

hamostiatic axpansion yalve
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feeler bulb which will be transmitted 10 the top of the diaphragm. Under normal operating
conditions, the feeler bulb pressure acting at the top of the diaphragm is balanced by the spring
pressure and the evaporator pressure acting at the bottom of the diaphragm. The force tending to
close the valve is depeadent upon the spring pressure and the evaporator pressure which, in wm,
depends upon the saturation temperature of the refrigerant in the evaporator cotl. The force tending
10 open the valve depends upon the feeler bulb pressure which, in turn, depends upon the
lemperature of refrigerant in the bulb. Thus the operation of valve is controlled by the difference
between the two temperatures (ie. saturation temperature and fecler bulb temperature) which is the
superheat. The degree of superheat of the vapour refrigerant leaving the evaporator depends upon
the initial setting of the spring tension, which can be changed with the help of spring adjusting
screw, When the valve is set for a centain superheat, then it maimntains that setting under all load
conditions on the evaporator.

If the load on the evaporator increases, it causes the liquid refrigerant to boil faster in the
evaporator coil, The temperature of the feeler bulb increases due to carly vaporisation of the liquid
refrigerant. Thus the feeler bulb pressure increases and this pressure is transmitted through-the
capillary tube to the diaphragm. The diaphragm moves downwards and open the valve 10 admit
more quantity of liquid refrigerant to the evaporator. This continues till the pressure equilibrium
on the disphragm is reached. On the other hand, when the load on the eveporator decreases, less
liquid refrigerant evaporates in the evaporator coil. The excess liquid refrigerant flows towards the
evaporator outlet which cools the feeler bulb with the result the feeler bulb pressure decreases due
1o decrease in its temperature. The low feeler bulb pressure is transmitted through the capillary
tube to the diaphragm and moves it upward, This reduces the opening of the valve and thus the
flow of liquid refngerant to the evaporator. The evaporator pressure decreases due (o reduced
quantity of liquid refrigerant flowing to the evaporator. This continues till the evaporator pressure
and the spring pressure maintains equilibrium with the feeler buth pressure,

__ Fi—— Exemd

Push od " Teuiir R/
PRy N
AN
A :,\ \‘: ; Evaporator
Push rods : N || outiet prassure
Vaive outlet
pressure 5=
() Valve with intemal equaliser, (5) Valve with external equaliser.
! Fig. 12.5. Thermostatic expansion valve with equaliser.

The thermostatic expansion valve may be either inzemaily equalised or exiernally equalised

as shown in Fig, 12.5. The standard thermostatic expansion valves are mternally equalised.
In a thermostatic expansion valve with internal egualiser, s shown in Fig. 12.3 (@), the
pressure acting on the bottom of the diaphragm is equal (0 the evaporator inlet pressure. A hole
{drilled i the valve body transmits this pressure. The standurd thermostatic expansion valves work
‘ well on evaporators having low pressure drops below 0.14 bar. If the pressure drop in evaporator
iis high (above (.14 bar}, then the pressure at the outlet of the evaporator (or at the feeler bulb
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location) will be less by the amount equal to the pressure drop, In such a case, the feeler bulb
pressure should nse to maintain equilibrium wath the inlet evaporator pressure and the spring
pressurc. The nise in feeler bulb pressure will raise its temperzture and thus the degree of
superbeat, This means that an intemally equalised thermostatic expansion valve will operate with
excessive superheat. Thus the flow of refrigerant to the evaporator and hence the net refrigerating
effect reduces.

In order 10 overcome this effect due 1o pressure drop in evaporators, a thecmostatic
expansion valve with external equaliser, as shown in Fig. 12.5 (b}, is used. In this type of valve,
the pressure at the bottom of the diaphragm is equal to the outlel evaporator pressure. Thus the ill
effect of the evaporator pressure drop is overcome. In an externally equulised thermostatic
expansion valve, & small diameter equaliser twbe connects the diaphragm with the evaporator outles
as shown in Fig 12.4. This connection is made immediately downstream of the feeler bulb
location, In this position, the bulb temperature will not be affected by the occasional shugs of oil
or small leaks of the refrigerant past the gland pucking of the push rod. The exremally equalised
thermostatic expansion valve operates al the desired superheat regardless of the evaporator
pressure drop.

Notes: 1, The thermostatic expansion valves are usually rated in tonnes of refrigeration.
1. Most thermostatic expansion valves ave set for 5°C of supecheat,

12.7 Low-side Float Valve

As the name indicates, the low side float valve, as shown in Fig, 12,6, is located in the low
pressure side (f.e. between the evaporator and compressor suction fine) of the refrigeration system.
It maintains a constant level of Tiquid refrigerant in the evaporator and float chamber by opening
and closing & needle valve. A refrigeration system with low side float valve is shown in Fig, 12,7,

Fig. 12.6. Low-side float valve.

The foat valve is a hollow ball anached to one end of a float arm as shown in Fig. 12,6, The
other end of the arm is connected o a needle valve, The movement of the Noat ball {rise or fall) is
transmitted to the needle valve by the float arm which closes or opens the flow of liquid

refrigerant. Since the float valve is hollow, therefore it floats on the liquid refrigerant, in the float
chamber.

When the liquid refrigerant in the evaporator vaporises, its level falls down. This causes the
float 1o drop and thus opens the needle valve, thereby allowing liquid refrigerant from the liquid
line to the float chamber and then to the evaporator 1o make up for the amount of vaporisation.
When the desired liquid level is reached, the Aoat rises and closes the needle valve, The major
advantage of the low-side float valve is that it maintains a constant lquid level in the evaporator
under all loading conditions regardless of the evaporator pressure and temperstare.
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Fig. 12,7, Refrigeration system with low-side float valve.

12.8 High-side Float Valve

As the name indicates, the high side float valve,
a5 shown in Fig. 12.8, is located on the high pressure = Liquid refrigerant
side (Le. between the condenser and evaporator) of the
efrigeration system, It controls the flow of liquid
‘mefnigerant to the evaporator according to the load and
‘maintains a constant liquid level in the evaporator and
‘Hoat chamber by opening or closing of a needle valve.
A refrigeration system with high-side float valve is
(sbown in Fig. 12.9.

The liquid refrigerant from the condenser flows
the float chamber. As the level of liguid refrigerant -
the float chamber rises, the float ball plso riscs, o e foat ale,
opening the needle valve. This allows the liquid refrigerant to flow into'the evaporator.
the liquid level in the float chamber falls down, the float ball also drops, thereby closing the
fle valve, It may be noted that the condenser supplies the liquid refrigerant at the same rate as
in the evaporator. Since the rate of vaporisation ‘depends upen the load on the
 therefore the high side float valve functions according to the load. The high side Noat
may be used wath dry expansion evaporators,
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The high side float valve may be installed on the base of the condensing unit or near to the
evaporator, as it is dependent on the liguid level in the evaporator. When 1t is installed on the base
of the condensing unit, the liquid line from the float to the evaporator will frost or sweat. In order
to overcome this undesirable condition, the liquid line is insulated. Another way of preventing the
ﬁosﬁngouwcanngcmdumaslopmwdemuuamedzawpmmm valve mthchqmdlmcncar
the evaporator, as shown in Fig. 12.10, This valve O RO IOs
is essentinlly a weighted needle valve, The weight
is such that it takes 1.75 bar to 2.1 bar greater than
the low side pressure, 1t means that the pressure in
the liquid line between the high side float and the
intermediate pressure valve is high enough so that
saturianon wmperature of the liquid s above the
dew point temperature of the sarrounding air at
which the frost or sweat begins. Thus there will not
be any frost or sweal,

In those applications where the high side  Fig. 12.90. infermediate pressure valve.
float valve is installed on the top of the refrigerator
near to the evaporitor, no intermediate pressure valve is needed becuuse the liguid line is inside
the cabinet.

The refrigerant liquid level in & high side float system is entical. Too much liguid refrigesant
causes flooding of the suction line and too little liquid refrigerant causes a low evaporator level
with the resnlt low capacity of the refrigerating system.

11.9 Types of Evaporators

Though there are many types of evaporators, yet the following are imporant from the

subject point of view :

1. According to the type of conxtruction
(a) Bare tube ooil evaporator,
(b) Finned 1ube evaporator,

(c) Plate evaporator,
() Shell and tube evaporator,

From high side floa!
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(¢) Shell and coil evaporator, and
() Tube-in-tube evaporator,
2. According to the manner in which liquid refrigerant s fed
{a) Flooded evaporater, and
(b) Dry expansion evaporator
3. According to the mode of heat transfer
(@) Natural convection evapoeator, ind
(b) Porced convection evaporator
4. According to operating conditions
(@) Frosting evaporator,
() Non-frosting evaporator, and
(¢) Defrosting evaporator
We shall now discuss the above mentioned evaporators, in detail, in the following pages.

11.10 Bare Tube Coil Evaporators

The simplest type of evaporator is the bare tube coil évaporator, as shown in Fig 114,

The bare tube coil evaporators are "
also known as prime-surface evaporators.

Because of its simple construction, the bare eorr:mof‘_

tube coil is casy to clean and defrost. A littke .

consideration will show that this type of E’?::‘" ﬁ
cvaporator offers relatively little surface

contact area as compared 1o other types of wm—»%— 7
coils. The amount of surface area may be ve

mncreased by simply extending the length of Fig. 11.4. Bare tube coil evaporator.
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 Jong for the valve’s capacity, the hquid refrigerant will tead 0 completely
vaporise early in its progress through the tube, thus Jeading 1o excessive superbeating at the outlet,
The long tubes will also cause considerably greater pressure drop between the inlet and outlet of
e evaporator. This results in a reduced suction line pressure.

The diameter of the tube in relation (o tube length may also be critical. If the tube diameter
8 too large, the refgerant velocity will be o low and the volume of refrigerant will be too greit
“m relation to the surface area of the tube to allow complete vaporisation. This, in tum, may allow
‘uid refrigerant to enter the suction line with possible damage to the compressor (L.e. slugging).
/Om the other hand, if the diameter is too small, the pressure drop due 1o friction may be too high
‘andt will reduce the system efficiency.
The bare tube coil evaporators may be used for any type of refrigeration requirement. [ts use
bowever, limited to applications where the box temperatures are under 0°C and in liguid
ing, because the accumulation of ice or frost on these evaporators has less effect on the heat
: than on those equipped with fins. The bare tabe coil evaporators are also extensively used
Bouse-hold refrigerators because they are easier 1o keep clean.

1.11 Finned Evaporators

The finned evaporator, 1 shown in Fig, 11.5, consists of hare tubes or coils over which the
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 adapled 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 alse called exiended surface evaporators.

Plate

A 2

vl (AR D o :
( NIRRT rlrgesanl
& Fing — " | |I ) .
Liquid | [
refigerant .|| ll“ .‘ | %m‘
Fig. 11.5, Finned evaporator, Fig. 11.6. 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 temperutures 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 and defrost on the off cycle have wider fin spacing.

11.12 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 berween the two plates which are welded together
at the edges. The plate evapoeators are generally used in house-hold refrigeratoes, home freezers,
beverage coolers, ice cream cabincts, locker plants etc.

11.13 Shell and Tube Evaporators

The shell and tube evaporator, as shown in Fig. 11.7, is similar to a shell and tube
condenser. Tt consists of a number of horizontal tubes enclosed in a cylindrical shell. The inlet and
outlet headers with perforated metal tube sheets are connected at cach end of the wbes.

Liqud in Chilled liquid out

to compresser [ 1 SN | DR | I N | ]
S ) SRR AL U O | T ]
[ 1 O O 1
[ RAE 1] 3 |
Liguid
i ‘—b |
...."--.".vl...l..’--..-.‘.......'-.
Themostalic Baffles
expansion valve
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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 1o 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 fooded shell and tube evaporators are used for refrigerating units of 10 to 5000 TR
capucity,

11.14 Shell and Coil Evaporators

The shell and coil evaporators, as shown in Fig. 11.8, are generally dry expansion
eviporatoes to chill water. The cooling coil is 2 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 evaportors used to cool drinking wates. The evaporators having flanged shells are often used
to chull water in secondary refrigeration systems,

Another type of shell and coil evaporator is shown in Fig. 11.9. Both types of evaporators
are usually used where small capacity (2 10 10 TR) liguid cooling is required. It may be noted that
the shell and conl evaporator is restricted 1o operation above 5°C in order to prevent the freezing
problems.

o B e

[T

LI

Fig. 11.8. Shell and coll evaporator. Fig. 11.9. Shell and cod evaporator,

11.15 Tube-in-Tube or Double Tube Evaporators
The tube-in-tube evaporator (or

double tube evaporator) as shown in Fig, Refrigarant in

[1.10, consists of one tube inside another Cooled ‘,

whe. The liquid to be cooled flows ous *— %znmm'—v)
through the inner wbe while the primary 3
refrigerant or secondary refrigerant (ie. @ =

waler, air or brine) circulates in the space Uguid o be A -
‘between the two tubes. The tube- in-tube cooled . @
evaporator provides high heat transfer — .
rates. However, they require more space J‘L

than shell and tobe evaporators of the Refrigerant out

same capacity. These evaporators are used Fig. 11.10. Tube-in-tube or double tube evaporator.
for wine cooling and in petroleum

indusiry for chilling of oil.
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Chapter — 3
Vapour compression refrigeration system,

|ts components & control

3.1 Theoretical vapour compression cycle
A vapour compression refrigeration system consists of the following five essentia parts

1. Compressor:
The low pressure and temperature vapour refrigerant from evaporator is drawn into
the compressor through theinlet or suction valve A, where it is compressed to a high
pressure and temperature. This high pressure and temperature vapour refrigerant is
dischasrgwed into the condenser through the delivery or discharge valve B.

2. Condenser:
The condenser or cooler consists of coils of pipe in which the high pressure and
temperature vapour refrigerant is cooled and condensed. The refrigerant, while
passing through the condenser, gives up its latent heat to the surrounding condensing
medium which is normally air or water.

3. Receiver:
The condensed liquid refrigerant from the condenser is stored in a vessel known as
receiver from Where it is supplied to the evaporator through the expansion valve or
refrigerant control valve.

4. Expansion vave:
It is caled throttle valve or refrigerant control valve. The expansion valveisto alow
the liquid refrigerant under high pressure and temperature to pass at a controlled rate
after reducing its pressure and temperature .

5. Evaporator:

An evaporator consists of coils of pipe in which the liquid-vapour refrigerant at low
pressure and temperature is evaporated and changed into vapour refrigerant at low
pressure and temperature.
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4.6 Theoretical Vapour Compression Cycle with Dry

Saturated Vapour after Compression

A vapour compression cycle with dry saturuted vapour after compression is shown on s
and p-k diagrams in Fig. 4.3 (a) and () respectively. At point 1, let T\, p, and 5,. be the
temperature, pressure and entropy of the vapour refrigerant respectively. The four processes of the

cycle are as follows :

L. Comproxsion process, The vapour refrigerant at low pressure p, and temperature 7, 15
compressed 1sentropically (o dry saturated vapour as shown by the vertical line §-2 on T-s diagram
und by the curve 1-2 on p-h diagram. The pressure and emperature rses from p, to p, and T, 10

T, respectively.

The work done duning isentropic compression per kg of refrigerant is given by

wo= he—h
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where h, = Enthalpy of vapour refrigerant at temperatere T, Le. at

suction of the compressor, and
h, = Enthalpy of the vapour refrigerunt at temperature T, Le. at
discharge of the compressor.
I RAE) 1'3 Cond. | ‘ _pffg’ . Al ]3
! l,‘ \\I /‘I f !
/l ' 2 '/' '8 /:
aht 5‘\ Bl s e
AL A 2=
ol LR Y B s
| | Evep. | l Vo .
 — — ! | : 1 .
& - e e
Entropy ! sz: My ha=hy M
: —— Enthalpy ——
()T diegrain. () p-h diagramn.

Fig. 4.3. Theoretical vapour compression cycle with dry saturated vapour after COMmpIression,

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 pressuce
pand tempezature Ty, as shown by the horizontul line 2-3 on 7-s and p-h diagrams, The vapour
refrigerant is changed into liquid refrigerant. The refrigerant, while passing through the condenser.
gives Its latent heat to the surrounding condensing medium.

