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Chapter 11
REFRIGERATION CYCLES

The Reversed Carnot Cycle

11-1C Because the compression process involves the compression of a liquid-vapor mixture which
requires a compressor that will handle two phases, and the expansion process involves the expansion of
high-moisture content refrigerant.

11-2 A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered. The
coefficient of performance, the amount of heat absorbed from the refrigerated space, and the net work input
are to be determined.

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

Analysis (a) Noting that Ty =30°C =303 K and T, = Tt @ 160 kpa = -15.60°C = 257.4 K, the COP of this
Carnot refrigerator is determined from

1 1 T
- =5.64
Ty /T, -1 (303K)/(257.4K)-1

COPR,C =

(b) From the refrigerant tables (Table A-11),

hs =hy a0 = 266.66 kilkg
h4 = hf@30°C :9358 k-.]/kg

Thus,
Qy =h; —h, = 266.66 —93.58 =173.08 ki/kg
and S
T T :
G g =-Laq, = 574K (173.08 ki/kg)=147.03 kJ/kg
q. T T, 303K

(c) The net work input is determined from
Wpet =Qy — 0, =173.08-147.03=26.05 kJ/kg
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11-3E A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered.
The coefficient of performance, the quality at the beginning of the heat-absorption process, and the net
work input are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) Noting that Ty = Tsst @ 90 psia = 72.78°F = 532.8 R and Ty = Test @ 30 psia = 15.37°F = 475.4 R.

1 1
Ty /T, -1 (532.8R)/(475.4R)-1

(b) Process 4-1 is isentropic, and thus
s =5,=(s +%45¢) 090 psia = 0-0748L+(0.05)(0.14525) A
3

=0.08207 Btu/lom-R

=8.28

S;—S -
X, = 17 5% _ 0.08207 - 0.03793 _0.2374
Stg _ 0.18589 J
@ 30 psia
Lo 2
(c) Remembering that on a T-s diagram the area enclosed S

represents the net work, and s; = Sq @ 90 psia = 0.22006 Btu/Ibm R,
Wetin = (Th =T XS5 =S4 ) = (72.78-15.37)(0.22006 — 0.08207) Btu/lom - R = 7.92 Btu/lbm
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Ideal and Actual Vapor-Compression Cycles

11-4C Yes; the throttling process is an internally irreversible process.

11-5C To make the ideal vapor-compression refrigeration cycle more closely approximate the actual
cycle.

11-6C No. Assuming the water is maintained at 10°C in the evaporator, the evaporator pressure will be
the saturation pressure corresponding to this pressure, which is 1.2 kPa. It is not practical to design
refrigeration or air-conditioning devices that involve such extremely low pressures.

11-7C Allowing a temperature difference of 10°C for effective heat transfer, the condensation temperature
of the refrigerant should be 25°C. The saturation pressure corresponding to 25°C is 0.67 MPa. Therefore,
the recommended pressure would be 0.7 MPa.

11-8C The area enclosed by the cyclic curve on a T-s diagram represents the net work input for the
reversed Carnot cycle, but not so for the ideal vapor-compression refrigeration cycle. This is because the
latter cycle involves an irreversible process for which the process path is not known.

11-9C The cycle that involves saturated liquid at 30°C will have a higher COP because, judging from the
T-s diagram, it will require a smaller work input for the same refrigeration capacity.

11-10C The minimum temperature that the refrigerant can be cooled to before throttling is the temperature
of the sink (the cooling medium) since heat is transferred from the refrigerant to the cooling medium.
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11-11 A commercial refrigerator with refrigerant-134a as the working fluid is considered. The quality of
the refrigerant at the evaporator inlet, the refrigeration load, the COP of the refrigerator, and the theoretical
maximum refrigeration load for the same power input to the compressor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From refrigerant-134a tables (Tables A-11 through A-13)

