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Objectives

Introduce the concepts of refrigerators and heat pumps and
the measure of their performance.

Analyze the ideal vapor-compression refrigeration cycle.
Analyze the actual vapor-compression refrigeration cycle.

Perform second-law analysis of vapor-compression
refrigeration cycle.

Review the factors involved in selecting the right refrigerant
for an application.

Discuss the operation of refrigeration and heat pump
systems.

Evaluate the performance of innovative vapor-compression
refrigeration systems.

Analyze gas refrigeration systems.

Introduce the concepts of absorption-refrigeration systems.
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11-1. REFRIGERATORS AND HEAT PUMPS |+

The transfer of heat from a low-temperature
region to a high-temperature one requires special
devices called refrigerators.
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. environment

O
) (desired )
! St Another device that transfers heat from a low-
G - temperature medium to a high-temperature one
R (required | (required IS the heat pu m p .
' 1 input) input)

Refrigerators and heat pumps are essentially the
same devices; they differ in their objectives only.
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FIGURE 11-1
The objective of a refrigerator is to re- COP = COP. + | forfixed values of QL and
move heat (Q,) from the cold medium; HP R Q
the objective of a heat pump is to sup- H
ply heat (Q;,) to a warm medium.
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11-2. THE REVERSED CARNOT CYCLE |

Turbine Condenser

Compressor

-
A

FIGURE 11-2

Schematic of a Carnot refrigerator and

“Cold medium T-s diagram of the reversed Carnot
a7y cycle.
Both COPs increase as the

- | l :
COPg camot = =1 COPyp ey = difference between the two
i 7 Ao | — 7,/T,, temperatures decreases, thatis, as
T, rises or T, falls.
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11-2. THE REVERSED CARNOT CYCLE | T

The reversed Carnot cycle is the
most efficient refrigeration cycle
operating between T and T,,.

TA

It is not a suitable model for
refrigeration cycles since
processes 2-3 and 4-1 are not
practical.

- Process 2-3 involves the
compression of a liquid—vapor
mixture, which requires a
compressor that will handle two
phases. >

- Process 4-1 involves the
expansion of high-moisture-
content refrigerant in a turbine.
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11-3. THE IDEAL VAPOR-COMPRESSION

REFRIGERATION CYCLE

The vapor-compression refrigeration cycle is the
ideal model for refrigeration systems. Unlike the
reversed Carnot cycle, the refrigerant is vaporized
completely before it is compressed and the turbine is
replaced with a throttling device.

g -/
Warm
environment

1-2 [sentropic compression in a compressor

2-3 Constant-pressure heat rejection in a condenser
3-4 Throttling in an expansion device

4-1 Constant-pressure heat absorption in an evaporator

T A
' This is the most
ﬁjﬁﬂf‘m widely used cycle
for refrigerators,
A-C systems, and
Win heat pumps.
/ Schematic and T-s
/ diagram for the ideal
/ Saturated vapor vapor-compression

refrigeration cycle.
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11-3. THE IDEAL VAPOR-COMPRESSION

REFRIGERATION CYCLE

Steady-flow energy balance

[(fjn o qm]l) + [Win o Wmlt) — hf? TA‘

L — ] Saturated
Y qdr 5 Iy liquid

COPy = —— =
11ln:?l.in hj o [‘rl

Gy h, — h,

Whet.in ”'ij o ["1
;;'.] — /Ig @ P]‘ 4
l’?; — hf @ P, Saturated vapor

o

The ideal vapor-compression refrigeration cycle involves an irreversible
(throttling) process to make it a more realistic model for the actual systems.

Replacing the expansion valve by a turbine is not practical since the added
benefits cannot justify the added cost and complexity.
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11-3. THE IDEAL VAPOR-COMPRESSION

REFRIGERATION CYCLE
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_ EBmpressor The P-h diagram of an ideal vapor-

compression refrigeration cycle.
FIGURE 11-4

An ordinary household refrigerator.
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EXAMPLE 11-1 The ldeal Vapor-Compression

Refrigeration Cycle

A refrigerator nses refrigerani-134a as the working fluid and operates on an ideal
vapor-compression refrigeration cycle between 0.14 and 0.8 MPa. If the mass flow
rate of the refrigerant is 0.05 kg/s, determine (a) the rate of heat removal from the
refrigerated space and the power input to the compressor, (&) the rate of heat rejection
to the environment, and (¢) the COP of the refrigerator.