3, Expansion process, The liquid refrigerant at pressure p, = p, and temperature 7, = Tyis

expanded by *throttling process through the expansion valve to a low pressure p, = p, and
temperature T, = T}, as shown by the curve 3-4 on T-s diagram and by the vertical fine 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 vaponsed in the evaporator. We know that
during the throtiling process, no heat 15 absorbed or rejected by the liquid refrigerant.
Notes: () 10 case an expansion cylinder 15 vsed i place of throttle or expansion valve to expand the liquid
refrigerant, then the refrigerant will expand isentropically as shown by dotied vertical line on 15 dingram
in Fig 4.3 (a). The isentropic expansion reduces the exsernal work being expanded in running the
compressor and increases the refrigerating effect. Thus, the net result of using the expangion cylinder is ta
mcredse the coefficient of parformance.

Since the expansion cylinder system of expanding the liquid refrigerant is quite complicated and
involves sreater initial cost, thecefore 18 use is not justified for small gain i cooling capacity. Mareover,
the flow rate of the refrigerant can be controlled with throttle valve which is not possible in case of
expansion cylinder which has o fixed cylinder volume.

) In modern domestic refriperatoes, 2 capillary (small bore tube) is wsed in place of an expansion valve,

4. Vaporising process. The liquid-vapour mixture of the refrigezant a1 pressure py = p, and
temperature T, = T, is evaporated and changed into vapour refrigerant at constant pressure and
temperature, as shown by the horizootal line 4-1 on 75 and p-k disgrams. During evaporation, the
liquid-vapour refrigerunt absorbs its latent heat of vaporisation from the medium (air, wates or
brine) which is 1o be cooled. This heat which is absorbed by the refrigerant is called refrigeraning
effect and it is briefly written as R, The process of vaporisation continues upto point 1 which is
the starting point and thus the cycle is completed.
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We know that the refrigenating effect or the heat ubsorbed or extracted by the liguid-vapour
refrigerant during evaporation per kg of refrigerant is given by

Re = Iy —hy=h e otk =y

where fi;3 = Sensible heat at temperature 7, Le. enthalpy of liquid
refnigerant leaving the cundcuso:t

It may be noticed from the cyele that the figuid-vapour refrgerant has extrocied het during
evaporation and the work will be done by the compressor for isentropic compression of the high
pressure and tempersure vapour refngerant.

& Coellicient of performance,
Refrigerating effect by —k, M-y,

Workdone oy -l i iy

Note: The ratio of C.O.P. of vapour compression cyele o the C.OP of Camo cycle 15 known as
wingernion officiency (1) or performance mndex (P1),

Example 4.1, fn an anumonta vapour compresston systen, the pressure i the evaporator
i 2 baee: Asnnenicr at exet is O.85 dey and ar emry s dryness froetton is 079, During compeession,
the work done per kg of ammonie is 150 &J. Calewlate the C.O.P. and the volume of vapour
entering the compressor per minute, (' the rate of amenonia circsdaion is 4.5 kg/min, The latent
hear and specific volume ar 2 bar are 1325 Mg and 0.58 w'/kg rexpectively,

Solution. Given : p =p, =2bar . x =085 [ 4, =019 ; w= 150 k&g - m, -45kgfmm.
h, = 1325 klfkg © v, = 0.58 m'kg
C.OP

The 7=y and p-h dingrams are shown in Fig, 4.3 (a) and (&) respectively.

Since the ammonia vapour at eatry 1o the evaporator (ie. at point 3) has dryness fraction
(x,) equal to 0,19, therefore enthalpy ot point 4,

hy = x, %l =019 x 1325 = 351,75 kikg
Similarly, enthalpy of ammonia vapour ut exit Le. ar point 1,
hy = x xh =085 x 1325 = [126.25 kI/kg
2 Heat extracted from the evaporator or refngeratmg effecs,
' Ry = &, =l = 112625 - 251.75 = B74.5 k)/kg
We know that work done dm{ng compression,
= 150 kikg

< COP R/ w=R8T74.5 7150 = 5.83 Ans,
Volume of vapaur entering the compressor per minute

We know that volume of vapour entering the compressor per minute

= Mass of refngerant | min x Specific volume
=m, %0 = 45x058 =261 mYmin  Ans.

COP =
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4.7 Theoretical Vapour Compression Cycle with Wet

Vapour after Compression
T ’ 4/ Cond. 2\
lCd\d. - po - ¢
o 7=T, k== : tp"p‘ e &/
o | gx T |
i P ) 4 1
PymPa b~

§T|=T; b e = = g p 7"5"59"1 }‘
] | Lo
| } |
‘ "rz"’o M, '&
Ertropy ——» Eniropy

{a) T=5 dsagrom. (&) p-h diagram,

Fig. 4.7. Thaoresical vapour comprassion cycle with wet vapour after compresskon.,

A vapour compression cycle with wet vapous after compression s shown on 7o and p.h
diagrams in Fig. 4.7 (o) and () respectively. [n this eycle, the enthalpy at point 2 is foand out with
the help of dryness fraction at this point. The dryness (raction at poinis | and 2 may be obiined
by equating entroples at points | and 2,

Now the coefficient of performance may be found vut a5 usual from the relation,

Refrgerating effect _ M=y,
Work done Jey =y
Note: The remaining cyele is same an discussed i the last artcke.

4.8 Theoretical Vapour Compression Cycle with
Superheated Vapour after Compression

COP =

f s ey 3' Cond. l\ 2

; T s g o2 lh—ﬁ—n’---; e

ETI.T ..... f e ey ' [ o

8 : | ‘ll ‘ g ‘ T Exp -Cfxmo

E <Exp ' c 0=0y 2 - 1

- I | Evap. N |

Tl me=-— - A | '

| 4  Evap : {4

() 75 dingram. (&) p-h diagram.

Fig. 4.10, Theoretical vapour compressian cycle with superheated vapour afier compression,

A vapour compression cycle with superheated vapour after cornpression is shown on T-s and
-k dingrams in Fig. 4,10 {a) and (b) respectively. In this eyele, the enthalpy at point 2 is found
out with the help of degree of superheal. The degree of superheat may be found out by equating
the entropies ot points 1 and 2.

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

Refrigerating effect /4 —/t; 3

COE;= Work done Iy =1
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4.9 Theoretical Vapour Compression Cycle with
Superheated Vapour before Compression

— Tomparature —-

— Presgure ——— o

. 4
4 Evap. 1" : Superhaating
' |
Superhesting r '3
Pyg= h
T h W h
() 7=5 diagram (h) o disgram,

Fig. 4.16. Theoretical vapour compression cycle with superbeated vapour before compression.

A vapour compression ¢yele with superheated vapour before compression s shown on
I-5 and p-ie diagrams in Fig, 4,16 (a) and (b} respectively. In this cycle, the evaporation starts at
point 4 and continues upto point 1, when it is dry saturated. The vapour 13 now superheated before
entering the compressor upto the point 1.

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

Refnigerating effect  Jy —Jr,
Work done by — Iy

4.10 Theoretical Vapour Compression Cycle with Under-
cooling or Subcooling of Refrigerant

COP =

. Yapour
Saf;&iud /une
ne~, | Cond
0 2. 7 Pl ggzom e,
H i 2'\ /\
= 3*“‘!‘8" \ 4
, ¢ Camp /\ Undar
§ .\\\ooolm § oo :I Camg
aa o, e
ol- 4 ¥ vap | (" e~y
/
Enlrogy ——» Enfhalpy s
(@) T-s deagram. () p-h disgram,
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Somerimes, the refrigerant, afier condensation process 2°-3', is cooled below the saturation
temperature (7,") before expansion by throttling. Such a process is called vodssconling or
yulv ooling of the refrigerant and is generally done along the liquid line as shown in Fig. 4.18 (a)
and (b), The ultimate effect of the undercooling is to increase the value of coefficient of
performuance under the same set of conditions.

The process of undercooling is generallly brought about by circulating more guantity of
cooling water through the condenser or by using water colder than the main circulating water.
Sometimes, this process is also brought about by employing a heat exchanger. In actual practics,
the refrigerant is superheated after compression and undercooled before throttling, as shown in Fig,
418 (@) and (#). A hitle consideration will show, that the refrigerating effect is increased by
adopting both the superheating and undercooling pracess us compared to a cyele without them,
which iz shown by dotied lines in Fig, 4. 18 ().

In this case, the refrigerating effect or heat absorbed or extracted,

Rg = M —h,=h,—h, et by =)
and work done, w o= M, —h,
. : e
COP = Refrigerating effect _ by —hyy
Work done fay =1y

Note: The value of b, may be found out from the relution,
fryy = b= e, % Degree of undercooling

3.1.3. Deviation of actual cycle from theoretical cycle
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4.11 Actual Vapour Compression Cycle

hels]
, %
10 = q

11, P

Termnperaturg ——»

Erfropy ———
Fig. ¢ 33 Aciual vapsour comipression cyele,

The actual vapour compression cvcle differs from the theoretical vapour compression cycle
wn many ways, some of which are wnavoidable and cause losses, The main deviations between the
thearetical cyele and actual cyele aps as follaows
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1. The vapour refrigerant leaving the evaporator is in superhented state.

2. The compression of refrigerant is neither isentropic nor polyiropic,

3. The liquid refngerant before entering the expansion valve is sub-conled i the
comedenser.

4, The pressure drops in the evaporor and condenser,

The actual vapour compression cyele on T-5 diagram is shown in Fig. 4,33, The various
processes are discussed below ;

{a) Frocess 1-2-3, This process shows the flow of refrizerant in the evaporator. The point |
represents the entry of refrigerant into the evaposator and the point 3 represents the exit of
refrigerant frem evaporaior in & superheated stute. The point 3 also represents the entry of
refrigerant it the compressor in a superheated condition, The superheating of vapour refrigerant
from point 2 1o point 3 may be due @,

ir) autematie contml of expansion valve so flat the relngerant leaves the evaporator as the
superheated vapour,
(i) picking up of larger smount of heat from the evaporatos through pipes located within the
cooded space,
feiy picking up of heat from the suction pipe, Le. the pipe connecting the evaporator delivery
and the compressor siclion valve.
[n the first and second case of superbeating the vapour refrigersnt, the refrigerating effect
as well as the compressor work is increased. The coefficient of performance, as compared 1o
saturation cycle ut the same suction pressure may be preater, less or unchinged.

The superheating also couses increase in the required displacement of compressor and Tond
ol the compressor and condenser. This is indicated by 2-3 on T-5 diagrzm as shown in Fig, 413,

thy Process 3-4-3-6-7-8. This process represents the Mow of refrigerant through the
compressor. When the refrigerant enters the compressor through the suction valve i peint 3, (he
pressure falls o point 4 due to frctional resistance to flow, Thus the actial suction pressure ()
15 lower than the evaporator pressuve (p )b Dunng suction and prer o compression, the
temperature of the cold refrigetant vapeur rses to point 5 when it comes in contact with the
compressor cylinder walls. The actual compression of the refrigerant is shown by 5-6 in Fig. 4.33,
which is neither isentropic nor polytropic. This is due to the heat transfer between the evlinder
walls and the vapour refrigerant. The remperature of the cylinder walls is some-whai in belween
the temperanires of cold suction vapour refngerant and hot discharze vapour refrigerant. It may he
aesumed that the heat absorbed by the vapour refrigerant from the cylinder walls during the first
part of the compressicn stroke is equal to heat rejected by the vapour refriperant to the cylinder
walls, Like the heating eflect a suction given by 4-3 in Fig. 431, thers is a cooling effect at
discharge ag given by 6-7. These heating and cooling effects take place ot constant pressure. Due
to the frictional resistance of flow, there is & pressure drop i.e. the acteal discharge pressure i)
is more than the condenser pressure i p),

le b Process §-8-18- 11, This process represents the flow of refrigerunt through the condenser.
The process 8-9 represents the cooling of superhested vapour refrigerant to the diy satunned state.
The process 9-H) shows the removal of katen heat which changes the dry saturated refrigerant into
liquad refrigerant. The process 10-11 represents the sub-cooling of lguid refrigerant in the condenser
before passing through the expansion valve, This is desirable as it increases the refrigerating effect
per kg of the refrgerant flow. It also reduces the volume of the refrigerant partially evaporated from
the figuid refrigerant while passing through the expansion vilve. The increase in refrigerating eiTect
can be obtained by large quantities of circulating cooling water which should be at o temperature
much lower than the condensing lemperatures,

Page | 38



() Process -1 This process represents the expansion of subcooled liguid refrigerant by
throttling from the condenser pressure 1o the evaporalor pressure,

4.12 Effect of Suction Pressure

We have discussed in the previous article that in
sctual practice, the suction pressure (07 evaporaior
pressure) decreases due to the frictional resistance of
flow of the refngerant. Let us consider a theoretical
vapour compression cycle 1°-2-3-4" when the suction
pressure decreases from  p, to po as shown on p-
diagram m Fig. 434,

It may be noted that the decrease in section
pressure

I. decreases the  refrigerating  effect  from

() — i) 10 (hye = Iy, and
2. increases the work required for'tompression
from ¢y « Jr ) to (e — B, 2)
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Fig. 4.34. Effect of suction pressure.
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Since the C.O.P. of the system is the mtic of refrigecaing effect o the work done, therefore
with the decrease in suction pressure, the net effect is to decrease the C.OP. of the refrigerating
system for the sume amount of refrigerant flow. Hence with the decresse in suction pressure, the
refrigerating capacity of the system decreases and the refrigeration cost increases,

4.13 Effect of Discharge Pressure

We have already discussed thal in actual practice.
thet discharge pressure (Or condenser pressune) increases
due to frictional resistance of flow of the refrigerant.
Let us consider & theoretical vapour compression cycle
1-2°.3"4" when the discharge pressure increases from
Pt py s shown on p-h disgrom in Fig. 4.35_ It may
be noted that the increase in discharge pressure

|, decreases the refnigerating effect from
(s, = ) 1o (hy, — k), and

2. increases the work required for compression
from (&, = h ) to by = B b

From above, we see thit the effect ol incrense in

o=
g /
Sy

|

b ———— -

I

Pgeh hy=hy 0 B hS
Enthaipy ——»
Fig, 4.35. Effect of discharge pressure.

discharge pressure is similar 10 the effect of decrease v suction pressure. But the effect of increase
in discharge pressure is not as severe on the refrigerating capacity of the system as that of deceease

in suction pressure.
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Chapter -4

Refrigerants

8.3 Classification of Refrigerants
The refrigerants may, broadly, be classified into the following two groups ;
|. Primary refrigerants, and 2. Secondary refrigerants.

The refrigerants which directly take part in the refriseration system are called primary
refrigerants whereas the refrigeranis which are first cooled by primary refrigerants and then used
for cooling purposes, are known as secomdary refrigeranis,

The primary refrigerants are further ¢lassified into the following four groups !

1. Halo-carbon refrigerants,

2. Azeotrope refrigerants,

3. Inorzanic refrizerants, and

4. Hydro-carbon refrigerants,

These above mentioned refrigerants are discussed, in detail, in the following pages,

8.4 Halo-carbon Refrigerants

The Amencan Society of Heating, Refrigeration and Air<onditioning Engincers (ASHRAE)
ulendifies 42 habo-carbon compounds as refrigerants, bot only a fw of them are commonly wsed. The
following table gives some of the cammanly used halo-carbon refrigerants :
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Commonly used halo-carhon refrigerants.

Refrigerant number Chemical name Chemical formula
R-11 Trichloromonofluoromethane COLF
R-12 Dichloredifluoromethane CCLF,
R-13 Monochlorotrifluoromethane CCIF,
R-14 Carbontetrafluoride CF,
R-21 Dichloromonofluoromethans CHCLF
R22 Mavochlorodifluoromethans CHCIF,
R Methylene chloride CH,0),
R40 Methyl chioride CHLl
R0 Ethy! chioride € H
R-113 Tochlorotnfluorpethane CCLFCCIF,
R-114 Dichlorotetralluoroethane CCIF LCIF,
R-115 Moacchisropentatiuorcethane CCIF.CF,

The hale-carbon compounds are all synthetically produced and wete developed as Freon
family of refrigerants. Freon is a registered trade mark of E.L. Du Pont de Nemours and Co.,
America. Most of the halo-carbon refrigerants, are now available from other manufacturers under
various trade names such as Genetron, Isotron etc. The first of the halo-carbon refrigerant ie. R-12
was developed in 1930 by Thomas Midgley. The various halo-carbon refrigerants mentioned above
are now discussed, in detail, as below !