RL=00KPa | 230,03 Kk
T=-3c |t T ’ 26°C Water
1 [e}
P, =1200 kPa 8°C
h, = 295.16 ki/kg o
Tz =65°C H 1.2 MPa
42°C . 850
P; =1200 kPa
’ hy =111.23 kl/kg | Condenser |
T, = 42°C s i
h, =h; =111.23 ki/kg XExpansion "
Py =60kPa X, =0.4795 valve Compressor —
h, =111.23 ki/kg
Using saturated liquid enthalpy at the given I4 1 624I<0F(’§1
temperature, for water we have (Table A-4) 1 Evapirator i -
hwt =N @igec = 75.47 kilkg \ 5
L

hWZ = h f @ 26°C = 10894 kJ/kg
(b) The mass flow rate of the refrigerant may be determined from an energy balance on the compressor

Mg (h, —hg) = My, (hyz — hyy)
Mg (295.16 —111.23)kJ/kg = (0.25 kg/s)(108.94 — 75.47)k/kg

——mg = 0.0455kg/s
The waste heat transferred from the refrigerant, the compressor power input, and the refrigeration load are

Oy =g (h, —hy) = (0.0455 kg/s)(295.16 —111.23)kJ/kg = 8.367 KW
Wi, =g (h, —h,) -0, = (0.0455 kg/s)(295.16 — 230.03)kJ/kg — 0.45 KW = 2.513 KW

Q. =Qy -W;, =8.367-2.513=5.85kW

(c) The COP of the refrigerator is determined T
from its definition
cop= 3t _ 58 ;43
W 2.513

in

(d) The reversible COP of the refrigerator for the
same temperature limits is
1 1

COP, ., = = =5.063 Qu
T, /T -1 (18+273)/(-30+273)—1

Then, the maximum refrigeration load becomes

O max = COPoa Wiy = (5.063)(2.513kW) = 12.72 kW
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11-12 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The COP and the power requirement are to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the

refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser

as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11, A-12, and A-13),
Tl = 40C hl = hg @ 4°C = 25277 k\]/kg T
sat.vapor | S; =S4 @ sc =0.92927 ki/kg-K

P, =1MP
2 a} h, = 275.29 k/kg
52251
P, =1MPa
. hs =h =107.32 kJ/k
sat. liquid } 37 TeiMp J

h, = h; =107.32kJ/kg (throttling)

The mass flow rate of the refrigerant is

Q. 400 ki/s
h,—h, (252.77-107.32) kilkg

QL =m(h, —h,) m= =2.750 kg/s

The power requirement is

W, =m(h, —h;) =(2.750 kg/s)(275.29 — 252.77) ki/kg = 61.93 kW
The COP of the refrigerator is determined from its definition,

COP, = 2L _ 400KW__ ¢ 46
W, 61.93KW

in
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11-13 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The mass flow rate of the refrigerant and the power requirement are to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =400 kPa } hy =Ny @ s0okpa = 255.55 kl/kg T

sat. vapor S; =S4 @ s00kpa = 0.92691kI/kg - K
P, =800 kP
2 —300kPe } h, = 269.90 ki/kg
P, =800 kPa
sast. liquid } hs =Nt @ gookea = 9547 ki/kg

h, = h; =95.47 ki/kg (throttling)

The mass flow rate of the refrigerant is determined from

QL 10 kJ/s

- =0.06247 kg/s
h,—h, (255.55—95.47) ki/kg

QL:m(hl_h4) m =

The power requirement is

W;, =m(h, —h,) = (0.06247 kg/s)(269.90 — 255.55) ki/kg = 0.8964 KW
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11-14E An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The mass flow rate of the refrigerant and the power requirement are to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11E, A-12E, and A-
13E),

Tl = —1OOF hl = hg @ —10°F :10161 Btu/lbm T
sat. vapor Sy =S4 @ —100F = 0.22660 Btu/lbm-R

P =100 psia } h, =117.57 Btu/lbm

Sp =391

P; =100 psia

sat ||qu|d } h3 = hf @100 psia = 37869 Btu/lbm

h, = h; =37.869 Btu/lbm (throttling)

The mass flow rate of the refrigerant is

s
G, = ihy —hy)—>m=—3t_ 24,000 Bt/ —376.5Ibm/h
h,—h, (101.61-37.869) Btu/lbm
The power requirement is
- . 1kW
W;, =m(h, —h;) =(376.51bm/h)(117.57 —101.61) Btu/lom| —————— | =1.761kW
3412.14 Btu/h
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11-15E Problem 11-14E is to be repeated if ammonia is used as the refrigerant.