SOLUTION A refrigerator operates on an ideal vapor-compression refrigeration
cycle beiween iwo specified pressure limits. The rate of refrigeration, the power input,
the rate of heat rejection, and the COF are to be determined.

Assumptions 1 Sieady operating conditions exist. 2 Kinetic and potential energy
changes are negligible.

Analysis The T-s diagram of the refriperation cycle is shown in Fig. 11-6. We note that
this is an ideal vapor-compression refrigeration cycle, and thus the compressor is isentro-
pic and the refrigerani leaves the condenser as a saturated liquid and enters the compressor
as saturated vapor. From the refrigerant- 1 34a tables, the enthalpies of the refrigerant ar all
four siates are determined as follows:

P, =014 MPa — h, =h_ g ;10 m = 239.19 Kl/kg
.Tl = 5“ @ 004 MPa = ﬂ.%? k..”kg'K

Py=08MPa

£ =5

} hy = 275.40 kl/ke
P,=08MPa — h, =ﬁ;,ﬁ. aanpe = 23.48 kl/kg
h, = h, (throting) — h, =95.48 kl/kg

(e} The rate of heat removal from the refrigerated space and the power input to the
compressor are determined from their definitions:

0, = m(h, — hy) = (0.05 kg/s)[(239.19 — 95 48) Kl/kg] = 7.19 kW

W, = mi(h, = h,) = (0.05 kg/s)[(275.40 — 239.19) kl/kg] = 1.81 kW

Ti

(.14 MPa

S 3

(&) The rate of heat rejection from the refrigerant to the environment is
Oy =mihy = hy) = (0,05 kg/s)[(275.40 — 95.48) kl/kg] = 9.00 kW
It could also be determined from
Ou=0;+W,_ =719+ 1.81 =900 kW
(e} The coefficient of performance of the refrigerator is
Q, 719kW

COPp ==L =
*Tw, LBIKW

=397

That is, this refrigerator removes about 4 units of thermal energy from the refrigerated
space for each unit of electric energy it CONSUMEs.

Discussion It would be interesting o see what happens if the throtiling valve were replaced
by an isentropic murbine. The enthalpy at state 45 (the urbine exit with P, = 0.14 MPa, and
8y, = &y = 035408 klkg-K) is 88.95 kl/kg. and the turbine would produce 0.33 KW of poser.
This would decrease the power input to the refrigerator from 181 w148 KW and increase the
rate of heat removal from the refrigeraied space from 7.19 to 751 KW, As a resuli, the OOP of
the refrigerator would increase from 3.97 to 5.07, an inmcrease of 28 percent.

Ssanelbon Nat, Uy, 9
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11-4. ACTUAL VAPOR-COMPRESSION REF. CYCLE |, 4780

An actual vapor-compression refrigeration cycle differs
from the ideal one owing mostly to the irreversibilities
that occur in various components, mainly due to fluid
friction (causes pressure drops) and heat transfer to or
from the surroundings.

DIFFERENCES

Non-isentropic compression

Superheated vapor at evaporator exit
Subcooled liquid at condenser exit

Pressure drops in condenser and evaporator

FIGURE 11-7

Schematic and T-s diagram for the
actual vapor-compression refrigeration
cycle.

Warm
environment

The COP
decreases as a
result of
irreversibilities.

Y

Cold refrigerate
space
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L]
m EXAMPLE 11-2 The Actual Vapor-Compression

Refrigeration Cycle

B Refrigerant-134a enters the compressor of a refrigerator as superheated vapor at
0.14 MFa and = 10°C at a rate of 0.05 kgfs and leaves at (08 MPa and 50°C. The refrig-
erant is cooled in the condenser to 26°C and (.72 MPa and is throtiled to 0.15 MPa.
Disregarding any heat transfer and pressure drops in the connecting lines between the

components, determine (@) the rate of heat removal from the refrigerated space and
the power input to the compressor, (k) the isentropic efficiency of the compressor,
and (c) the coefficient of performance of the refrigerator.

SOLUTIOMN A refrigerator operating on a vapor-compression cyele is considered.
The rate of refrigeration, the power input, the compressor efficiency, and the COP are
10 he determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy
changes are negligible.