“%. R-11, Trichloromonoftusromethane (CC1,F). The R-11 is a synthetic chemical produoct
which can be used as a refrigerant. 1t is stable, pon-flammable and non-toxic, It is considered to
be a low-pressure refrigerant. It has & low side pressure of 0.202 bar at — 15°C and high side
pressure of 1.2606 bar at 30°C. The latent beat at - 15°C is 195 kJikg. The bailing point il
atmospheric pressure is 23.77°C. Due 1o its low operating pressures, this refrigerant is exclusively
used in large centrifugal compressor systems of 200 TR and above. The leaks may be detected by
using a soap solution, a halide torch or by using an electronic detector.

R-11 is often used by service technicians as a flushing agent for cleaning the internal parts
of a refrigerator compressor whea overhauling systems. Itis useful after a system had a motor burm
out or after it has a great deal of moisture in the system. By flushing moisture from the system with
R-11. evacuation lime is shortened. R-11 is onc of the safest cleaning solvent that can be used for
this purpose. The cylinder colour code for R-11 is orange.

2, R-12, Dichloredifluoromethane (CCLF ). The R-12 is a very popular refrigerant. Itis &
colousless. almost odourless liquid with boiling point of - 29°C at atmospberic pressure. It is non-
toxic, non-corrosive, non-irritating and non-flammable. 1t has a relatively low latent heat value
which is an advantage in small refrigerating machines, The large amount of refrigerant circulated
wil. permit the use of less sensitive and more positive operating and regulating mechanisms. It
operates at & low but positive head and back pressure and with a good volumetric efficiency. This
refrig rant is used o many different types of industrial and commercial applications such as
refriger stoss, freezers, water coolers, room 4nd window air condivioning units etc. Its principal use
is found in reciprocating and rotary compressors, but its use in centrifugal compressors for large
commercial air coaditioning 13 increasing.

R-12 has a pressure of (.82 bar at - 15°C and a pressure of 6.4 bar at 30°C. The latent heat
of R-12 at — 15°C is 159 kl/kg. The leak may be detected by soap solution, halide torch or an
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clectronic leak detector. Water is only slightly soluble in R- 12. At — 18°C, it will hold six parts
per million by muss. The solution formed is very slightly corrosive 1o any of the common metals
used in refrigerator construction. The addition of mineral oil to the refrigerant has no effect upon
the corrosive action,

R-12 is more cotical as 10 its moisture content when compared to R-22 and R-502. It is
soluble i oil down 10 ~ 687C. The cil will begin to separate at this temperature and due (o its
lightness than the refrigerant, it will collect on the surface of the liquid refrigerant, The refrigerant
is available in & vaniety of cylinder sizes and the cylinder colour code is white,

3. B13, Monochlorotriftuoromethane (CCIF,). The R-13 has a boiling temperature of
- 81.4°C a1 sumospheric pressure and o critical temperature of + 28.8°C, This refrigerant is used
for the low remperuure side of cascade systems. It is soitable with reCIPrOCAUngE COMPressors.

4. R-H4, Carbontetraflupride (CF ). The R-14 has a boiling temperature of - 128°C at
atmospheric pressure and critical temperature of - 45,5°C, It serves as an ulra-low temperature
refrigerant for use in cascade sysiems.

S, B2, Dichloromanafiuoromethane (CHCIF), The R-21 has a boiling temperature of
+ 9°C st sumospheric pressuze. It has found its principal use in centrifugal compressor systems for
relatively high temperature refrigeration requirements.

\yﬂ;..’.’. Monochlorodifluoromethane (CHCIF 1, The R-22 is a man-made refrigerant
developed for refrigeration installations that need a low evaporating temperature, as in fast freczng
units which maintain a temperature of — 29°C to — 40°C. It has also been successfully used in air
conditioning units and in houschold refrigerators, It is used with reciprocating and centrifugal
compressors, It 3s nol necessary to use R-22 at below atmospheric pressures in order 1o obtain the
low temperatures,

The boiling point of R-22 is — 41°C at atmospheric pressure. It has a latent heat of
2165 kifkg at - 15°C. The normul heud pressure at 30°C is 10.88 bar. This refrigerant is stable and
is non-toxic, non-corrpsive, non-imitating and non-flammable. The evaporator pressure of this
refrigerant at ~ 15°C is 1.92 bar. Since water mixes better widh R-22 than R- 12 by a ratio of 3 to
|, thesefore driers (dessicants) should be used to remove most of the moisture to keep water to 4
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minimum. This refrigerant has good solubility in ou down to - 9°C. However, the oil remains fluid
eaough 1o flow down the suction line at temperatures as low as — 40°C. The oil will begin to
separate at this point. Since oil is lighter, therefore it will collect on the surface of the liguid
refrigerant. The leaks may be detected with a soap sofution, a halide torch or with an electronic
leak detector, The cylinder colour code for R-22 is green.

7. R-30, Methylene chloride (CH,CL,). The R-30 is a clear. water-white liquid with a
sweel, non-irritating odour similar to that of chloroform. It has a boiling point of 39.8°C at
atmospheric pressure, It is non-flammable, non-explosive and non-toxic. Due to its high boiling
point, this refrigerant may be stored in closed cans instead of in compressed gas cylinders, The
high and low sides of refrigeration system using R-30 operate under a vacuum. Since the volume
of vapour at suction conditions is very high, therefore the use of R-30 is restricted to rotary or
centrifugal compressors. This refrigerant was extensively vsed for air conditioning of theatres,
suditoriums, and office buildings. Now-a- days, the refrigerant R-11 is used in place of R-30.

In order to detect leaks i a system using R-30, the pressure must be increased above
atmosphere. A halide torch is used for detecting leaks.

8. R-40, Methyl-chloride (CH ,CI), The R-40 is a colourless liquid with o faint, sweet, and
non-irmitating odour. Its botling point at atmospheric pressore is - 23,7°C and the usual condenser
pressure is 5 to 6.8 bar. The latent heat of vaponisation at — 15°C is 423.5 kl/kg. 1t is flammable
and explosive when mixed with air in concentrations from 8.1 to 17.2 percent, This refrigerant is
non-corrosive in its pure state, but it becomes corrosive in the presence of moisture. Aluminium,
zine and magnesium alloys should never be used with this refrigeramt as they will corrode
considerably and pollute the lubricating oil. Since the refrigerant R-40 is a solvent for many
materials used in ordinary refngeration compressors, therefore rubber and gaskets containing
rubber should never be used. However, synthetic rubber is not affected by R-40. Thus metallic or
asbestos-fibee gaskets containing soluble binders should be used. The mineral oils are soluble in
this refrigerant to a small extent.

This refrigerant has been used in domestic units with both reciprocating and rotary
compressors and in commercial units with reciprocating compressors uplo approximately 10 TR
capacity. The leaks with R-40 may be detected by soap solution or electronic leak detector.

9% it-m, Ethyl chloride (CJ1.LT). The R-100 is a colourless liquid and in many respects
it is similar to R-40 (Methyl chloride) but with low operating pressures. It has a boiling point of
13.1°C at atrnospheric pressure. It 15 both toxic and flammable. Due to its low operating pressure,
it is not used in refrigesating equipment.

0. R-113, Trichiorotrifluoroethane {CCLFCCIF, or C,CLF,) The R-113 has a boiling
point of 47,6°C at atmospheric pressure. It is used in commercial and industrial air- conditioning
with centrifugal compressor systems. Since this refrigerant has the advantage of remaining liguid
at room temperatures and pressures, thevefore it can be carried in sealed ting rather than cylinders.

1. R-114, Dichlarotetrafluoroethane, (CCIF CCIF, ovr C,CLF). The R-114 has a
boiling pomt of 3.6°C at atmospheric pressure, At - [5°C, it evaporates at a pressure of 0.54 bar
and at + 30°C it condenses at o pressure of 1.5 bar. Its latent heat of vaporisation at — 15°C is
143 ki/kg. It is non-toxic, non-explosive and non corrosive even in the presence of water, [t is used
in fractional power bousehold refrigenuting systems und drinking water coolers employing rotary-
Vane (ype COmpressors.
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Note : Out of all the halo-carbon refrigerants, discussed above, only R-11. R-12 and R-22 are the most
Important and are extensively used now -a-days,

8.5 Azeotrope Refrigerants

The teem “uzeotrope’ refers to a stable mixture of refrigerants whose vapour and liquid
phases retain ideatical compositions over a wide range of emperatures, However, these mixiures,
usually, have properties that differ from either of their components. Some of the azeotropes are
given in the following table :

m Azeolrope refrigerants.

Refrigerant number Azeotropic muxing refrigerants Chemical formida
R-500 738% R-12 and 262% R-152 CCLE,(CHCHE,
R-302 48.8% R-22 und SL2% R-113 CHCIF,/ CCIF.CE,
R-303 40.1% R-23 and 59.9% R-13 CHE,/CCIF,
R-504 48.2% R-32 and 51.8% R-115 CHF,/ CCIF,CF,

These refrigerants are discussed, in detail, as below :

L. R-500. The R-500 is an azeotropic mixture of 73.8% R-12 (CCLF,} und 262% of
R-152 (CH,CHF)), It is non flammable, low in toxicity and non-corrosive. It is used in both
industrial and commercial applications but only in systems with reciprocating compressors. It bas
 fuirly constant vapour pressure temperature curve which is different from the vaporizing curves
for either R-152 a or R- 12,

This refrigerant offers about 20% greater refrigerating capacity than R-12 for the same size
of motor when used for the same purpose. The evaporator pressure of this refrigerant is 1.37 bar
at — 15°C and its condensing pressure is 7,78 bar at 30°C. It has a boiling point of — 33°C at
atmospheric pressure, Its latent heat at — 15°C is 192 k¥kg. It can be used whenever a higher
capacity than that obtuined with R-12 is needed. The solubility of water in R-300 is highly critical.
It has fairly high solubility with oil. The leakage may be detected by using soap solution, a halide
torch, an electronic leak detector or a coloured tracing agent, The servicing refrigerators using this
refrigerant dogs not preseat any unusual problem. Water is quite soluble in this refrigerant, It is
necessary (o keep moisture out of the system by careful dehydration and by using driers. The
cylinder colour code for this refrigerant i3 yellow.

2. R-502. The R-502 is an azeotropic mixture of 48.8% R-22 (CHCIF,) and 51.2% of
R-115 (CCIF,CF,). It is non flammable, non-corrosive, practically noa-toxic liquid. It is a good
refrigerant for obtaining medium and low temperatures. It is suitable where temperatures from
- 18°C w0 - 51°C are needed. It is often used in frozen food lockers, frozen food processing plants,
frozen food display cases and in storage units for frozen foods and ice-cream. 1t is only used with
reciprocating compressors, The boiling point of this refrigerant at atmospheric pressure is = 46°C,
fts cvaporating pressure at = 157C is 2.48 bar and the condensing pressure at 30°C is 12.06 bar,
Its latent heat at - 29°C is 168.6 kl/kg.

The R-502 combines many of the good properties of R-12 and R-22. It gives a machine
capacity equal to that of R-22 with just about the condensing temperature of a system using R-12.
Since this refrigerant has a relatively low condensing pressure and temperature, therefore it
increnses the life of compressor valves and other parts. Better lubnication is possible because of the
mereased viscosity of the oil at low condensing temperature. It is possible (o eliminate liquid

~ mjection to cool the compressor because of the low condeasing pressure,
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This refrigerant has all the qualities found in other halogenated (fluorocarbon) refrigerants.
[t i non-toxic, non-flammable, non- irritating. stable and non-corrosive. The leaks may be detacted
by soap solution, halide torch or electronic leak detector. It will hold 1.5 times more moisture at
~ 18°C than R-12. It has fair solobility in oil above 82°C. Below this temperature, the oil tries to
separate and tends to collect on the surface of the liquid refrigerant. However, oil is camied back
to the compressor at temperatures down to — 40°C, Special devices are sometimes used to retam
the oil to the compressor. The cylindér colour code for this refrigerant is orchid.

3, R-503. The R-503 is an azeotropic mixture of 40.1% R-23 (CHF,) and 59.9% of R-13
(CCIF,). This is a2 non-flammable. non-corrosive, practically pon-toxic ligwd. Its boiling
temperature at atmospheric pressure is — 88°C which is lower than either R-23 or R-13, Its
evaporating pressure at — 15°C is 17,15 bar. Its cntical temperature is 20°C and its critical pressure
is 41.15 bar. This is a low temperature refrigerant and good for use in the low state of cascade
systems which require temperatures in the range of — 73°C to - 87°C. The latent heat of
vaporisation at atmosphenc pressure is 173 k&g

The leaks in R-503 systems may be detected with the use of soap solution, o hahde torch or
an electronic leak detector. This refrigerant will hold more moisture than some other low
temperature refrigerants. It may be noted that all Jow temperature applications must have extreme
dryness, because nny moisture not in solution with refngerant is likely to form ice at the refrigesant
control devices. The oil does not eirculate well at low temperatures. The cascade and other low
temperature equipments are normally fitted with oil separators and other devices for retuming the
oil to the compressor. The eylinder colour code for R-503 is aquamarine.

4. R-5(4. The R-504 is un azeotropic mixture of 48.2% R-32 (CH,F,) and 51.8 % R-115
(CCIF,CF,). 1t is non-flammable, non-corrosive and non-toxic. The hoiling tempernture o
atmospheric pressare 18 — S7°C. Its evaporating pressure at - 15°C is 5.88 bar and its critical
pressure is 48 bar. As with all low temperature refrigerants, some difficulty may be experienced
with the oil circulation. With the addition of 2 to 3% R-170 {ethane), the oil will be taken into the
solution with the refrigerant and will circulate through the system with it.

The leaks in R-504 systems may be easily detected by using soap solution, a halide torch or
an electronic leak detector. This refrigerant is used in industrial processes where 4 low temperature
range of - 40°C 10 - 62°C is desired. The cylinder colour code for R- 504 1s tan,

8.6 Inorganic Refrigerants

The inorganic refrigerums were exclusively used before the introduction of halocarbon
refrigerants. These refrigerants are still in use due to their inherent thermodynamic and physical
properties, The various inorganic refrigerants are given in the following table :

Inorganic refrigerants.
Refrigerant number Chemicul name Chemical formala |
R4l Ammonia NH,
R-729 Air —
R Carbon dioxide €0,
R Sulphar dioxide 50,
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These refrigerants are discussed, in detail, as below

1. R-717 (Ammonia), The R-717, i.e. ammonia (NH,) is one of the oldest and most widely
used of all the refrigerants. 1ts greatest application is found in large and commercial reciprocating
compression sysiems where high toxicity is secondary. It is also widely used in absorption sysems.
It is a chemical compound of nitrogen and hydrogen and under ordinary conditions, it i a
colourless gas. Iis boiling point at atmospheric pressure is — 33.3°C and its melting point from the
salid is — 18-C. ﬁ?@g point makes it possible to have refrigeration al temperatuses
considerably below 0°C without using pressures below atmospheric in the evaporator. Iis latent
heat of vaporisation at — 15°C is 1315 kl/kg. Thus, large refrigerating cffects are possible with-
relatively small sized machinery. The condeaser pressure wt 30°C is 10.78 bar. The condensers for
R-717 are usually of water cooled 1ype.

It is & poisonous 2as if inhaled in large quantities. In lesser (uantities. it is irritating to the
eyes, nose and throat. This refrigerant is somewhat flammable and when mixed with air i the ratio
of 16% to 25% of gas by volume, -

will form an explosive re.
The leaks of this refrigerant may
be quickly and easily detected by
the use of burning sulphur candic
which in the presence of ammonia
forms white fumes of ammonium
sulphite. This refnigerant attacks
copper and beonze i the presence
of a litte moisture but does not
cormode iron or steel. It presents no
special problems 1 coanection
with [lubricant unless extreme
lemperatures  are  encountered,
Since the refrigerant
R-717 is lighter than oil, therefore,
its separation does not create any
problem. The excess oil in the
evaporator may be removed by
opening & valve in the bottom of
the evaporator. This refrigerant is
used in large compression machines using reciprocating compressors and in many sbsorption type
systems. The use of this refrigerant is extensively found in cold storuge, warehouse plants, ice
cream manufacture, ice manufacture, beer manufacture, food freczing plants etc.

Unra-low temp. refngeaation system using CO, and N, for
industriaf applications

& R-729 (Air), The dry air 15 used as 3 gaseous refrigerant in some compression systems,
pam'cularly in air-craft alr conditioning.