Analysis The problem is solved using EES, and the solution is given below.

"Given"

X[1]=1
T[1]=-10 [F]
X[3]=0
P[3]=100 [psia]

Q_dot_L=24000 [Btu/h]

"Analysis"
Fluid$="ammonia’
"compressor"

h[1]=enthalpy(Fluid$, T=T[1], x=x[1])
s[1]=entropy(Fluid$, T=T[1], x=x[1])

s[2]=s[1]
P[2]=P[3]

h[2]=enthalpy(Fluid$, P=P[2], s=s[2])

"expansion valve"

h[3]=enthalpy(Fluid$, P=P[3], x=x[3])

h[4]=h[3]
"cycle"

m_dot_ R=Q_dot_L/(h[1]-h[4])

W_dot_in=m_dot_R*(h[2]-h[1])*Convert(Btu/h, kW)

Solution for ammonia
Fluid$="ammonia’
h[2]=701.99 [Btu/lb_m]
m_dot_R=47.69 [Ibm/h]
Q_dot_L=24000 [Btu/h]
T[1]=-10 [F]

X[3]=0

Solution for R-134a
Fluid$='R134a'
h[2]=117.58 [Btu/lb_m]
m_dot_R=376.5 [Ibm/h]
Q_dot_L=24000 [Btu/h]
T[1]=-10[F]

X[3]=0
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COP_R=5.847
h[3]=112.67 [Btu/lb_m]
P[2]=100 [psia]
s[1]=1.42220 [Btu/lb_m-R]
W_dot_in=1.203 [kW]

COP_R=3.993

h[3]=37.87 [Btu/lb_m]
P[2]=100 [psia]
s[1]=0.22662 [Btu/lb_m-R]
W_dot_in=1.761 [kW]

h[1]=615.92 [Btu/lb_m]
h[4]=112.67 [Btu/lb_m]
P[3]=100 [psia]
s[2]=1.42220 [Btu/lb_m-R]
X[1]=1

h[1]=101.62 [Btu/lb_m]
h[4]=37.87 [Btu/lb_m]
P[3]=100 [psia]
s[2]=0.22662 [Btu/lb_m-R]
X[1]=1
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11-16 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The rate of heat removal from the refrigerated space, the power input to the compressor, the
rate of heat rejection to the environment, and the COP are to be determined.

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

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-12 and A-13),

P, =120 kPa }hl = hy @120 kpa = 236.97 ki/kg

sat. vapor S; =Sq @120 kra = 0-94779 ki/kg-K T
P, =0.7MP
2 a }hz = 273.50 ki/kg (T, = 34.95°C)
S; =5
P, =0.7 MPa
h; =h =88.82 kJ/k
sat. |IQUId } 3 f @ 0.7 MPa g

h, = h, =88.82 ki/kg (throttling)

Then the rate of heat removal from the refrigerated
space and the power input to the compressor are
determined from

Q. =m(h, —h,)=(0.05 kg/s)236.97 —88.82) ki/kg = 7.41 kW
and

W,,, = m(h, —h; )= (0.05 kg/s)(273.50 — 236.97) ki/kg = 1.83 kKW
(b) The rate of heat rejection to the environment is determined from

Qy =Q, +W,, =7.41+1.83=9.23 kW
(c) The COP of the refrigerator is determined from its definition,

Q. 741kw _

COPg = <t = =
W, 183kw

4.06

in
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11-17 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The rate of heat removal from the refrigerated space, the power input to the compressor, the
rate of heat rejection to the environment, and the COP are to be determined.