Analysis The T-s diagram of the refrigeration cycle is shown in Fig. 11-8. We note that
the refrigerant leaves the condenser as a compressed liquid and enters the compressor as
superheated vapor. The enthalpies of the refrigerant ar various states are determined from
the refrigerant tables to be

P\=014MPaY
T, =—10°C } p = 246. g

Py= 08P 28671 I
-T1=5"DQC e £

P, =0.72 MPa

T, =26°C hy = h g s =B7.83 kllkg

h, = h, (throttling) — h, = 87.83 kl/kg

(a) The rate of heat removal from the refrigerated space and the power input to the
compressor are determined from their definitions:

0, = r(h, — h,) = (0.05 kg/s) [(246.37 — 87.83) ki/kg] = 7.93 kW

W, = m(hy — h,) = (0.05 ke/s) [(286.71 — 246.37) ki/kg] = 2.02 kW
P i

1 m

0.8 MPa
S0°C
0.72 MPa,
26°C W,
0.14 MPa
~1°PC

(@) The rate of heat removal from the refrigerated space and the power input to the
compressor are determined from their definitions:

Q, = rm(h, — h,) = (0.05 kg/s) [(246.37 — 87.83) kl/kg] = 7.93 kW

W, = m(hy, —h,) = (0.05 ke/s)[(286.71 — 246.37) kl/kg] = 2.02 kW
(£2) The isentropic efficiency of the compressor is determined from
hﬁ_i - hl
hi - hl

where the enthalpy at state 25 (P, = 0.8 MPa and »,, = 5, = 09724 klfkg-K) is
284.20 klikg. Thus,

e =

28420 — 246.37
Tc= 38671 — 246,37

() The coefficient of performance of the refrigerator is

=0.938 or 93.8%

cop, = Q1 _ 1Bk

= =393
W, 2.02kW

Discussion This problem is identical to the one worked out in Example 11-1, except
that the refrigerant is slightly superheated at the compressor inlet and subcooled ar the
condenser exit. Also, the compressar is not isentropic. As a result, the heat removal rate
from the refrigerated space increases (by 103 percent), but the power input to the com-
pressor increases even more (by 11.6 percent). Consequenily, the COP of the refrigerator

decreases from 3.97 to 3.93.
Ssscsehon Nat, Uslv. 11
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11-5. SECOND-LAW ANALYSIS OF VAPOR- S

COMPRESSION REFRIGERATION CYCLE

The maximum COP of a refrigeration cycle operating
between temperature limits of T, and T

o
Li—T, TyT,— |

CDPR.H]M = CDPR.['M‘ = COPREH['[mt =

Actual refrigeration cycles are less efficient than the reversed Carnot cycle
because of the irreversibilities involved. But the conclusion we can draw from
Carnot COP relation that the COP is inversely proportional to the temperature
difference T, - T, is equally valid for actual refrigeration cycles.

The goal of a second-law or exergy analysis of a refrigeration system is to
determine the components that can benefit the most by improvements.

This is done identifying the locations of greatest exergy destruction and the
components with the lowest exergy or second-law efficiency.

Exergy destruction in a component can be determined directly from an exergy

balance or by using
X, =T,S

est “een
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11-5. SECOND-LAW ANALYSIS OF VAPOR-

COMPRESSION
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FIGURE 11-9

The vapor-compression refrigeration

cycle considered in the second-law
analysis.

Note that when T, = T,, which is
often the case for refrigerators,

Mi.cond = O since there is no

recoverable exergy in this case.
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11-5. SECOND-LAW ANALYSIS OF VAPOR- S
COMPRESSION REFRIGERATION CYCLE

Evaporator:
@ Warm '{}L
environment 4 — T - e ooy =&
NG, Xiesta-1 = ToSgena- ?Ell’”(-(’l 54) E]
& (7 ; . : ,
,_; \:/I _ Xrecm'ered _ XQL _ QLI:}B o ?—‘Lj"fl?i
B i TEII_E\I&P Xexpended k-—l - j{l X—'I - X‘-l
1 Condenser B QL(TD - 1)/T; B Xdest,—i—l
11 Expansion {Win mlhy — hy — Ty(ss — 5)] X—-l - Xl
§4l vallve ‘ : . T. — T. The exergy rate associated
| 1 o X5 _— ) 0 L _ _
g |[Comeress 0r = 0 - with the withdrawal of heat
) “ from the low-temperature
ol 10 . _ medium at T, at a rate of Q,
Mo, e This is equivalent to the power that can be
@em’imnmcm produced by a Carnot heat engine receiving heat
from the environment at T, and rejecting heat to
Lixinsmnialin the low temperature medium at T, at a rate of Q
The vapor-compression refrigeration P L L-
cycle considered in the second-law 1 T v
%4 e Weevin = Wainin = Xo,