N k. 744 (Carbon dioxide). The principal refrigeration use of carbon dioxide is same 5 that
of dry ice. It is non-toxic, non- irritating and non-flammable. The boiling peint of this refrigerant
is-so extremely low (- 73.6°C) that at - 15°C, a pressure of well aver 20.7 bar is required to
prevent its evaporition. Al a condenser temperature of +30"C, a pressure of approximately 70 bar
Is Tequired to liguify the gas. Its critical temperature & 31°C and triple” point is — 56.6°C. Due 1o
it high operating pressure, the compressor of # carbon dioxide refnigerator unit 15 very small even
for o comparatively large refrigerating capacity, Howeves, because of its low efficieacy as
compared to other common refrigerunts, it 1§ seldom vsed in household units, but is used in some
mndustrial applications and abeard ships.

4. R-764 (Swiphur dioxide). This refrigerant is produced by the combustion of sulphur i
air. In the former years, it was widely used in houschold and small commicreial units. The boiling
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point of sulphur dioxide is ~ 10°C at atmospheric pressure, The condensing pressuse varies
between 4,1 bar and 6.2 bar under normal operating conditions. The latent heat of sulphur dioxide
at — 15°C is 396 kl/kz. It is a very stable refrigerant with a high critical temperature and it Is
non-flammable and non-explosive. It has a very unpleasant and irritating odour. This refrigerant is
not injurious to food and is used commercially as a ripener and preservative of foods. It is
however, extremely injurious 1o flowers, plants and shrubbery. The sulpbur dioxide in its pure state
is not corrosive, but when there is moisture present, the mixture forms sulphurous acid which is
cormosive 10 steel. Thus it is very important that the moisture in the refrigerating system be
held to a minimum,

The sulphur dioxide does not mix readily with oil. Therefore, an oil fighter than that used
with other refrigerants may be used in the compressars. The refrigerant in the evaporator with ol
floating on the top has a tendency to have a higher boiling point than that corresponding to its
pressure. The modem evaporators overcome this by having the liquid introduced in such a way that
the refrigerant is kept agitated while the unit is in operation. The leaks in the system with sulphur
dioxide may be casily detected by means of soap solution or ammonia swab. A dense white smoke
forms when sulphur dioxide and ammonia fumes come in contact.
3. R-118 (Water). The principal refigeration use of water is as ice. The higly freezing
temperature of water limits its use in vapour compression systems, It is used as the refngerant
vapour in some ahsorption systems and in systems with steam jet Compressors.

8.7 Hydro-carbon Refrigerants

Most of the hydro-carbon refrigerants arc successfully used in industrial and commercial
installations. They possess satisfactory thermodynamic properties but are highly Dammable and
explosive: The varions hydro-carbon refrigerants are given in the following table :

P AR S Hydro-carbon refrigerants.

Refrigerant number Chemical name Chemical formuls

R-170 Ethane CH,

. R2% Propune CH
R-600 Butane CH,
R-600a Isobutane CH,,
R-1120 Trichicroethylene CHCL
R-1130 Dichioroethykene CH.CL
R-1150 Exhylene CH,
R-1270 Prupylene CH;

Since the hydro-carbon refrigerants are not commonly used now-a-tays, therefore, they arc
not discussed in detail

Maredacture of Hydrocaroon rafngarants
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8.8 b/odgnatlon System for Refrigerants
The n,frigcranls are imcmalionally designated as ‘R' followed b) certain numbcrs such as

-.—-v“

than'fh‘é"ﬁ'—um'ﬁ;;( carbon (C) mms . but when this dlgn is zero, it is omitted. The gcncral
cheimiical formula for the refrigerant, either for methane or ethane base, is given as C H, CI,,F, in
whichn+p+g=2m+2

where m = Number of carbon atoms,
n = Number of hydrogen atoms, -
p = Number of chlorine atoms, and
g = Number of fluorine atoms.
As discossed above, the number of the refrigerant is given by R (m ~ D)(n + 1) (). Let us

consider 15¢ following refrigerants 1o find its chemical formula and the number.
L. Dichloro-tetrafluoro-ethane

We see that in this refrngerant

Number of chlorine atoms, p=2
Number of fluorine atoms, g=4
and number of hydrogen atoms, ne=(
We know that n+prqg=2Im+
0+2+4=2m+2
&% o= 2
Le. Number of carbon atoms =

Thus the chemical fotmula for dichloro-tetrafluoro-ethane becomes C,CLF, and the number
of refrigerant becomes & (2—1) (O+1) (4) or R-114.

2. Dichloro-difluoro-methane
We see that in this refrigerant
Number of chlorine atoms, p=2
Number of fluorine atoms, qg=2
and number of hydrogen atoms, n =
We know that nep+q=2m+2

0#242=2m+2
m=1
ie Number of carbon atoms = |

Thus the chemical formula for dichloro-difluoro-methane becomes CCLF, and the number |
of refrigerant becomes R (1-1) (0+1)(2) or R-012 i.e. R-12,

The inorganic refrigerants are designated by adding 700 to the molecular mass of the
compound. For example, the molecular mass of ammonia is 17, therefore it is designated by
R - (700 +17) or R-717. gl € of ms: (4E1X2= 13 mpe ol of-(0, T 120)6R2-

L TR U % A P O M 5
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S.Q/Cmnparlson of Refrigerants

There is no such refrigerant (i.¢. ideal refrigerant) which can be used under all operating
conditions. The characteristics of some refrigerants make them suitable for use with reciprocating
compressors and other refrigerants are best suited 1o centrifugal or rotary compressors. Therefore
m order to sclect a correct refrigerant, it is necessary that it should satisfy those properties which
make it ideal to be used for the particular application. We shall now discuss the thermodynamic,
chemical and physical propertics of some important refngerants.

8.1\%hermodynamlc Properties of Refrigerants

thermodynamic properties of refrigerants are discussed, in detail, as follows -

L. Bailing temperature. The boiling temperature of the refrigerant at atmospheric pressure
should be low. If the boiling temperature of the refrigerant is high at atmospheric pressure, the
compressor should be operated at high vacuum. The high boiling temperature reduces the capacity
and operating cost of the system. The following table shows the boiling lemperstures &t
atmospheric pressure of some commonly used refrigerants.

Boiling temperatures. LY

Refrigerant Bailing temperature (° C) at atmospheric pressure
R-11 +2377
R-12 - 29
R-21 +9
R-22 -4l
R-30 + 398
R-40) -237
R-113 + 476
R717 -333
R-744 -T36
R-764 - 10

L,007 \/2 Freezing temperature. The freezing temperature of a refrigerant should be well below the
operating evaporator iemperature. Since the freezing temperature of most of the refrigerants are
below — 35°C, thercfore this property is taken into consideration only in Jow temperature
operation. The following table shows the freezing temperatures of some common refrigesants.

[FUICR NS Freezing temperatures,

Refrigerant Freezing temperature (* C)

R-11 —111

: —157.5
~ 135

3 -2 ~ 160

3 ReA -91.5
B o < L =35

- RT17 ) ~TI8

'  R764 - 756
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3. Evaporator and condenser pressure. Both the evaporating (low side) and condensing
(high side) pressures should be positive {(i.e. above atmospheric) and it should be as near to the
atmospheric pressure as possible. The positive pressures are necessary in onder 1o prevent leakage
of air and moisture into the refrigerating system. It also permits casier detection of leaks. Too high
evaporating and condensing pressures (above atmospheric) would require stronger refrigerating
equipment (i.e. compressor, evaporator and condenser) resulting in higher initial cost. The
following table shows the evaporating and condensing pressures, and compression ratio for various
refrigerants when operating on the standard cycle of - 15°C evaporator temperature and + 30°C
condenser temperature.

E RS Evaporator and condenser pressures.

Refrigerant Evaporatar pressure Condenser pressure (p.) at Comprestion ratio
(pe) at = 13° C, In bar + 30° C in bar (Pl )

R-11 0.2021 1.2607 6.24 .
R-12 1.8262 7.4510 4.08
R-21 0.3618 2.1540 5.95
R-22 29670 12.0340 4.05
R-30 0.0807 07310 9.06
R-40 14586 65310 447
R-113 0.0676 0.5421 8.02
R-717 23634 11.67 494
R-744 2290 71930 314
R-764 0.8145 4.5830 5.63

The reciprocating compressors are used with refrigerants having low specific volumes, high
operating pressures and high pressure ratios. The centrifugal compressors are used with
refrigerants having high specific volumes, low operating pressures and low pressure ratios.

4, Critical temperature and pressure, The critical temperature of a refrigerant is the highest
temperature at which it can be condensed to a liquid, regardless of a higher pressure. It should be
ubove the highest condensing temperature that might be encountered. If the critical temperatyre of
a refrigerant is too near the desired condensing temperature, the excessive power consumption
results, The following table shows the critical temperature and pressures for the commonly used
refrigerants , The critical temperature for most of the commeon refrigerants is well above the normal
condensing temperature with the exception of carbon dioxide (R-744) whose critical temperature
is 31°C.

LIRS Critical temperature and pressures.

Refrigerant Critical remperature (% ) Cruricnl pressure (far)
R-11 198 438
R-12 12 412
R-21 Vi8.5 51.65
R-22 96 49.38
R-30 216 44.14
R-40 143 66.83
R-113 214 34,14
R-717 133 113.86
R-744 il 738
Wi 157 787
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5. Coefficient of performance und power reguirements. For an ideal refrigerant operating
between - 15°C evaporator temperature and 30°C condenser temperature, the theoretical
coefficient of performance for the reversed Camot cycle is 5.74. The following table shows the
values of theoretical coefficient of performance and power per tonne of refrigeration for some
common refrigerants operating between - 15°C evaporator temperature and 30°C condenser
temperature,

Coefficient of performance and power per TR.

Refrigerant Caefficient of performance kW /TR
; R B 509 4. 0694
Rz e A g Wi 0746
k2 486 Lo 4 AR | Lo S
R0 . 490 s 0716
BT e 76 =ik 08
R729 e 574 b | [ RIS
R84 I ERAER D, Sgs - S
- RaG SNl gt 07

From the above table, we see that R-11 has the coefficient of performance equal to 5.09
which is closest to the Camot value of 5.74. The other refrigerants have also quite high values of
coefficient of performance except R-744 (carbon dioxsde) which has the valwe of coefficient of
performance as 2.56 with a power requirement of 1.372 kW per tonne of refrigeration, This s due
1o its low critical point (31°C) and the condensing temperature is very close to it which iy 30°C.
Practically, all common refrigerants have approximately the same coefficient of performunce and
power requirement,

/b Latent heat of vaparisation. A refrigerant should have a high latent heat of va@%’m
at the evaporator temperature. The high latent heat results m high refrigerating effect per kg of
refrigerant circulated which reduces the mass of refrigerant to be circulated per toane of
refrigeration. Table 8.10 shows the refrigerating effect for the common refrigerants operating
between - 15°C evaporater temperature and 30°C condensee temperature. It also shows the latent
heat, mass of refrigerant circulated per tonne of refrigeration and the volume of the liquid
refrigerant per tonne of refnigesation.

7. Specific volume. The specific volume of the refrigerant vapour at evaporator temperatune
(i.e, volume of suction vapour 10 the compressor) indicates the theoretical displacement of the
compressar. The reciprocating compressors are used with refrigerants having high pressureg and
low volumes of the suction vapour. The centrifiigal or turbo compressors are used with refrigerants
having low pressures and high volumes of the suction vapour. The rotary compressors are used
with refrigerants having intermediate pressures und volumes of the suction vapour, Table 8.11
shows the specific volume of the refrigerant vapour and theoretical piston displacements for
various refrgerants.
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Refrigerating effect, latent heat of vaporisation, mass of
refrigerant and volume of liquid refrigerant.

Refrigerant | Refrigeraring effect Latent heat of | Masy of refrigevant | Voline of liguid
for standard cyele vapaorisation af circulated per refrigerant
of - I5°Cro = 15°C in k)kg | standard ronne, in circulating per
+ 307 . in Kilg kglmin standard tonre af
30°C in lirres per
mimiere
R-I1 157.3 1957 134 0.91%
R-12 1165 159.0 181 1.404
R-22 161.5 218.1 131 111§
R-30 3136 3777 0.676 0.507
R-40 350.0 4210 0603 0.67
R-113 1251 1645 1.7 L1
R-717 1105.4 1316.5 0.19 032
R-7HM4 1293 2740 163 273
R-764 395 3947 .64 0474
Specific volume and theoretical piston displacements.
Refrigerant Specific volume of the refrigerant Vapowr displacement for
wapoie at — 137 C (mig) standard tonne of refrigeration
(me"/min)
R-11 0.77 1016
R-12 0.091 0.163
R-22 0.078 0101
R-30 in 208
R-40 0.28 0167 >
R-113 1.7 208
R-717 031 0.096
R-744 0.0167 0027
R-7641,, 0.401 0254
8.1 wmical Properties of Refrigerants ‘
e chemical properties of refrigerants are discussed as follows -

o Flammabilitv. We have already discussed that hydro-carbon refngerants such as ethune,
propane etc. are lnghly flammable. Ammonia is also somewhat flammable and becomes explosive
when mixed with air in the ratio of 16 10 25 per cent of gas by volume. The halo-carbon
refrigerants are neither flammable nor explosive. '

tX Toxieiry, The toxicity of refrigerant may be of prime or secondary importance, depending
upon the application. Some non- toxic refrigerants (i e. all fluorocarhon refrigerants) when mixed
with certain percentage of wir become toxic.

The following table shows the relative toxicity of the common refrigerants, based upon the
concentration and exposure time required 1o produce serious results.
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m Toxicity based upon concentration and exposure time required.

Refrigeran Concentration in ar 10 |  Duravion of expasure to “Underwriters’
prexhice serious effects proddiee serious effecrt | Laboratories number
(% by volume) (minutes) Eronp
R-11 10 120 5
R-12 28510 304 120 6
R-22 18 t0 226 120 S5A
R-30 S.1ws3 30 4A
R0 2025 120 4
R-113 48ws5 60 4
R-717 05 w06 30 2
R-744 91030 30 to 60 5A
R-764 0.7 5 1

From the above table, we see that R-717 (ammone) and R-T64 (sulphur dioxide) are highly
toxic. These refrigerants are also strong imtants, Therefore these refrigerants are not used in
domestic refrigeration and comfort sir conditioning, The use of toxic refrigerants is only limited
to cold storages,

A Solubility of water. Water 1s only slightly soluble in R-12. At - 18°C, it will hold six parts
per million by weight, The solution formed 15 very slightly corrosive to any of the common metals,
The solubility of water with R-22 15 more than R-12 by a ratio of 3 1o 1. If more water is present
than can be dissolved by the refrigerant, the ice will be formed which chokes the expansion valve or
capillary tube used for throttling in the system. This may be avoided by the proper dehydration of
the refrigerating unit before charging and by the use of silica gel drier of the liguid live. Ammon:a
is highly soluble in water. Due to this reason, a wetted cloth is put at the point of leak (o uvoid
harm to the persons working in ammonia refrigerating plants.

Sy Miscibility. The ability of  refrigerant to mix with oil is called miscibility. This property
of refrigerant 15 considered to be a secondary factor in the selection of o refrigerant. The degree of
miscibility depends upon the temperature of the oil and pressure of the refrigerating vapour. The
freon group of refrigerants are highly miscible refrigerants while ammonia, carbon dioxide, sulphur
dioxide and methyl chloride are relatively non-miscible,

The non-miscible refrigerants require larger heat transfer surfaces due to poor heat
conduction propertics of oil. The miscible refrigerants are advantageous from the heat transfer
point of view. They give better lubrication as the refrigerant acts as a carrier of oil to the moving
parts, The miscible refrigerants also eliminate oil-separation problems and aid in the retum of oil
from the evaporator.

o3 Effect on perishable materials. The refrigerams used in cold storage plant and in
domestic refrigerators should be such that [n case of leakage, it should have no effect on the
perishable materials. The freon group of refrigerants have no effect upon dairy products, meats,
veigetables, flowers and furs, There will be no change in colour, taste or texture of the material
when exposed to freon.