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

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-12 and A-13),

P, =120 kPa } hy = hy @120 kpa = 236.97 kilkg

sat. vapor S1 =Sg@120kpa = 0.94779 ki/kg-K T
P, =0.9MP
2o }hz — 278.93 kilkg (T, = 44.45°C)

27— %1

P; =0.9 MPa
sat. liquid

h, = h; =101.61 k/kg (throttling)

Then the rate of heat removal from the
refrigerated space and the power input to the
compressor are determined from

Q. =m(h, —h,)=(0.05 kg/s)236.97 —101.61) ki/kg = 6.77 kKW
and

W,,, = m(h, —h; )= (0.05 kg/s}278.93 — 236.97) ki/kg = 2.10 kKW
(b) The rate of heat rejection to the environment is determined from

Q, =Q, +W,, =6.77+2.10=8.87 kW
(c) The COP of the refrigerator is determined from its definition,

Q. _677kw _

— = =3.23
W 2.10 kw

COP, =

in
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11-18 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The throttling valve in the cycle is replaced by an isentropic turbine. The percentage increase
in the COP and in the rate of heat removal from the refrigerated space due to this replacement are to be
determined.

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

Analysis If the throttling valve in the previous
problem is replaced by an isentropic turbine, we
would have S = S3 = St@ 0.7 mpa = 0.33230

kJ/kg-K, and the enthalpy at the turbine exit
would be \).12 MPa 3 1
/ 4s 4 o
S3—S _ L
X = 3 St _ 0.33230-0.09275 _ 0.2802 .
Stg ) 120 kpa 0.85503

has = (e +XagNig )y 10400 = 2249+ (0.2802)(214.48) = 82.58 kilkg

Then,
Q, =m(h; —hyg)=(0.05 kg/s)(236.97 —82.58) ki/kg = 7.72 kW
and

Q _772kW _, .,

COPg =—= =4,
W, 1.83kwW
Then the percentage increase in Q and COP becomes

AQ.  7.72-7.41

Increase in Q, = — =4.2%
Q=% = a ’
. ACOP, 23-4.
Increase in COPg = R 423-406 _, o
COP, 4.06
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11-19 A refrigerator with refrigerant-134a as the working fluid is considered. The rate of heat removal
from the refrigerated space, the power input to the compressor, the isentropic efficiency of the compressor,
and the COP of the refrigerator are to be determined.

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

Analysis (a) From the refrigerant tables (Tables A-12 and A-13),
P, =0.14 MPa}hl = 246.36 kJ/kg

T, =-10°C  ['s; =0.97236 ki/kg - K T
P2 =0 ZMP"" h, = 288.53 ki/kg
= 50°C
. =07MP
a}hZS — 281.16 ki/kg

= Sl
P,=065MPa|, _ ~
T - 2a°C }hs =h¢ g asec =84.98 kilkg \, | Mps
h, = h; = 84.98 k/kg (throttling) / Q

Then the rate of heat removal from the refrigerated space
and the power input to the compressor are determined from

Q. =rm(h, —h,)=(0.12 kg/s)(246.36 — 84.98) ki/kg = 19.4 KW
and

W,,, =m(h, —h;)=(0.12 kg/s)(288.53 — 246.36) ki/kg = 5.06 kKW
(b) The adiabatic efficiency of the compressor is determined from

hy, —h,  281.16—246.36

- =82.5%
h,—h,  288.53-246.36

Nc =

(c) The COP of the refrigerator is determined from its definition,

Q. _194kw
W,  5.06 kw

n

COPg = =3.83
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11-20 An air conditioner operating on the ideal vapor-compression refrigeration cycle with refrigerant-
134a as the working fluid is considered. The COP of the system is to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. The evaporating temperature will be 22-2=20°C. From the
refrigerant tables (Tables A-11, A-12, and A-13),

Tl = ZOOC hl = hg @ 20°C = 26159 k\]/kg T
sat.vapor | S; =Sg g ¢ =0.92234kJ/kg-K

P2 ﬂMPa} h, = 273.11kJ/kg

SZ = Sl

P; =1MPa

L hy =h =107.32 kd/k
sat. liquid } 38~ f@lMPa g
h, =h, =107.32kJ/kg (throttli
4 3 g (throttling) 4s 4 Q
The COP of the air conditioner is determined from its definition, -
h,-h .59-107.
COPc = q. _ h-hy,  261.59-107.32 ~13.39 S

w,, h,-h; 273.11-26159
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11-21E A refrigerator operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a
as the working fluid is considered. The increase in the COP if the throttling process were replaced by an
isentropic expansion is to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11E, A-12E, and A-
13E),