Note that when T = T,, which is often the case for heat pumps,
i.evap = O since there is no recoverable exergy in this case.
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11-5. SECOND-LAW ANALYSIS OF VAPOR- S

COMPRESSION REFRIGERATION CYCLE

: Xdest.tmtnl = Xcle&t]—ﬂ + Xdest.ﬁ—'_‘n + Xde&t.l——'l + Xdest.—i—l
. Ty B Warm
/ environment

G =Bl Xaesto = Win — X, Total exergy destruction

-~
S o O
l Condenser

Second-law (exergy) efficiency

. 17 }
FLExp:msion Wi, o XQL o I'}’i’min.in — 1 — Xclestmml
§4£ valve ) < Micycle = “f - “f - ﬂ_,
: roimi in in in
T ompressor .
=i =2y kol
A (1) in T~ ), — ¥
\_.1/‘2‘1:"“ '\1/ (_DP 'Q_L
0 TR I
’ Cold
@ environment
FIGURE 11-9 Xo, QuT,—T)/T, COP, COP,
The vapor-compression refrigeration  M[cycle — - i — s = =
cycle considered in the second-law Vr"m Q_,r_o,f (_.-OPR T_,r_f (TH — TL) ('"OPR..['E‘.‘-"
analysis.

This second-law efficiency definition accounts for all
irreversibilities associated within the refrigerator, including the
heat transfers with the refrigerated space and the environment.

T,=T,fora
refrigeration cycle

' Sossehon Nat, Uehv, 15
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11-6. SELECTING THE RIGHT REFRIGERANT [ 4%

Several refrigerants may be used in refrigeration systems such as
chlorofluorocarbons (CFCs), HFCs, HCFCs, ammonia,
hydrocarbons (propane, ethane, ethylene, etc.), carbon dioxide,
air (in the air-conditioning of aircraft), and even water (in
applications above the freezing point).

The industrial and heavy-commercial sectors use ammonia (it is
toxic).

R-11 is used in large-capacity water chillers serving A-C systems
In buildings.

R-134a (replaced R-12, which damages ozone layer) is used in
domestic refrigerators and freezers, as well as automotive air
conditioners.

' Ssessehhovs Nk, Usalv. 16
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11-6. SELECTING THE RIGHT REFRIGERANT [ 4%

R-22 Is used in window air conditioners, heat pumps, air
conditioners of commercial buildings, and large industrial
refrigeration systems, and offers strong competition to ammonia.

R-22 is being replaced by alternatives such as R410A and R-407C
because it is 0zone-depleting.

CFCs allow more ultraviolet radiation into the earth’s atmosphere
by destroying the protective ozone layer and thus contributing to
the greenhouse effect that causes global warming. Fully
halogenated CFCs (such as R-11, R-12, and R-115) do the most
damage to the ozone layer.

Refrigerants that are friendly to the ozone layer have been
developed.

Two important parameters that need to be considered in the
selection of a refrigerant are the temperatures of the two media (the
refrigerated space and the environment) with which the refrigerant
exchanges heat.

' Ssessehhovn Nat, Usalv. 17
# Couwnl, & Poopoabgion Lab,



11-7. HEAT PUMP SYSTEMS S

The most common energy source for heat pumps is atmospheric
air (air-to-air systems).

Water-source systems usually use well water and ground-source
(geothermal) heat pumps use earth as the energy source. They
typically have higher COPs but are more complex and more
expensive to install.

Both the capacity and the efficiency of a heat pump fall significantly
at low temperatures.

Therefore, most air-source heat pumps require a supplementary
heating system such as electric resistance heaters or a gas
furnace.

Heat pumps are most competitive in areas that have a large cooling
load during the cooling season and a relatively small heating load
during the heating season.

In these areas, the heat pump can meet the entire cooling and
heating needs of residential or commercial buildings.