Methyl chloride vapours have no effect upon furs, flowers, eating foods or dnnking
beverages. Sulphur dionide destroys flowers, plants and furs. but it dees not effect foods **

The Underwriters” Laboratorics, US.A, classifies refrigerants info six groups mainly on their degree
of toaicity. The group one refrigerants are most toxic while group six refriserats are the least toxic,

** The sulphur dioxide dissolves easily in waler and booomes acedic in nasure and most of the foods have
aciclic mamre. So sulphur diocide does not effect foods
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Ammonia dissgies easily in water and becomes alkaline in nature, Since most fruits and
vegetables arpacidic in nature, therefore ammonia reacts with these products and spoils the taste,

8.12 Physical Properties of Refrigerants

The physical properties of refrigerants are discussed as follows :

L AStability and inertness. An ideal refrigerant should not decompose at any temperature
normally encountered in the refrigerating system. It should not form higher boiling point liguids
or solid substances through polymerization. Somec refrigerants disintegrate forming non-
condensable gases which causes high condensing pressure and vapour lock. The disintegration of
refrigerant may be due to reaction with metals. In order to avoid this, a refrigerant should be inert
with respect to all materials used in refrigerating system.

The freon group of refrigerants are stable upto a temperamre of 335°C. Above this
temperature, it decomposes and forms corrosive and poisonous produocts, The freon refrigerants are
not used with rubber gaskets as it acts as a solvent with rubber. Since sulphur dioxide do not
decormpose below 1645°C, therefore it is one of the most stable refrigerants,

f}/C«"‘ﬂ?&iW property. The comosive property of a refrigerant must be taken into
consideration while selecting the refrgerant. The freon group of refrigerants are non-corrosive
with practically all metals. Ammonia is used only with iron or steel. Sulphur dioxide is non-
corrosive 10 all metals in the absence of water because sulphur dioxide reacts with water and forms
sulphuric acidl.

SAdscosity. The refrigerant in the liquid and vapour states should have low viscosity, The
low viscosity of the refrigerant is desirable because the pressure drops in passing through liquid
and suction lines are small. The heat transfer through condenser and evaporator is improved at low
viscosities, The following table shows the viscosities (in centipoises) at atmosphenic pressure for
the common refrigerants.

Viscosities at atmospheric pressure.

Refrigerant Wiscosity at liguid temperatne Vivcosity at vapour remperature

-15°C 37.5°C ~I5°C 60° C

R-11 0.650 0380 0.0096 00121
R-12 0.328 n242 (G014 00136
R-22 0.286 0223 0.0114 0.0143
R-40 0.293 0226 0.0095 00120

R-113 1,200 0.564 0.0093 0.0112
R-117 0,250 0.200 0.0085 00116
R:744 0.115 - 60132 00165
R-764 0.503 0.260 0.0111 0.0184

ermul conductivity. The refrigerant in the liquid and vapour states should have high
thermal conductivity, This property is required in finding the heat transfer coefficients in
cvaporators and condensers. Table 8.14 shows the thermul comductivities of common refrigerunts.
5. Dielectric strength. The diclectric strength of o refrigerant is important in hermeticaily
sealed units in which the clectric motor is expased to the refrigerant. The relative diclectric strength
of the refrigerant is the ratio of the dielectric strength of nitrogen and the refrigerant vapour mixfure
to the diclectnic streagth of nitrogen at atmospheric pressure and room tcmpctat‘c. Table R.15
shows the relative dielectric strengths of common refrigerants.
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Thermal conductivities. »

Refrigeran Temperanere (7 C) Thermal conductivity (W/imK)

Ligiad

R-11 e 0.1022

R-12 L) 0.0814

R-22 40 0.0970

R-30 W 0.1664

R-4) 20 0.1612

R-113 40 0.0971

R-717 - 1010 +20 0.5026

R-T44 20 0.2080

R-764 20 0.3466
Vapour

R-11 30 8.318 x 107

R-12 30 9705 x 107

R-22 30 11.764 x 10

R-30 0 6,739 x 107

R-40 0 8492 x 107

R-113 30 7.798 x 107 |

R-717 0 22.182 x 107

R-744 0 14,037 =< 107

R-764 0 665 x 107

Dielectric strengths.
Refrigerant R-1J R-12 ®-22 R.30 R-40 | R-213 | R-7I7 | RT734 R-?ﬁ!

Relative
dielectne 3 24 131 111 106 206 0.82 088 19
strength

r. Leakage tendemcy, The leakage tendency of a refrigerant should be low. If there is a
leakage of refrigerant, it should be casily detectable. The leakage occurs duc o opening in the
Joints or flaws in material used for construction. Since the fluorocarbon refrigerants are coloustess.
therefore, their leakage will increase the operating cost. The ammonia l2akage is easily detected
due to its pungent odour.

The leakage of fluorocabon refrigerants may be detected by soap solution, a halide torch or
in electronic leak detector. The latter is generally used in big refrigerating plants. The ammonia
leakage is detected by using buming sulphur candle which in the presence of ammonia forms white
fumes of ammonium sulphite.

3, Lost. The cost of refrigerant is not so important in small refrigerating units but it is very
imyportant i high capacity refrigerating systems like industrial and commercial. The ammonia,
being the cheapest, is widely used in large industnzl plants such as cold storages and ice plants.
The refrigerant R-22 is costiier than refrigerant R-12. The cost of fosses due to leakage is also
important.

8.13 Secondary Refrigerants - Brines
Brines are secondary refrigerants and are generally used where lemperatures are required to

be maintained below the freexing point of water ie. 0°C. In case the temperature invoived is above
Vesrtaple Yuettttel - Lo faceriog fopnt | 1ed VIaeSIEY | Low Vagrer

Pessorty dwud stehieity, Mo . promeobiciey
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the freezing point of water (0°C), then water is commonly used a3 a secondary refrigerant.

Brine 5 a solution of salt in watez. It may be noted that when salt is mixed in water, then
the freezing temperature of the solution becomes
lower than that of the water. This is due to the fact
that the salt while dissolving in water lakes off its
latent heat from the solution and cools it below the
freezing point of water. The mass of the salt in the
solution expressed as the percentage of the mass of
the solution is known as comcenirarion of the
solution. As the concentration of the solution
increases, its freezing point decreases. But if the
concentration of the salt is increased beyond a
certain point, the freezing point increases instead of
decrcasing. The point at which the freezing
femperature is minimum, is kaown as eutectic
temperaiure and the concentration at this point 15
known as eurecric concentratiom. The brine used in o
particular application should have a concentration for
which the freczing point of the brine is at least 5°C to
8°C lower than the brine temperature reguired.

The brines commonly used are caleium chioride (CaCl,). Sodium chloride i.e. commen salt
iNaCl) and glycols such as cthylene glycol, propylene giycol el

The calcium chloride brine has the cutectic tempesature of — 55°C at salt concentration of
305 by mass. This brine is primarily used where temperatures below - 18°C are required. [t is
generally used in industrial process cooling and product freezing. The chiel disadvantages of
calcium chloride brine are its dehydrating effect and its tendency to impart a bitter taste 1o food
products,

The sodium chloride brine has the eutectic temperature of — 21.1°C at salt concentration of
23% by mass. This brine i used in chilling and freezing of meat und fish,

Both of the above two brines are commosive in nature for metallic containess which put
limitation on their use, Also the thermal properties of the above two brines are less satisfactory,

Other water soluble compounds known as antlfreese are also used for decreasing the
freczing point of water for certain refrigeration uses. Ethylene and propylene glycol have a number
of good properties. Since they ure non-corrosive and non- electrolytic even in the presence of
watar, therefore, these brines are most extensively used as antifrecze elements, The following table
shows typical applications of various brincs.

Typical application of various brines.

Special secondary refngerants.

Application Brine wsed
1, Breweries Propylene glycol ;
2. Clemical plants ‘Sodium chloride, Calcinm chloride, Ethylene glycol
4. Food process Sodivm chloride, Cudcium chloride, Propylene glycal
5, Ico-greums Calcinm dﬂaﬂ.mpﬂém glycol 234
6. feeplant Sodium chloride e 5] 3¢
7. Mea packing Sodium chloride, Calcium chiogde
8. Skating ring _Calcium chiloode, Ethylene glycol
-0, Special Jow lemperature 3 Calcium chlcride, Ethylene glycol

Page | 56



16.11 By-pass Factor of Heating and Cooling Coil

We have already discussed that the temperature of the air coming out of the appararus
(1) will be less than *£,, in case the coil is a heating coil and more than £ in case the coil is a
cooling coil

Let 1 kg of air at tempemture £, is passed over the coil having its iemperature (Le. coil
surface temperature) £, as shown in Fig. 16.18.

A little considerution will show that when air passes over a coil, some of it (say x kg) just
by-masses unaffected while the remaining (1 - x) kg comes in direct contact with the coil. This by-
pass process of air is measured in terms of a by-pass factor, The amount of air that by-passes or
the by-pass factor depends upon the following factors :

1. The number of fins provided in a unit length ie. the pitch of the cooling coil fins |

2 The number of rows in a coil in the direction of flow; and

3. The velocity of flow of air.

I* may be noted that the by-pass factor of a cooling coil decreases with decrease in fin
spacing and increase in number of rows.

* Under 1deal conditioas, the dry bulb temperuture of the air leaving the apparsius (1) should be equal
to that of the coil (¢,,). But it is not so. because of the inefficiency of the coil. This phesomenon is
known as Sre-peany forior
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Insulaled apparstis

1 K~ xkg Ly —T>1ikg

Avin —» A = Air out

{tn) —> > (L)
Fig. 16.18, By-pass factor.

Balancing the enthalpics, we get
Tl Iy + (1 =X) tp
= Ixe,1n < [ where ¢ = Specific bumid heat)

o= 37l

where x is called the by-pasr fucror of the coil and is generally written as BPF, Therefore, by-pass

factor for heating coil,
BRI
BPF = LQL’!!.L {lq I

Ta=Ta =
Similarly, by-pass factor for cooling coil, /
% “, ~\4 s

ty =1
BPF = -S4k |\
T = las
The by-pass factor for heating or cooling coil may also be
obtained as discussed below : Fig, 16.19

Let the air passes over a heating coil. Since the temperature distribution of air passing
through the heating coil is as shown in Fig. 16.19, therefore sensible heat given out by the coil,

Arr handling system,

Page | 58



where [ = Overall heat transfer coefficient,
A_ = Surface area of the coil, and
t, = Logarithmic mean temperature difference.
We know that logarithmic mean temperature difference,

b ~1a) I3~ 14
= 7 ,andBPF:a =
i~

A

"~ log, (1/ BPF)
Now the equation (f} may be written as

1=t B

Q, = UxAX log (11 BPF) ... iy
We have already discussed that the heat added during sensible heating,

0 = O (tp—ty) ... (i)

where G = Humid specific heat = 1.022 kl/kg K, and

m, = Mass of air passing over the coil
Equating equations (if) and (iii), we have
UA, = m,c,, log, (1IBPF)

e S
%8 \8PF) = mc,,
[
or log, (BPF) = - Sy
M, €
BoF = ¢ Ml |, {102, ()

Proceeding in the same way as discussed above, we can derive the equation (iv) for a
cooling coil.
Nolt:’mcpcrfwmnceofamm:gorooolingooﬂismmdinlemsofahy-passfnm.Acoil with
Jow by-pass factor has betier performance.
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22.5 Room Air Conditioner

A room aif conditioner is a compact, self contained air-conditioning unit which is normally
installed in a window or wall opening of the room and is widely known as window type air conditioner.
It woeks on vapour compression cycle. A complete unit of 4 room air conditioner consists of the
refrigeration sysiem. the control system (thermostat and selector switch), electrical protection system
(motor overload switches and winding protection thermastat on the compressor motor), air circulation
system (fan motor, centrifugal evaporator blower), veatilation (fresh air damper) and exhaust systen..

The refrigeration system consists of a hermetic type compressor, forcad air<cooled finned
condenser coil, finned cooling coil, capillary tube as the throtiling device and a refrigerant drier. The
refrigerant used is R-12 or R-22. In hermetic compressors, & winding thermostat 5 embedded in the
compressor motor windings. It puts off the compressor if the winding temperature exceeds the safe
limit, thus protecting the winding against high emperature.

The condenser s a continuous coil made of copper tubing with aluminium fins attached toit to
increase the heat transfer rate (rejecting heat to atmasphere). A propeller type fan provides the necessary
air 0 cool the refrigerant in the condenser and also exhausts air from the air-conditioned space when
the exhaust damper is opened. The evaporator is a cooling coil also made of copper with aluminium
finss attached to it to increase the heat transfer rate (taking in heat from the room air).

The room air-conditioner is installed in such a way that the evaporator faces the room. A
centrifugal blower is installed behind the cooling coil which sends cool air in the room. A filter is
installed on the fresh air entering side of the evaporator to remove any dirt from the air. A damper
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inside the cahinet regulates the fresh air intake of the room air-conditioner. The quality of fresh air
may be varied by adjusting the dampers. If all the air in the Toom i to be exhausted. the fin control
of the unit is set to “Exhanst’ position. The condenser fan or blower exhausts all the air to the
atmosphere. Thus, smoke and odour are removed by the condenser fan which draws air through the
dampers and exhausts it through the louvers in the rear of the unit.

Fig. 22.3. Layout of a room air conditioner,

Room gir conditioner.

A thermostal element is Jocated in the retum air passage of the unit. 1t controls the opertion of
the compressor based on the return air temperatare, which indicates the room tempezature. It may be
noted that when the required temperature is obtained, the compressor 1 stopped.

A selector switch often known 2§ master control, controls the compressor motor, condenser
fan mokor, and evaporator fan motor. When the control switch is in “Ventilate' position, only evaporator
blower motor operates and outside fresh air is supplied in the room which is not cool as the compressor
is not working, In the *Exhaust” positon, the condenser fan motor operates and all the room air is
exhausted to the atmosphere. In the ‘cool” position, all the motors i.e. compressor motor, condenser
motor, and evaporator molor are in working state and cool air is supplied to the room.

Notes : 1, By installing a reversing valve, the air-conditioner unit can be used for heating the room during
winter. The reversing valve is a two position valve with four ports. The discharge and suction lines of the
compressar are connected 10 two parts, The odher (wo ports
are connected to the infet side of the air-cooled condenser and

the suction outlet of the evaporatoe,

2, The advantage of using a reversing valve for heat-
ing is that the energy required for beatng the room will be mach Heat - -
less them that required for heating with electrical srip hesgers,  @¥Ehange ' £ra ] e
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3.4 Simple Air Evaporative
Cooling system

A simple air evaporative cooling system is
shown in Fag. 3.8. It is similar to the simple
cooling system except that the addition of an
evaporator between the heat exchanger and
cooling turbine. The evaporator provides an
additional cooling effect through evaporation of
a refrigerant such as water. At high altitudes, the
evaporative cooling may be obtained by using
alcohol or ammonia. The water, alcohol and
ammonia have different refrigerating effects at
different altitudes. At 20 000 metres height,
water boils at 40°C, alcohol at 9°C and ammonia
at - 70°C.

" Gas turbine M;n'comp

_j ff} ar

—t Fy -~
-— N —

chamber Jﬂ

To ammosphere
Fig. 3.8, Simple air evaporative cooling system.,
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The T-s diagram for a sumple air cycle evaporative cooling system is shown in Fig. 3.9,
The various processes are same as discussed in the previous article, except that the cooling
process in the evaporator is shown by 4 - 4" in Fig. 3.9,

- I M 0 5~ 01
T‘ ---------------
Lh=sss
rh---24

E \
R -
..
[ St
r' ----- -4.—-5-
L -
2 L____“-._
'r’ -P/' 2

Fig. 3.9, T-s diagram for simple evaporative cooling system,

If Q tonnes of refrigeration is the cooling load in the cabin, then the air required for the

refrigeration purpose,
2100 '
m, = C'(Tﬁ _1;') kglm
Power required for the refrigerating system,

mc, Ty =Ty

60

and C.O.P. of the refrigerating system

200 2100
= me,(Te-T) = Px60

The initial mass of evaporant (m ) required 10 be carried for the given flight time is given

by
Q.
m = "fy
where Q, = Heat to be removed in evaporation in kl/min,

¢t = Flight time in minutes, and
by, = Latent heat of vaporisation of evaporant in kl/kg.

Notes : L In 7-5 diagram as shown i Fig. 3.9, the thick lines show the ideal condition of the process, while
the dotted lincs show actual conditions of the process.