' Ssessehhovs Nk, Uy, 18
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Heat Pump Operation—Heating Mode
Reversing valve
Heat Pump Operation—Cooling Mode

M Reversing valve
.

T -
Indoor “S{RNEIHN
coil R
Outdoor
coil
Compressor
High-pressure liquid
mmmm | ow-pressure liquid—vapor —_—
I Low-pressure vapor
E== High-pressure vapor Expansion valve

FIGURE 11-11
A heat pump can be used to heat a house in winter and to cool it in summer.
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11-8. INNOVATIVE VAPOR-COMPRESSION [ &%
REFRIGERATION SYSTEMS

The simple vapor-compression refrigeration cycle is the most widely
used refrigeration cycle, and it is adequate for most refrigeration
applications.

The ordinary vapor-compression refrigeration systems are simple,
inexpensive, reliable, and practically maintenance-free.

However, for large industrial applications efficiency, not simplicity, is the
major concern.

Also, for some applications the simple vapor-compression refrigeration
cycle is inadequate and needs to be modified.

For moderately and very low temperature applications some innovative
refrigeration systems are used. The following cycles will be discussed:

« Cascade refrigeration systems

« Multistage compression refrigeration systems

« Multipurpose refrigeration systems with a single compressor
« Liguefaction of gases

: Sosssehon Nat, Uelv. 20
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11-8. INNOVATIVE VAPOR-COMPRESSION

REFRIGERATION SYSTEMS

Cascade Refrigeration Systems

Some industrial applications require moderately low temperatures, and the
temperature range they involve may be too large for a single vapor-
compression refrigeration cycle to be practical. The solution is cascading.

—
Warm
environment

gqrm Expansion
‘_1/ valve

) Heat exchanger
I oy e
— \=/ () Evaporator
Rt —
l( 3)  \/ Condenser/<«— 7

./

‘_L Expansion

i |/ valve
o

=AAS

=/

B Compressor

Evaporator

Oy 647

£

work pr-
{ |

£ |

|

|

|

|

O
| Increase in

refrigeration
capacity

FIGURE 11-12

. . f.i’f-A /?2 - ['f_),
my(hs — hg) = rig(hy, — h3) > 2 =
mg  hs — hyg
(’OPR.cuscaldc - = ho— 1 (e —
T4 anul.in ”’A( lg IS) HIB( L) jT|)
Decrease in
compressor 4

Cascading improves
the COP of a
refrigeration system.

Some systems use

cascading.

three or four stages of

A two-stage cascade refrigeration system with the same refrigerant in both stages.

Sosehon Nat, Uelv, 21
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EXAMPLE 11-4 A Two-Stage Cascade Refrigeration Cycle

Consider a two-stage cascade refrigerafion system operating between the pressure
limits of (L8 and 0.14 MPa. Each stage operates on an ideal vapor-compression refrig-
eration cycle with refrigerant-134a as the working fluid. Heat rejection from the lower
cycle to the upper cycle takes place in an adiabatic counterflow heat exchanger where
both sireams enter at about (.32 MPa. (In praciice, the working fluid of the lower
cycle is at a higher pressure and iemperaiure in the heat exchanger for effective heat
transfer.) If the mass flow rate of the refrigerant theough the upper cycle is (L05 kafs,
determine (a) the mass flow rate of the refrigerant through the lower cycle, (F) the
rate of heat removal from the refrigerated space and the power input to the compres-
sor, and (¢} the coefficient of performance of this cascade refrigerator.

SOLUTIOMN A cascade refrigeration system operating between the specified pres-
sure limits is considered. The mass flow rate of the refrigerant through the lower cycle,
the rate of refrigeration, the power input, and the COP are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy
changes are negligible. 3 The heat exchanger is adiabatic.

Properties The enthalpies of the refrigerant at all eight siates are determined from the
refrigerant iables and are indicated on the T-s diagram.

TA
hy =55.14
Ity = 9548
O he = 270.96 ki/kg
7 2 ll: =25595
(0.8 MPa
A
_ 032 MPa\[5/ | hs=251.93
hg=9548
B hy =239.19
0.14 MPa pIRSES:
hy=55.14

2 4

FIGURE 11-13
T-s diagram of the cascade

Analysis The T-s diagram of the refrigeration cycle is shown in Fig. 11-13. The top-
ping cycle is labeled cycle A and the bottoming one, cycle B. For bath cycles, the refriger-
ani leaves the condenser as a saturated liquid and enters the compressor as saturated vapor.
() The mass flow rate of the refrigerant through the lower cycle is determined from
the steady-flow energy balance on the adiabatic heat exchanger,

Ey = Ej— tiyhs + titghy = vy by + rngh,
(0.05 kg/s)[(251.93 — 95.48) klikg] = mg[{255.95 — 55.14) kl/kg]
my = 0,0390 kgls
(&) The rate of heat removal by a cascade cycle is the raie of heat absorption in the

evaporator of the lowest stage. The power input to a cascade cycle is the sum of the
power inputs to all of the compressors:

0, = ngh, — hy) = (0.0390 kg/s)[(239.19 — 55.14) kl/kg] = 7.18 kW
l"I"'Ili.l:u = wmmp Lim + wﬂ:l‘np ILin = m.ﬂ.{hﬁ - 'hS:I + mﬂ'rrhﬁ - 'hl:'
= (0,05 kgfs)[(270.96 — 251.93) kl/kg]
+ (0039 kgfs)[(255.95 — 239.19) kl/kg]
= L61 kW

('} The COP of a refrigeraiion sysiem is the ratio of the refrigeration raie io the net
power inpul:
O, _TIS8KW_ .

COPy = —L-= =
“Tw,, L6IkW

Discussion This problem was worked out in Example 11-1 for a single-siage refriger-
ation system. MNotice that the COP of the refrigeration system increases from 3.97 w 4.46
as a result of cascading. The COP of the svstem can be increased even more by increasing
the number of cascade stages.

refrigeration cycle described in
Example 11-4.

Sssselhonn Nat. Usady. 22
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11-8. INNOVATIVE VAPOR-COMPRESSION

REFRIGERATION SYSTEMS

Multistage Compression Refrigeration Systems

When the fluid used throughout the cascade refrigeration
system is the same, the heat exchanger between the

= stages can be replaced by a mixing chamber (called a flash
environment chamber) since it has better heat transfer characteristics.
" Oy
/\9 = 0 TA
| £
H Condenser
! >' Expansion High-pressure
L valve compressor (&
Ok
Flash | |
chamber 3
= |
\7/ l
S anston Low-pressure |
g‘ﬂ' > F”P\l compressor
L sl 55O /
FIGURE 11-14

A two-stage compression refrigeration system with a flash chamber.

' Sossehon Nat, Uelv, 23
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EXAMPLE 11-5 A Two-Stage Refrigeration Cycle
with a Flash Chamber

Consider a two-stage compression refrigeration system operating between the pres- B
sure limits of 0.8 and 0. 14 MPa. The working fluid is refrigerant-134a. The refrigerant
leaves the condenser as a saturated liquid and is throttled to a flash chamber operating
at 0.32 MPa. Part of the refrigerant evaporates during this flashing process, and this
vapor is mixed with the refrigerant leaving the low-pressure compressor. The mix-
ture is then compressed to the condenser pressure by the high-pressure compressor.
The liquid in the flash chamber is throttled to the evaporator pressure and cools the
refrigerated space as it vaporizes in the evaporator. Assuming the refrigerant leaves
the evaporator as a saturated vapor and both compressors are isentropic, determine
() the fraction of the refrigerant that evaporates as it is throttled to the flash chamber,
() the amount of heat removed from the refrigerated space and the compressor work
per unit mass of refrigerant flowing through the condenser, and () the coefficient of

Th
Ay hy = 274,49 khikg
g — =T &
hg=95.48
by = 25595
by = 55.14
g = 255,13
hy= 23919
1
E
FIGURE 11-15 performance.

T-s diagram of the two-stage
compression refrigeration cycle
described in Example 11-5.

SOLUTION A two-stage compression refrigeration system operating between
specified pressure limits is considered. The fraction of the refrigerant that evaporates

in the flash chamber, the refrigeration and work input per unit mass, and the COP are

to be determimed.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy
changes are negligible. 3 The flash chamber is adiabatic.

Properties The enthalpies of the refrigerant at variows states are determined from the
refrigerant tables and are indicated on the T-s diagram.

Analysis The T-s diagram of the refrigeration cycle is shown in Fig. 11-15. We note
that the refrigerant leaves the condenser as saturated higuid and enters the low-pressure
COMPrEssor as safurated vapor.