2. If cooling of 45 minutes duration or less is required, it may be advantageous to use cvapontik
cooling aloae.
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Example 3.6, A simple evaporative air refrigeration system is used for an aeroplane to take
20 tonnes of refrigeration load. The ambient air conditions are 20°C and 0.9 bar. The ambient air
Is rammed isentropically 1o a pressure of 1 bar. The air leaving the main compressor at pressure
3.5 bar is first covled in the heat exchanger having effectiveness of 0.6 and then in the evaporator
where its temperature Is reduced by 5°C. The air from the evaporator is passed through the
cooling turbine and then it is supplied 1o the cabin which is 1o be maintained a1 o temperature of
25°C and a1 a pressure of 1.05 bar, If the internal efficiency of the compressor is 80% and that of
cooling turbine is 75% ,determine -

L. Mass of alr bied off the main compressor: 2. Power required for she refrigerating system;
and 3. C.O.P. of the refrigerating system.

Solullon.Givcn:Q=NTR:T,=20°C=20+Z73=293K:p,=0.9bar;p2= 1 bar ;
Py=py=35bar N, =06.T,=25°C=25+273=208K ; p, = 1.05 bar ; 0. =80% = 08 ;
N = 75% =0.75

The T-s diagram for the simple evaporative ar refrigeration system with the given
conditions is shown in Fig. 3.10.

Enirogy ——»

Fig. 3.10

Let T, = Temperature of air entering the main compressor,

I; = Temperature of air afier isentropic compression in the main
compressor,

-3
|

= Actoal temperature of air leaving the main compressor, and

T, = Temperature of air entering the evaporator.
We know that for an isentropic ramming process 1-2,
I =} 14-1
== (&]’ =[°'§]“ = (L1122 = 103
1 P % ... (Taking Y= 1.4)

=T %x103=293x 1.03=3018 K
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Now for the iseatropic compression pmc?s 2-3,
e 141

T ¢B
Al N a1
2 P |

T, = T,x 143=3018 x 143 = 316K

%lmowum efficiency of the compressor,
_ Isentropic increase in temperature L-T
Nc = “Aqual increase in temperature. 13— 13
431.6-301.8 1208

08 = ~7._3018 - T, —3018
. r'-wuunws:mx
hffecnvcmss of the heat exchanger (1),

Te-T, __464-T, _ 464-T, 2
Ty-Ty  464-3018 1622

: T, = 464 - 06 x 1622 =366T K= =93.7°C
Smccﬁwtempmmreot’aumtbccvmonsmdmdbyS"C.memfmnﬂ;ewm-mm
of air leaving the cvapomtormdaumng the cooling turbine,
=T7,-5=937-5=887C=36L7K

Now for the isentropic expansmn process 4= 5,
-1 14-1

[ 35 ‘
'S ps Y 14
- 2] o[22 = (3.33)" = 1.4
Ty [p(,) (I.OS] Gy

To = Telldl= 361.7/1.41 = 2565 K

Efﬁcxcncy of the cooling n:rbme.
Actual increase in temperature

™ = Isenropic increase in temperature =T-5
1y o JOIT 67Ty
3617 - 256.5 105.2
T, = 3617075 % 1052 = 2628 K

L Maxs ojwbhdoﬂthcmncnupmmr

We know that mass of air bled off the main compressor,
2100 210x20

Mo = T, -Ty) - 1(298-2828)
2. Power required for the refrigerating system
We know that power required for the refrigerating system,
m.c (Tl - T.') -
My =7 276 %1 (464 -301.8) - 746 KW Aus.
60 60

cTy=T)

06 =

T!-T}

= 276 kg / min Ans.

P=

A, C.O.P. of the refrigerating sysiem
We know that C.O.P. of the refrigerating system
2100 210x20
= Px6D - 746%60

=0.0% Ans
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Entrapy —————
Fig. 3.13

We know that for isentropic ramming process 1-2,

-2
] 4]
T, = T, x 1.047 = 293 1047 = 306.8 K = 33.8°C
Now for isentropic process 2-3,

il LA~

- (8" - () ormen
) 7y = Ty % 137 =306.8 x 137 = 4203 K = 147.3°C
We know that isentropic efficiency of the compressor,
Isentropic increase in temperatire L-rT
o = Tmu.ali_nc.mscln!ﬂnpcrmc T Ty-1,

- 1a-1
Y | 14
=1 — = (1.176)%2% = | 047
] (0.83] (1.176)

08 =

Ty = 3068+ 113508 =4487K = 175.7°C

Since S0% of the enthalpy of air discharged from the main compressor is removed in the
first heat exchanger (ie. during the process 3"~ 4), therefore temperature of air leaving the first
heat exchanger,

T, = 05x 1757 = 87.85°C' = 360.85 K
Now for the Isentropic process 4.5,

T 11 14-1
;f- = (f‘-) ’ =[§J "= (1330 2 g ogs
.
Ts = Ty x 1.085 = 360.85 x 1.085 = 391.5 K = [18.5°C
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We know that isentropic efficiency of the auxiliory compressor,

T ~T,
= Bl &
Ne; = o= T,

391536085 30.65
8= "T.-36085 " 7y - 36085

Ty = 360.85 + 30.65/0.8 = 399.16 K = 126.16°C

Smce 30% of the enthalpy of air discharged from the auxiliary compressor is removed in the
second heal exchanger (i.e. during the process 5~ 6), therefore temperature of air leaving the
second beat exchanger.

T, = 0.7 % 126,16 = 883°C = 3613 K

For the isentropic process 6-7,
i L 14-1
5 - (f—] i (%2] * = 02290 = 0653
6 (3
T, = T, %0653 = 3613 x 0.653 =236 K =-37°C
Wc know that turbine efficiency, g

Actual increase in temperature T, =Ty
T = Jsentropic increase in temperature T, = T3
”1'3"7“[' _ 36'.3-7‘7'
3613-236 1253
Ty = 3613085 x 1253 =248 K=-182°C

1. Power reguired to nperate the system
We know that amount of air required for cooling the caban,
210Q 21010

Sy =Ty - 10293-2548) - > ke/min

and power required to operate the system,
mua, (T =To) 55 1(448,7 - 306.8)

60 &0

085 =

=130 kW Ans.

2, C.O.P. uf the system
We know that C.O.P. of the system

200 210x10
T omge, (Ty=Ty) — 55X 1(448.7-306.8)

3.6 Boot-strap Air Evapqntlve Cooling System

A boot-strap air cycle evaporative cooling system is shown in Fig, 3.14, It 15 stmilar 1o the
boot-strap air cycle cooling system except that the addition of an evaporator between the second
heat exchanger and the cooling turbine,

The T-s diagram for a boot-strap air evaporative cooling system is shown in Fig 3.15. The
various processes of this cycle are same as a simple boot-strap system except the process 5'-6
which represents cooling in the evaporator using any juitable evaporant.

=0.27 Ans.
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Chapter-5 Vapour absorption refrigeration system

7.2 Simple Vapour Absorption System

The simple vapour absorption system, as shown in Fig. 7.1, consists of an absorber, a pump,
a gencrator 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.

Cooll
M:fg Heat
l I reocted (0
High pressure ammonia vapour 8 5
6. - » >
: |~ Heat Suppied (Q; Condenser
[ canara .~ Heat Supoied (C,) it |
ammona
S, Weak
Steam solution
or : Reoceiver
© 3} hesingood () FresrEechg
Heat
5¢ absored
A (G '
s y R
2 | Absorber | 1 Lowpressy
——! -— N Evaporator |+ .
Svong (ﬁm\ ammania vapour 8
solution T+ ;wsat
Coolng  Tejected (Q,)
waer

Fig. 7.1. Simple vapour absosption system,

In this system, the low pressure ammonia vapour leaving the evaporator eners 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 aqu-ammoms 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 emploved in the absorber to remove the heat of
solution evolved there. This is necessary in order to increase the absorption capacity of waler,
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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 up to 10 bar.

The strong solution of
ammonia in the generator is
heated by some external source
such as gas or steam. During
the Theating 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 10 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 1o & high pressure liguid ammonia, This liquid ammonia is passed to
the expansion valve through the receiver and then to the evaporator. This completes the simple

vapour absorption cycle.
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7.3 Practical 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. 7.2 These accessorics help to improve the performance and working
of the plant, as discussed below :

|, 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 particies are not removed before entering into the condenser, they will enter 1nto
the expansion valve where they freeze and choke the pipeline. 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 u separate picce of equipment. Tt consists of a serics of trays mounted
above the generator. The sirong solution from the absorber and the agua from the rectifier are
introduced at the top of the analyser and flow downward ever the trays and into the generatoe. 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
(approximately 99%) leaves the top of the analyser. Since the aqua is heated by the vapour, less
external heat is required in the generator
3, Recuifier, 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, Itis generally water cooled
and may be of the double pipe, shell and coil or shell and tbe type. Its function is to cool further
the ammonia vapours feaving the analyser so that the remaining water vapours are condensed.
Thus, only dry or anhydrous ammonia vapours flow to the condenser. The condensate from the
rectifier 15 retumed to the top of the analyser by a drip return pipe.
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3. Heat exchangers, The heat exchanger provided between the pump und the generator 15
used to cool the weak hot sofution returning from the generator 10 the absorber. The heas removed
from the weak solution raises the temperature of the strong solution Jeaving the pump and going
1o analyser and generator, This operation reduces the heat supplied 1o the generator and the amount
of cooling required for the absorber. Thus the economy of the plant increases.

Copling
a1 Conl
e — v - - Condensa -
| o N Recstoror
o | 1
|‘_, Analyzar
——
. Generatar g Healing coiks RecmrD
— I
|
1 Weak '
" solunon ¢
; 3
' Mt |
Haat exchanger
§ exchanger
[a— . Pressure
wp 7 A reducing l .
Strong | veive TN = oy g
el l
) |
Expansion
4codng? Ve
water
Fig. 7.2

The heat exchanger provided between the condenser and the evaporstor may also be called
liquid sub-cooles. In this heat exchanger, the liquid refrigerant leaving the condenser is sub-cooled
by the low tempecuture ammonia vipour from the evaporator as shown in Fig. 7.2, This sob-cooled
liquid is now passed to the expansion valve und then to the evaporator,

In this system, the net refrigerating effect i the heat absorbed by the refrigerant in the
evaporitor. The total energy supplied 10 the systém is the sum of woek done by the pump und the
heat supplied in the generator. Therefore. the coeflicient of performance of the system is given by

COP = Heat absorbed in evaporator
Woaork done by pump + Heat supplicd in geserator
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5.1 Comparision between vapour absorption & vapour compression system

7.7 Advantages of Vapour Absorption Refrigeration System
over Vapour Compression Refrigeration System

Following are the advantages of vapour absorption sysiem over vapour compeession systen! |

L. In the vapour absorption system, the only moving part of the entire system 5 & pump
which has a small motor, Thus, the operation of this sysiem is essentially quiet and is subjected 1o
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 1o change the condition of the refrigerant
from the evaporator. The vapour compression system uses mechanical energy to change the
condition of the refrigerunt from the evaporator,

3. The vapour absorption systems arc usually designed to use sieam, either a1 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 elecine power 15 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. Bua
the capacity of vapour compression system drops rapidly with lowered evaporator pressure,

3. The load vaniations do not affect the performance of a vapour absorption system. The
load variations are met by controlling the quantity of agua circulated and the quantity of steam
supphied 1o the generator,

The performance of 4 vapour compression sysiem at partial boads 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 superhent the vapour refrigerant leaving the evaporator 30 that no liquid
may enter the compressor.

7. The vapour ahsorption systems can be built in capacities well above 1000 tonnes of
refrigeration cach, which is the largest size for single compressor units.

8. The space requirements and automatic control requirements favour the absorption system
more and maore as the desired evaporator lemperature drops.
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7.9 Domestic Electrolux (Ammonia Hydrogen) Refrigerator

The domestic absorption type refrigerator was invented by two Swedish engineess, Carl
Munters and Baltzer Von Platan, in 1923 while they were studying for their undergradeate course
of Roval [nstitute of Technology in Stockholm, The iden was first developed by the ‘Electrolux
Company” of Luton, England

ey ATMTIONIA. e
ey VR ey
L L Liouid
Feclifier Condenssr ’n:'monia
= | Genarator Hydrogen

:E: =3 Absoibar _\__\—- ) | Evaporator
. -

B ‘ |‘

FY Waak
aolution F___ e
P Ammonia
Gas === anrd hydrogen

Fig. 7.5. Domestic alectroluy type refrigerator.

This type of refrigerator iy also called Jve Sl alvorpiion fusdon The main purpose of
this system i% 1o eliminate the pump <o that in the absence of moving parts, the machine becomes
noiseless. The three fluids used in this sylem are anumonia, hydrogen and water. The ammonia 18
usad as § refrigerant because it possesses most of the desirable properties. Tt s toxic, but due to
absence of muving purts, there is very little chunce for the leakige and the wtal amount of
refrigerant used is small. The bhydrogen, being the lightest gos, is used 1o increase the rate of
sevaporation of the liguid ammonia
passing through the evaporator . The
hydrogen bs also non-corrosive and
insoluble in water, This is used m the
low-pressure side of the system. The
water is used as a solvent because it
has the ability to ahsorh ammonia
readily. The principle of operation of i
domestic electrolus type refnigerstor,
as shown in Fig. 7.5, is discussed
helow :

The strong ammonia solution
from the absorber through heit
exchanger is heated in the generntor by
applying heat from an external source,
usually a gas durnec. During this heating peocess, ammonia vapours are removed from the solution
and passed to the condenser. A rectifier of a water separator fitted before the condenser removes

Absorption machine
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water vapour carried with the ammonia vapours, so that dry ammonia vapours are supplied 1o the
condenser. These water vapours, if not removed, will enter into the evaporator causing freezing and
choking of the machine. The hot weak solution left behind in the generator flows to the absorber
through the heat exchanger. This hot weak solution while passing through the exchanger is cooled,
The heat removed by the weak solution is utilised in raising the temperature of strong solution
passing through the heat exchanges. In this way, the absorption is accelerated and the improvement
m the performance of a plant is achieved.

The ammonia vapours in the condenser anvcondensed by using extemal cooling source. The
liquid refrigerant leaving the condenser flows under gravity 1o the evaporator where it e+ the
hydrogen gits. The hydrogen gas which is being fed to the evaporator permits the liquic Y
1o evaporate at it low pressure and temperature according to Dalton's principle. Duning tre | _uss
of evaporation, the ammonia absorbs latent heat from the refrigerated space and thus produces
cooling effect.

The mixture of ammonia vapour and hydrogen is passed to the absorber where ammonia is
absorbed in water while the hydrogen rises (o the top and fiows back to the evaporator, This
completes the cycle. The coefficient of performance of this refrigerator is given by :

Heat absorbed in the evaporacor
Heat supphied m the generator
Notes : L The hydrogen gas oaly circulates from the absorber to the evaporator and back
L The whale cycle i camed ot entirely by gravity flow of the refrigerant.
3. It cannot be used for indusinal purpases as the C.O.P. of the system 15 very low.

COP =
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Chapter - 6
PSYCHROMETRY

The equipment used for measuring the dry bulb temperature and wet bulb
temperature simultaneously is known as psychometers

Sling psychometers
Aspirating psychometers
Sling psychometers

This psychometer consists of two mercury thermometer mounted on a frame which
has a handle

The handle helps for rotating the psychometer to produce necessary air motion
One bulb among the two is covered with wet wick to read the wet bulb temperature
The air velocity of 5m/sto 10m/s

First the psychometer is rotated in the air for approximately 1minute after which the
reading is taken. At this processis repeated several times to assure the lowest possible
wet bulb temperature is recovered

The Dry bulb thermometer is directly exposed to air and measure positive actually
temperature of the air

Aspirating Psychometer

In Aspirating Psychometer a small blower is provided at the top for producing rapid
motion of the air over the thermometer bul bs.

This type of psychometer is used for measuring the DBT or WBT after as particular
interval OF TIME mostly for measuring the atmosphere condition of cities throughout
the day and year .

The motor is connected to the time switch as per the interval of time required for
measuring positive temperature.