() The fraction of the refrigerant that evaporates as it is throtiled to the flash chamber
is simply the quality at state 6, which is

L _he—h 9548 -55.14
T hy 196.78

= 0.2050

(#) The amount of heat removed from the refrigerated space and the compressor work
input per unit mass of refrigerant flowing through the condenser are

g = (1 = xg)(hy = hy)
= (1 - 0.2050)[(239.19 — 55.14) kl/kg] = 146.3 k)/kg

Wi, = wunmp Lim + H"mrrlp ILin = “ - x{J{ﬁE - 'ﬁ]} + “.H-h_! - h*}l)

The enthalpy at state 9 is determined from an energy balance on the mixing chamber,
[ o

Eoul = Ein
(g =xshy + (1 = x )b,
h, = (0.2050)(251.93) + (1 — 0.2050)(255.95) = 255.13 kl/kg

Also, s, = 0.9417 ki/kg-K. Thus the enthalpy at state 4 (0.8 MPa, 5, = s,) is
h, = 274.49 kJ/kg. Substituting.

w,, = (1 — 0.2050)[(255.95 — 239.19) ki/kg] + (274.49 — 255.13) ki/kg
= 32.68 kl/kg

(¢) The coefficient of performance is

cop, = qpe 146..3 kl/kg — 448
w, 32.68klkg
Discussion This problem was worked out in Example 11-1 for a single-stage refrig-
eration system (COP = 3.97) and in Example 114 for a two-stage cascade refrigeration
system (COP = 4.46). Notice that the COP of the refrigeration system increased consider-
ably relative to the single-stage compression but did not change much relative to the two-
stage cascade compression.
( V Cowl & Poopeabgic Lab,



11-8. INNOVATIVE VAPOR-COMPRESSION [ &%
REFRIGERATION SYSTEMS

Multipurpose Refrigeration Systems with a Single Compressor

Some applications require refrigeration at more than one temperature. A practical and
economical approach is to route all the exit streams from the evaporators to a single
compressor and let it handle the compression process for the entire system.

Kitchen air

TA

=
.

Expansion '
valve gﬂf}j
Of =4

A.- ----- ————== Freezer
(Alternative path)

=2

Orr

FIGURE 11-16

Schematic and T-s diagram for a refrigerator—freezer unit with one compressor.
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11-8. INNOVATIVE VAPOR-COMPRESSION

REFRIGERATION SYSTEMS

Liguefaction of Gases

Many important scientific and engineering processes at cryogenic temperatures
(below about —100°C) depend on liquefied gases including the separation of oxygen
and nitrogen from air, preparation of liquid propellants for rockets, the study of material
properties at low temperatures, and the study of superconductivity.

At temperatures above the critical-point value, a substance exists in the gas phase
only.

The critical temperatures of helium, hydrogen, and nitrogen (three commonly used
liquefied gases) are —268, —240, and —147°C, respectively.

Therefore, none of these substances exist in liquid form at atmospheric conditions.

Furthermore, low temperatures of this magnitude cannot be obtained by ordinary
refrigeration techniques.

The storage (i.e., hydrogen) and transportation of some gases (i.e., natural gas) are
done after they are liquefied at very low temperatures.

Several innovative cycles are used for the liquefaction of gases.

' Socsehon Nat, Uelv, 26
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11-8. INNOVATIVE VAPOR-COMPRESSION

REFRIGERATION SYSTEMS

Heat
7 exchanger

j T A
] {3 -
' L \
@— Multistage ! ,__.-':
compressor
| 1:I®
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— © (11O,
| 1 el
: 05 Regenerator Makeup
i -y gas
Jrma
15
! g
) I,l, _'\@ Vapor
@hﬁuhemrculated FIGURE 11-17
Linde-Hampson system for
liquefying gases.
I®g Liquid removed
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11-9. GAS REFRIGERATION CYCLES | R

: : qr = hy — hy
The reversed Brayton cycle (the gas refrigeration

cycle) can be used for refrigeration. Warbout = 113 = Ny

W'comp.in — h2 o hl

Warm

environment L q; oqr
COP, = —— = — 1
W net.in W comp.in " turb.out
TA
QH ' 2

3
L 1

4 O

FIGURE 11-18

Simple gas refrigeration cycle.
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11-9. GAS REFRIGERATION CYCLES | T

The gas refrigeration cycles have A

lower COPs relative to the vapor- .

. . . 1S
compression refrigeration cycles refrigeration
or the reversed Carnot cycle. cycle

L

F

<1 A Reversed

1 Carnot
cycle

(%]

The reversed Carnot cycle
consumes a fraction of the net B
work (area 1A3B) but produces a
greater amount of refrigeration 4
(triangular area under B1).

k.
1=

8

FIGURE 11-19
A reserved Carnot cycle produces
more refrigeration (area under B1)
with less work input (area 1A3B).
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11-9. GAS REFRIGERATION CYCLES -

Despite their relatively low 7O
COPs, the gas refrigeration \Hcm exchanger
cycles involve simple, lighter { -«

components, which make

them suitable for aircraft @' @ W
cooling, and they can A netin

Incorporate regeneration Turbine Compressor |23

Cool air Warm air
out In

FIGURE 11-20

An open-cycle aircraft cooling system.
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11-9. GAS REFRIGERATION CYCLES | R

Without regeneration, the lowest turbine inlet temperature is T, the
temperature of the surroundings or any other cooling medium.

With regeneration, the high-pressure gas is further cooled to T, before
expanding in the turbine.

Lowering the turbine inlet temperature automatically lowers the turbine
exit temperature, which is the minimum temperature in the cycle.

by repeating regeneration process.
v o Regenerator )
— (| 5 | —> .

Heat
exchanger

T -
{Cold Extremely low temperatures can be achieved
frigerated spa
L

Turbine . q

L—"

Le Y

FIGURE 11-21

Gas refrigeration cycle with regeneration.
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11-10. ABSORPTION REFRIGERATION SYSTEMS

Warm )
& environment
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Y valve > 5
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gﬂ». / Expansion
Evaporator Absorber § valve
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I

Qcml

Regenerator

T Cooling water l FIGURE 11-23

cycle.

_________________________________

Ammonia absorption refrigeration

Absorption
refrigeration is
economic when
there is a source of
inexpensive thermal
energy at a
temperature of 100
to 200°C.

Some examples
include geothermal
energy, solar
energy, and waste
heat from
cogeneration or
process steam
plants, and even
natural gas when it
is at a relatively low
price.
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11-10. ABSORPTION REFRIGERATION SYSTEMS

Absorption refrigeration systems (ARS) involve the
absorption of a refrigerant by a transport medium.

The most widely used system is the ammonia—water
system, where ammonia (NH;) serves as the refrigerant and
water (H,O) as the transport medium.

Other systems include water—lithium bromide and water—
lithium chloride systems, where water serves as the
refrigerant. These systems are limited to applications such
as A-C where the minimum temperature is above the
freezing point of water.

Compared with vapor-compression systems, ARS have one
major advantage: A liquid is compressed instead of a vapor
and as a result the work input is very small (on the order of

one percent of the heat supplied to the generator) and often
neglected in the cycle analysis.

Ssssehbon Nat, Uslv. 33
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11-10. ABSORPTION REFRIGERATION SYSTEMS

« ARS are often classified as heat-driven systems.

* ARS are much more expensive than the vapor-
compression refrigeration systems.

«  They are more complex and occupy more space, they are
much less efficient thus requiring much larger cooling
towers to reject the waste heat, and they are more difficult
to service since they are less common.

» Therefore, ARS should be considered only when the unit
cost of thermal energy is low and is projected to remain low
relative to electricity.

* ARS are primarily used in large commercial and industrial
Installations.
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11-10. ABSORPTION REFRIGERATION SYSTEMS

Desired output 0, . 9

COP =

absorption

Required input OQeen + Woump  Qeen

The COP of actual absorption refrigeration
systems is usually less than 1.

Air-conditioning systems based on absorption
refrigeration, called absorption chillers, perform
best when the heat source can supply heat at a
high temperature with little temperature drop.
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11-10. ABSORPTION REFRIGERATION SYSTEMS

\Jrefrigerator,

N QI- oy ’ T[:. ‘ T!.
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FIGURE 11-24

g L N Determining the maximum COP of an
Refrigerated

absorption refrigeration system.

T
W= Tth, rev Qgen = ( e TO )Qgen
S ¢
o .
Q= COPg o W= L_\w
L R.rev ( TO_ TL)

COP

rev,absorption ~ a; 3 ( Lo f)( T,-T; )
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