The attendant has to read and note down the temperature according to the adjusted
time interval.
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PSY CHOMETRIC PROCESS

The various psychometric processes involved in air conditioning to varry the
psychometric properties of air according to the requirement

e Sensible heating

e Sensible cooling

e Humidification & Dehumidification
e Cooling & Dehumidification

e Heating & Humidification

e Mixing of two air streams

Sensible Heating

The heating of air without any change in its specific humidity is known as sensible
heating. Heating can be achieved by the passing he air over heating coil like
electric resistance coil or steam coils

Let air at temperature at ty, passes over a heating coil of temperature tys. The
temperature of the air leaving the heating coil will be less than ty. This process is
known by a horizontal line 1-2 from left to right on psychometric chart.

Point 3 represents the surface temperature of the heating coil.
Heat absorbed = H, — Hy

Sp Specific humidity remains constant W, = W,

RH decreases from ¢, to @,

DBT increases from ty; to ty

Q=hy—h

= Cpmtg, + W (2.3 tdp + hrgdp) — Comtgs + W4(2.3tgp)

= Cym (tg — tg1)

= 1.022 (tg — t)Kj/Kg

Sensible cooling

The cooling of air without any change in its specific humidity is known as
sensible cooling.
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Let air at temperature at ty; passes over a cooling coil of temperature tys. The
temperature of air leaving the cooling coil will be more than tg. This process is
shown by a horizontal line 1-2 extending from right to left.,

Heat rejected by air during sensible cooling may be obtained by the enthal py
difference (hy —h,)

Q=h—h,
= Cpm (td1 — td2)
= 1.022(td1 — td2)
By-pass factor of heating and cooling coil

In case of sensible heating and cooling the temperature of positive air coming
out of the coil (td2) will be less than td3 in case the coil is a heating coil and more
than td3 in case coil is cooling coil.

Let 1kg of air at temperature td1 is passed over the coil having its temperature
td3. When air passes over a coil, some of it (say xkg) just by passes unaffected
while the remaining (1-x)kg come in direct contact with coil. This bypass process
of air measured in terms of a bypass factor. The amount of air that bypass or the
bypass factor depends upon:-

e The number of fins provided in aunit length
e Theno. of rowsin acoil in the direction of flow
e Thevelocity of flow of air

Balancing the enthal pies

xCpmtdl + (1 - x) Cpmtd3 = 1 X Cpmtd2

xtdl + td3 — x td3 = td2

x(td1 - td3) = td2 — td3

_ td2—tgs
td1— tas

_taz—taz
taz—tax

Where x is called the by pass factor of the coil

Bypass factor for the cooling cail

_ taz—tgs
ta1— tas
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Effeciency of Heating & cooling coil

The term (1 - BPF) i9s known as efficiency of coil or contact factor

Firer heating coil

ny=1-BPF

— taz—tas
1. 2" lds
tag1—tgs

_taz—tax
taz— tda

For cooling Coil

ny=1- BPF
tgo—t

— 1 _ d2 d3
ta1—tas

— td1—taz

ta1—tas

Q) Theair entersano at 100C and 80% RH at the rate of 150 m3/minute and is heated
to 300C without adding or removing any moisture. The pressure remains constant at 1
atmosphere determine the relative humidity of air at exist from the dult and the rate of

heat transfer.

@1 =80%
Tq1 = 10,C
V= 150 m¥mm
Te = 30°CP
P=Pb=1am
Ma= %

_ 150

0.81

= 185.2Kg/Minute

Rate of heat transfer

=Ma (hy—hy)
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(q=26KUKg>
h, = 46Kj/Kg

=185 .2 (46 -26)
= 3704Kj/mm

Q) Atmospheric air with dry bulb temperature with 280C and a wet bulb temperature
of 170C is cooled to 1'50C without changing its moisture content. Find 1. Original
relative humidity and final relative humidity and final WBT

@1 = 34%
@2 =73%
Tw, =12.20C

Q) The atmospheric air at 760 mm of Hg dry bulb temperature 250C and wet bulb
temperature 110c enters a heating coil whose temperature is 410CX. Assuming bypass
favor of heating coil as 0.5 determine dry bulb temperature, WBT,|& RH of the air
leaving the coil. Also determine the sensible heat added to the air per Kg of dry air.

Cooling with dehumidification of air

The remova of water vapor from the air is termed as dehumidification of air. The
dehumidification of air is only possible if the air is cooled below the due point
temperature of the air.

It is necessary to maintain the coil surface temperature below due point
temperature of air for effective dehumidification.

Tq = temp of air entering the cail
Tg =temp. of air coming out of coil
Tgs = coail surface temperature

Under ideal condition the air coming net of coil will be no. 3. No cooling coil is
hundred percent efficient so condition of air coming out of cooling coil will be
represented by point 2

The bypass factor of cooling coil

hy— h3
hi—h3

BPF =

Wr— W3
Wi— W3
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_ taz—tas
ta1— tas

Td3 is due point temperature of coil and is represented as ADP

tg41— ADP

The path followed by the process 1-2 but for the calculation of psychometric
property only end points are important so that the process may be assumed to have
followed the path 1-A and A-2

Total heat removed
Q=h-h
= (hy—ha) + (ha —hy)
Q = h; — hy = latent heat removed
Qs = ha — h, = sensible heat removed
Q=Q + Qs

The % is called sensible heat factor

Qt

SHF= %
Q1+Qs

The cooling coil capacity in tons of refrigerator is given by

— (h1— hy)Mq
3.5

Where Maisthe mass of the air in Kg/sec
SHF

For residue/prm off = 0.9

Resturant/busy offers= 0.8

Auditorium full can=0.7
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Heating & humidification

This process is generally used in winter air conditioning too warm and
humidity the air. It isthe reverse process of cooling dehumidification

Where the air is passed through a humidifier heavy spray water temperature
higher than the dry bulb temperature of the entering air. The unsaturated air will
reaches the condition of saturation and thus the air becomes hot

The heat of vaporization of water uis absorbed from the spray water itself and
hence it gets cooled. In thisway the air becomes heated and humidifies. The processis
shown by the line 1-2 on psychometric chart in this process the DBT increases and
also specific humidity.

Actually this process follows the path shown by the dotted line 1-2 but for
calculation and properties only end points are important.

Assuming the process follows the pathl-A & A-2
k=hy—hy
(h2-ha) +ha—hy
Q=Q +Qs

SH hag—h
SHF=Z =% _-Ta"h
TH Qt hz—hy

Mixing of two air streams

When two Quantities of air having different enthalpies and different specific
humidity are mixed. Final condition of air depends upon the masses involved and on
the enthalpy and specific humidity of each constituent masses which enters the
mixture.

Now consider 2 air streams1 & 2

Let M, = mass of theair entering at 1

h, = Enthalpy of air entering at 1

W, = Specific humidity of air entering at 1

M, hy, W, = corresponding values of air enters at 2

M3, hs, W3 = corresponding values of mixtures leaving at 3

Assuming no loss of enthalpy and sp. Humidity during air mioxing process
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For mass balance

For energy balance

M1h1+M2h2:M3h3 ....... 2

MW;1+ MW, =MsW3 oo, 3
Subtract the values of M3 in equation 2
Mih; + Mzhy = (M1 + Mp)hg

Mh; + Mshy = Mihs +Mjhg

Ma(hy — hg) = M2 (hs — hy)

My _ hz—hy

M;  hi—h3
.. M W3 — W-
Similarly —==—=—-2
My, Wi—Ws

The humidity ratio and enthal py save on psychometric chart

The final state lies on the specific line joint the point 1 & 2 mixture
Ml_ Distributi2_3

point 3 dividesthe lineinto 2 partsin the ratio — :
M, Distruz—q
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Chapter — 7
PHY SIOLOGICAL FACTORS

17.4 Factors Affecting Human Comfort

\_~ In designing winter or summer air condifioning system, the designer should be
conversanl with & number of factors which physiologically affect human comfort, The i
factors fre &s follows:

oA Effective temperature; 2. Heat production and regulation in human body, 3. Heat

moisture Josses from the human body, 4. Moisture content of air, 5. Quality and quantity of
6. Air motion, 7, Hot and cold surfaces, and 8, Air stratification.

These factors are discussed, in detail, in the following articles :

17.5 Effective Temperature

. The degree of warmth or cold felt by a human body depends mainly on the following
factors

I. Dry bulb temperature, 2. Relative humidity. and 3. Air veloaity.

[n oxder to cvaluate the combined effect of these factors, the term effective wm;wr'um
emptloyed. 1t is defined as that index which corelates the combined effects of air :
relgtive bumidity and air velocity on the human body. The numerical value of effective temper
is made cqual to the temperature of still (ie. 5 to 8 m/min air velocity) saturated air, w
produces the same sensation of warmth or coolness as produced under the given conditions,

The practical spplication of the cencept of effective temperature is presented by the er
chart, as shown in Fig. 17.1. This chart is the result of research made on different kinds of pe
subjected to wide range of environmental temperature, relative humidity and air movement by
American Society of Heating, Refrigeration and Air conditioning Engincers (ASHRAE). It
applicable to reasonably still air (5 to 8 m/min air velocity) to situations where the occupants
seated 2 rest or doing light work and to spaces whose enclosing surfaces are at a mean tempera
cqual 1o the air dry bulb temperature.

[n the comfort chart, as shown in Fig. 17.1, the dry bulb temperature is taken as abscissa
the wet bulb temperature as ordingies. The relative humidity lines are replotted from th
peychrometric chart. The statistically prepared graphs corresponding 1o summer and winger
are also superimposed. These graphs have effective temperature scale as abscissa and % of
feeling comfortable as ordinate.

A close study of the chart reveals that the several combinations of wet and dry
temperatures with different relative humiditics wall produce the same *effective tempera
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Chapter - 7

COOLING LOAD CALCULATIONS

1.28 Heat

The hewt is defined as the encrzy transfesred, without transfer of miss acruss the boundary
of 1 system because of o lemperature difference between the system and the surroundings. It is
asually represented by @ and is expressed in joule (J) or kilo-joule (k1.

The heat can be ransferred in three distinet ways, Le, coduction, convection and rdation,
The transfer of heat through solids takes place by coondin 1o, while the wansier of heat through
fuids is by omver i The radionon is an electromagnetic wive phenomenon in winch enetgy
can be transported through iransparent substances and evea through @ vacaum These three modes
of heat transfer are quite different. but they have onc factor in conimon. All these modes occur
across the surface arca of a svstem because of i temperature difference berween the syslem and the
surroundings.

The following points are worth noting about heat -

1. The heat is transferred across a boundary from a system at a higher lemperature to a

system at a lower lemperature by virtue of the termpesatore difference

The beat is a form of transit energy which can be identsfied only when it crosses the

boundary of & system. It exists only during transfer OF energy intu or pul of 2 system.

3. The heat flowing into a system i$ considered as ot and the heat tlowing out of a
system s considered as v,

1.29 Sensible Heat

When & substance is heated and the temperature rises as the heat Is added, the increase in
heat is called 1o e heod. Similarly, when heat is removed from a substance and the lemperafiire
falls. the hewt removed (o subtmacted) is called sensible heat. It sy usually denoted by b,

Thus, the sensible heat may be ¢ defined as the heat which ciuses i change in temperatyre n
a substance. .. For example, the heat absorbed in heating of water upio the boiling temperature is the
<ensible heat.

1.30 Latent Heat

All pure substanees are able to change their state. Solids become liguids and liguids becorme
gas. These changes of state occur st the sume temperature and pressure combinations for any given
substance. Tt takes the addition of heat or the removal of heat to produce these changes. The heal
which bnngs about a change ¢ of state with no change in temperature is called oo qor hidden)

ta

“The latent heat of ice is 335 k)kg. This means that the heat absorbed by | kg of ice 1o
change it into water at 0°C and at atmosphenic pressure is 335 k1. This heat 1s called lorear s of
jusion tor melting 3 o7 e, The water starts vaporising at 100°C (Le. boiling temperature) and
changes its state from witer to steam {Le. gaseous form). The heat absorbed during this change of
state from liguid to gas is calbed forers her of vaporivation or comdensption, The latent heat of
vaporisation of water at 100°C and at simospheric pressure is 2257 klfkg.
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1.28 Heat

The heat is defined as the energy transferred, without transfer of mass across the boundary
of 2 system because of a temperutare difference between the system and the surronndings. It is
usually represented by Q and is expressed in joule (J) or kilo-joule (k).

The heat can be transferred in three distinet ways, L#, conduction, convection and rudiation.
The transfer of heat through solids takes place by covdi o, while the transier of heat through
fluids is by - coveciion, The radisio is an electromagnetic wave phenomenor in which encrgy
can be trunsported through transparent substances and even through o vacoum. These three modes
of heat transfer are quite different. but they have one factor in contmon. All these modes occur
across the surface area of & system because of a temperature difference between the system and the
surroundings.

The following poimts are worth noting about heat :

1. The heat is transferred across u boundary from a system af i higher temperature to o
system at & lower temperature by virtue of the temperuure difference

r

. The heat is a form of twansit energy which can be identified only when it crosses the
boundary of & system. [t exists only during transfer of energy into or oul of & systen
3. The heat flowing into a system is considered as jioi and the heat owing oot of a

system is considered s« v

1.29 Sensible Heat

When a substance is heated and the temperature rises as the heat is added. the increase in
heat is called +r /0 heor. Stmilarly, when heat is removed from a substance and the temperature
falls. the heat removed (or subtracted} is culled sensible heat. It is usually denoted by it .

Thus, the sensible heat may be defined as the heat which causes @ change in temperatuse in
a substance, For example, the hea ubsorhed in heating of water upto the boiling temperature 15 the
sensibie heat.

1.30 Latent Heat

All puire substances are able to change their state. Sofids become liguids and liquids become
sas. These changes of state occur at the same temperature and pressure combinations for any given
substance. It takes the addition of heat or the removal of heat to produce these chunges. The heat
which brings about a change of stare with no change in temperature is called (/o tor Pidden)
T uially denoted by . R

The latent heat of ice is 335 kJ/ke. This means that the heat absorbed by | kg of ice 1o
change it into water at 0°C and at atmosphenic pressure is 335 kJ. This heat is called fotear s i
(usion tor melting ) o/ oo The water starts vaporising at 100°C (ie. boiling temperature) and
changes its stare from water to steam {i.e. zaseous form). The heat absorbed dunng this change of
state from liquid 10 gas s called forens dear of voparisanon or piderevition, The latent hest of
vaporisalion of water at |(0°C and at atmospheric pressure is 2257 kifkg.
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16.11 By-pass Factor of Heating and Cooling Coil

We have already discussed that the tempersture of the alr coming out of the apparatus
(1,21 Will be less than "7, In case the coil 1= a heating coil and more than 7, in case the coil 13 2
cooling coil.

Let I Kg of air at temperature 1, is passed over the coll having i1s temperature (4L, coil
surface temperature) 7, as shown in Fig, 16,18,

A little consideration will show thar when air passes over a coil, some of 1t (say v kg) just
by-passes unoffected while the remaining (1 - x) kg comes in direct coniact with the coil. This by-
pass process of air is measured in tenms of a by-pass factor. The amount of air thit by-passes or
the by-pass factor depends upon the following factors -

1. The number of fins provided in a umit length i.e. the pitch of the cooling coil finy |

2. The number of rows in a coil in the direction of flow: and

3. The velocity of flow of air.

It may be noted that the by-pass tactor of a cooling coil decrenses with decrease in fin
spacing and increase in number of rows

ﬂu e == | O i ireaemad
T 4
1 kg —— xkg s t K
Arin —te . v —t=t Air 0Lt
“ﬁ’ ——n "O*’ S —‘—’_ ('oz)
Coul

Fig, 16.18. By-pass factor,

Baslancing the enthalpies, we get
Xyl =xie 1,

= IXe ln ok where ¢« Specifie humid heat)

o SMa=15) = 34 ~1p

L7 S/
Ty~ o

A=

where v 15 called the by payy ficeor of the coil and is generally written as BPE, Therefore. by-piss
fsctor for henting coil,

BPF = =ty Ly

Las =T __]‘q

Similarly, “by-pass factor for cooling coil, /
tur

BPF = T2~ iy
Fri =l

The by-pass factor for heating or coaling ¢oil may also be
obtuined as discussed below Flg. 16,19

Let the uir passes over a heating coil. Since the temperature distribution of air passing
through the beating coill is as shown in Fig, 16,19, therefone sensiblo heat given our by the coil.

v i)
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where t/ = Overall heat transfer coefficient,
A_ = Surface area of the coil. and

1, = Logarithmic mean temperature difference.
We know that logarithmic meun temperature difference,

f,e =t by =1
fy = .and BPF = 1%
log tys i n—tn
Vs =12
e

s 7 log, (11 BPF)

Now the equation {f) may be writien as

Lo =t
Q = UxA x iog. 1T BPF) co (i)
We have already discussed that the heat added during sensible heating,
Q = m c Un—Tn) (o CTin)
where € = Humid specific heat = 1022 kg K, and

m = Muss of air passing over the coil.

Equating equations (1) and (i), we have
UA = m, c log (UBPF)
UA

log [——-—" )
S\ BPF i

' € o

- LA
P, € g
UA, " _[ UA, ]

[

\ ‘”‘ ¢ 1.022 m,

of log_{(BPF)

m

BPF = ¢
Proceeding in the same way as discussed above, we can derive the eguation (/v) for a
cooling conl.

Note : The performance of o heating or cooling cail i measured in serms of 2 by-pass [actor. A ©oil with
low by-pass tuctor has betier performance.

. e (V)
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Chapter-9

AIR CONDITIONING SYSTEM

9.1 Describe and specification of room air conditioner and commercia conditioning system

22.5 Room Air Conditioner

A room air conditioner is a compact, self contained zir-conditioning unit which is narmaily
installed in a window or wall opening of the room and is widely known as window type air conditioner.
It works on vapour compression cvcle. A complete unit of a room air conditioner consists of the
refrigeration systen, the control system (thermostat and selector switch), electrical protection system
‘motor overload switches and winding protection thermostat on the compressor motor), air circulation
system (fan motor, centnfugal evaporator blower), ventlation (fresh air damper) and exhaust system.

The refrigeration system consists of & hermetic type compressor, forced air-cooled finned
condznser coil, finned cooling coil, capillary tube as the throttling device and a refrigerant drer. The
refrigerant used is R-12 or R-22. In hermetic compressors, a winding thermostat is embedded in the
comprassor motor windings, It puts off the compressor if the winding temperature exceeds the safe
limyz. thus peosecting the winding against high temperature,

The condenser 15 & continuous coil made of copper tubing with aluminium fins attached to it to
increase the heat iransfer rate (rejecting heat to atmosphere). A propeller type fan provides the necessary
air to ool the refngzerant in the condenser and also exhausts air from the ar-conditioned space when
the exhaust damper is opened. The evaporator s a cooling coil also made of copper with aluminium
fins attached 10 it to increase the heat transfer rate (taking in heat from the room air).

The room ar-conditioner is installed in such a way that the evaporator faces the room. A
centrifugal blower is installed behind the cooling coil which sends cool air in the room. A filter is
installed on the fresh air entering side of the evaporator to remove any dirt from the air. A damper
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inside the cabinet regulates the fresh air intake of the room air-conditioner. The quality of fresh air
may be varied by adjusting the dampers. If all the air in the room is to be exhausted, the fan control
of the unit is set to “Exhaust’ position. The condenser fan or blower exhausts all the air to the
atmosphere, ms.smokemd.odomatmovedbythcumdmfanwhich&awsnirm:ghdn
dampers and exhansts it through the louvers in the rear of the unit.

Fig. 22.3. Layout of a room air conditioner.

Room air poncitianas

A thermostat element is located in the return air passage of the unit. 1t controls the opertion of
the compressor based on the retum air temperature, which indicates the room temperature. [t may he
noted that when the required temperature is obtained, the compressor is stopped.

A selector switch often known as master control, controls the compressor motor, condenser
fan motor, and evaporator fan motor, When the control switch is in * Ventilate' position, only evaporatos
blowecmowropmmesandomsideﬁeshairissnppliedind\emmnwhichisnoccoolaslhccompmsor
is not working. In the “Exhaust” position, the condenser fan motor operates and all the room air is
exhausted to the atmosphere. [n the ‘cool’ position, all the motors i.¢, compressor motor, condenser
motor, and evaporalor motor are in working state and cool air is supplied to the room.
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WATER COOLER:

Thene are two types of unitny water coolers Le, the slorage type and the instaniansous tope. In
tht sdenierye Dget wader oo, Ui evaporaos coil i soldered on (o the walls of the stomge @ank of
the couler, gensmily on the oatssde swrface of the walls: The mnk may be of golvendzed seel or
stainless stesl shests, The water bevel dn e tank is muanimnad b @ floar valve, Inothis ovpe of worer
cenrler, the moehine will have iooran for a long time o bring doown e eempermire of the inaes of
wHET i the slorage Lank. Once the temperature iouchies the sor point of the thermosioe. the machine
cycle s stopped. When the waier is desan from the coober and an equal amount of fresh water is
altowed in the tnk. the tmperntare will fise up sdowly asd e mochine starts agmin. As such there (s
abwnys o reserysr of cobid warer all the lime,

Waler m E_ _ \ I
i | wahﬂcr-.- .l'llll' -;:':-\:h|
Tergulabor
WﬂﬂTlil‘l-h- { |.. D

Walpr call Tharmosial

To coMmpressor

azthon

Fig. 22.4. Cooling coél of an instantaneous 1y pe cookir

T epess of Desneoavae o e weares coale e, the evaporater, as shown in Fig 224, consists of
oo separale cylindrically wound cails made of copper or stainless steel abe (In the fgune, the
caaling codl and the water coil are shawn separmely for clanty in explanation, otherwise, the coils ore
entwined and bonded ogether by aoddedng ). The cvaporsting refrigerant is inoe of the colls s the
water 1 be cooled i in the other codl. The water is conled by the refrigerant in evaporator by
conduction, These water coolers are linter classified as (al bottle type, (51 pressure type, and (o) seli-
eomimingd remote yps. os shown in Fig 22.5. These are discusssd, bn dewil, as follows

; Butraar
Hubbiar o
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"-\.:;;II
!— Aorile ar ME
Jﬂiunlnk |
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Fauca| l ; ; 3 b il walar
ke i
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Ciipr i
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{w) Bottle type. () Pressans Dyps: () Sedf-contained Temabe tvpe.
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(@) Boutle type. As the name suggests, this type of instantaneous water cooler employs a
bartle or reservorr for stormg water to be cooled. No city main inlet connection is required as it is
ormally used to cool walter supplied in 25 litre glass bortles, which are placed on top of the unil, as
shown in Fig, 22.5(a).

(b)  Pressure type. In this type of instantaneous water cooler, as shown in Fig, 22.5(b), wates
15 supphied under pressure. The city main water enters the cooler through the inlet connection ut the
rear of the cooler. It then pusses through a pre-cooler. The pre-cooler is cooled by the waste water of
the cooler. As the waste water temperature is low, it 38 made use of cooling the supply water by
passing through a pipe coil wrapped asound the dramage line (a counter-flow heat exchanger). This
arrangement helps in reducing the cooling load for the cooler. The amount of cooling depends upon
the quantity of waste water and the length of the pipe coil comprising of pre-cooler.

The pre-cooled water then enters the storage chamber and Joses its heat to the refrigerant, The
oatlet water pipe is connected at the bottom of the storage tank, which is fitted with a self-closing
valve or bubbler. A thermostat controls the temperature of the water in the pipe to 4 set point,

(¢} Self contained remote type cooler. This type of cooler employs @ mechanical refrigeration
system. The water cooled from the remote cooler is supplied 1o desired drinking place, away from the
system. This type of arrangement does not reqaiire extra space near the place of work and is quite
useful, 3
Notes: 1. The fawcet or push 1ype water tips are generally provided for drawing cold water in both the types in
order 1o minimize the wastage of refrigerased water.

L The thermostut contrals the operation of the refrigemtion compressor to maintain the water lemperature
within the set limats, In case of instantaneous cooler, the feeler bulb of the thermosia is clamped on 1o the water
pipe a1 s onlet end whereas in ¢ase of storage type cooler, the bulh is kept immersed in water in the 1ank or
clanoped to the wall of the storage 1ok on the outside. a1 1 lower level, much below the lower most vaperator
refrigerant wibe, soldered on the tank.

A Inthe case of the instantancous type cooler, It is very important that the flow rate of water bs adjusted
to maich its capacity. If the rate of flow is higher, the cooler will not be able to bring down the temperature of
wales o the set level. It mary be moted that with a very high flow race, the refrigeranon system will work at a very
high evaporator temperatire (so uf  higher suction pressure) which may adversely affect the compressor mator
of the cooling unit.
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21.2 Types of Fans

The following two types of fans may be used for the transmission of air -

|. Centrifugal or radial flow fans, and 2. Axial flow fans.

When the air enters the impeller axially and 1s discharged radially from the impeller, it
called a centrifugal o¢ radial flow fun.

When the air Nows parallel to the axis of impeller, it is called an avial flow fan.

21.3 Centrifugal Fans

The centrifugal fans are widely used
for duct air conditioning system, because -
they can efficiently move large or small Ar outiet
quantities of air over a greater range of
operating pressures. All cenwifugal fans O
have an impelles or wheel mounted in a L Mater
scroll type of housing, #s shown in Fig. 21.1, lnlot>
The impeller is turmed cither by the direct
drive or more frequently by an electric motoe

employing pulleys and belt. The centrifugal ;
force created by the rotating impeller moves Hg- 21.1. Contrifugal fan:

the air outward along the blade channels. The outward moving air streams are combined by the
scroll into a single large air stream. This air siream leaves the fan through the discharge outlet,
The fan impeller may have the following three types of blades :
I. Radial or straight blades, 2. Forward curved blades, and 3. Backward curved blades
The centrifugal fans with radial blades, as shown in Fig, 21.2 (a), have simple impelles
construction, The blades run straght out [rom a central hub. Some fans of this type have heavy
steed blades with high structural strength, These fans provide very high pressure at high speeds.

I =

(&) Aadial. {&} Forward curved. (¢} Backward curvad
Fig. 21.2, Three types of fan impeller blades.

A large number of centrifugal fans installed in air conditioning systems have impellers with
forward curved blades, as shown in Fig. 21.2 (). Since the blades are very shallow in depth.
therefore the diameter of the housing air-inlet opening more nearly approaches to that of the
impeller, The ample inlet opening, together with stream-lined hub of the wheel, promotes a smooth
flow of air into the rotating blades. This increases the efficiency of the fan and reduces its noise.
The forward curved blades are more capable of overcoming the attached duct system resistance
when their operation is at low speeds,

The centrifugal fan impeller may have backward curved ades. as shown in Fig. 21.2 {c).
The backward curved biades must be operated at a much higher speed of rotation than the forward
curved blades, if the sume static pressure is to be produced in each case, In some cases, the higher
speed may be an advantage because of a possible direct connection to the driving motor. The fan
impellers having backward curved blades operate at high efficiency and have no overloading
power charucteristic. They also offer the advantage ol wide ranges of capacity al constant speed
with small changes in the power requirements.

Housing
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Radial centrifugal fans Cennlugal blowers

Note : The number of impelles blades vanes in centrifugal fans. The radial blade impeliers seldom have
more than ¥ or 10 biades. The forward curved impeliers vsually have 24 to 64 blades wherzas the buckward
curved impelier usually bave 10 w0 16 blades

21.4 Axial Flow Fans

The axial tlow fans are divided into the following three groups ;

1. Propeller fan. A propelier type of axial flow fan consists of a propeller or disc type whee!
which operates within a mounting ring us shown in Fig, 213 (a). The design of the ring
surrounding the wheel is imponant because it prevents the air discharged from being drawn
backward into the wheel around its periphery. The propeller fans are used only when the resistance
10 ir movement is smull. They are useful for the ventilation of attic spaces, lavatories and
bathrooms, removil of cooking odours from Kitchens and many other applications where little or
no duct work is involved.

Propelier or

Propsiler ar
Msc type wheel P

_ gisc fype whesl

Cylingncal housing Axial type

1 | .Ll_ Alr infiow | wfe= Air tlow fl

EITF 4 “ 1
u.._%-i 5- — I
STHATD | s | i
U LOT | =Pt
1 r — —ty “ —F

Mounting ring or plate p
Cylincricat housing Guide vane

() Propeller fam {6) Tube axaal tan (¢} Vane axaal fan
Fig. 21,3 Types of axial flow fans,

2, Tube axial fon, A wbe axial fan, consists of a propelier wheel housed in a simple c\"if\dcr
as shown in Fig. 21.3 (b}, The whecl may be driven either from an electric motor within the
cylinder directly connected to its shaft or may he driven through a belt arvangement from & motor
mounted outside the housing. These funs ure casily installed in round ducts. They are more
efficient than propeller fans. The nir discharge from tube axial fan follows a spiral path as it leaves
the cylindncal housing.

3. Vane axial fan. A vane axial fan combines a tube axial fan wheel mounted in ‘.\ll' det
with a set of air guide vanes, as shown in Fig, 21.3 (¢). This fan climinates spira) fow of the
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discharge air and reduces the turbulence of flow, The
effic! i operation and the pressure characteristics
are bower than those of wbe axial fan. The straight line
flow feaving 1he fan assures quict operation.

Note : The axtal flow fans are never wvsed for duct air
conditioning svstem  becavse they are incapable of
developing high pressures. These fans are particularly
suatable for handhng large volumes of air a1 relatvely fow
pressures

21.5 Total Pressure Developed
by a Fan

We have slready discussed the static pressure,
velocity pressure and total pressure of air in ducts. In
case of a fan, the fon staric pressure ( pe. ) is the

Axagl Now lans

pressure increase produced by a fan. The fan velocuy pressure ( p ) is the velocity pressure
corresponding 1o the mean velocity of air at the fan outlet based on the total outlet area without any
deductions for moiors, fairings, o other bodics. The total pressure creaied by a fan or the fon o
pressure | pe ) 18 the algebraic difference between the total pressare at the [an outlet and the 1ol
pressure at the fan inler. Mathematically. fan total pressure,
Prr = Py
where Py = Toual pressure at fan outlet
= Stauc pressure a fun outlet + Velocity pressure at fan
outlet
= Pyt P,y und
Py = Total pressure of fan infet
= Static pressure at fan inlet + Velocity peessure at fan inlet
= Pt P
We know that the total pressure at & point is the sum of static pressure and velocity pressure
at that point. Thus, for a fan,
+Fan total pressure = Fun stanic pressure + Fan velocity pressure
L. p,‘ = [),‘1 + l'ln'l
Since the fan velocity pressure { ) is the velocity pressure at the fan outlet | P+, therefore

p” = p_“ +n ]

Notes : 111 the fan hus no saction duct, the eotry kosses o the fan hbuusing are considered as pan of the fan
Josses umd are reflected in the mechanical efficiency of the fm

[n an acgual system, the fan has a swuctyon duct and apparutus soch us (Htees and codls, In such 2 svstem
the total pressure a1 the fan inlet is always equal to the total frictional resistance in that part of the system
Also, the tolal pressure at the fan indet i such a system is always nevasive and it is numerically less than
the stanic pressure al the fan inlet

2. 11 the tan hos o discharge duct (Le. the fan delivers air directly info u free open space), the
discharge static peessure is zero (Le. p, = 0). Ths the wotad pressure at the fas outles is Squil 1 1he velagin
pressare (Le. o, =) In on actual system, the fan has o discharge duct. In soch 3 system, the 1ot pressure

atthe fan outlet is equal 1o the velogity pressure at the point o discharge plus all pressure losses in the path
tken by air to reach that paint
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21.6 Fan Air Power

The power output of o fan s expressed 1n ferms of air power and represents the work done
by the fan, Mathematically., total fan ar power ( based on fan (ol pressure. po ).

DRI % I I O\.p

= 0 (in watts)
where ¢ = Towl quanuty of wir flowing at the fan inlet in m%min,
Py = Fan total pressure in mm of wister, anid
K, = Compressibility coefficient.

Similarly, stutic fan air power based on the fan state pressure ( o ) .
= VBl O P X Kp {
P ” (i watts)

Note : 11 @ is expressed in m'fs and g, and p o are in Non', then wral (an air power (s watls),
P~n Q x e % &'l
anwd mtagie fan air power, [ R Q= py x K,

21.7 Fan Efficiencies

The rano of the wotal fan air power (o the driviag power {or brake power) required at the fan
shaft s Koown as roval fan efficiency. I s also called mechanical efficiency of the fan,
Mathematically, total fan ¢fficiency,

[l

Toral fan e power (£ )
Input or bruke power (8.F.)

My =

Stomlardy, static fan efficiency,

Staie fan air power { £,)
Input ar bruke power (#.P,)

N =
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