T, =20°F | hy =hy g s0-F =105.98 Btu/lbm T
sat.vapor | S; =Sg g oo =0.22341Btu/lom-R
P =300psia } h, =125.68 Btu/lbm
S =95
P3 =300 pSia h3 = hf @ 300psia — 66.339 Btu/lbm
sat. liquid S3 =S¢ @300psia = 0-12715 Btu/lbm-R
h, =h; =66.339 Btu/lbm (throttling) / 4s 4 Q' AN
L

14 :iS F} h,s =59.80 Btu/lbm  (isentropic expansion)

4 =33 S

The COP of the refrigerator for the throttling case is

hy-h 98— 66.
COPR:qL — 1 4_10598 66339_

= =2.012
w, h,-h, 125.68-105.98

The COP of the refrigerator for the isentropic expansion case is

hy-h -
cop, = 9L _ N _ 105.98-5980 _, o,

Wi, hy-h; 125.68-105.98

The increase in the COP by isentropic expansion is 16.5%.
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11-22 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The COP of the system and the cooling load are to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11, A-12, and A-13),

Tl = —1OOC hl = hg @ -10°C = 24451 kJ/kg
sat. vapor $1 =S¢ @ -10°c = 0.93766 ki/kg-K

P, =600 kP
2 = %0 a} h, = 267.12 ki/kg
P; =600 kPa
sast. liquid } hs =Nt @ sookpa = 81.51kJ/kg

h, =h; =81.51kJ/kg (throttling)

The COP of the air conditioner is determined from its definition, / 4s 4 QL

9. h-h,  24451-8151
w,, h,-h, 267.12-24451

The cooling load is

Q, =m(h, —h,) = (7 kg/s)(244.51-81.51) ki/kg = 1141kW
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11-23 A refrigerator with refrigerant-134a as the working fluid is considered. The power input to the
compressor, the rate of heat removal from the refrigerated space, and the pressure drop and the rate of heat
gain in the line between the evaporator and the compressor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the refrigerant tables (Tables A-12 and A-13),
h, = 246.36 kJ/kg

P, =140 kPa T
T;I: — —1OOC } Sl = 097236 kJ/kg . K 095 1 Mpa
v, =0.14605 m®/kg MPa
P, =10 MPa }hZS — 289.20 kl/kg
Sys =51
P, =0.95 MPa }
5 hs = h; @ a0ec =93.58 ki/kg

T; =30°C s=rexnc 0.14 MPa
h, = h, =93.58 ki/kg (throttlin > 1 -10°C

4 3 g ( I 9) 7 Ql \ .
T, =-18.5°C | P; = 0.14165 MPa L -18.5°C
sat. vapor hs =239.33 kJ/kg S

Then the mass flow rate of the refrigerant and the power input becomes

Y, 0.3/60 m%/s

=——————=0.03423 kg/s
v;  0.14605 m°/kg

W, = mihy —hy )/ 7 = (0.03423 kg/s)[(289.20 — 246.36) ki/kg]/(0.78) = 1.88 kW
(b) The rate of heat removal from the refrigerated space is
Q. =m(hg —h, )= (0.03423 kg/s)(239.33 — 93.58) ki/kg = 4.99 KW
(c) The pressure drop and the heat gain in the line between the evaporator and the compressor are
AP =P; - P, =141.65-140=1.65

and
Qugain =M(hy, —hg ) =(0.03423 ky/s)(246.36 — 239.33) ki/kg = 0.241 kKW
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11-24 EES Problem 11-23 is reconsidered. The effects of the compressor isentropic efficiency and the
compressor inlet volume flow rate on the power input and the rate of refrigeration are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"
"T[5]=-18.5[C]
P[1]=140 [kPa]
T[1]=-10[C]}
V_dot[1]=0.1 [m"3/min]
P[2] = 1000 [kPa]
P[3]=950 [kPa]

T[3] =30 [C]
Eta_c=0.78
Fluid$="R134a"

"Compressor"

h[1]=enthalpy(Fluid$,P=P[1],T=T[1]) "properties for state 1"
s[1]=entropy(Fluid$,P=P[1],T=T[1])
v[1]=volume(Fluid$,P=P[1],T=T[1])"[m"3/kg]"
m_dot=V_dot[1]/v[1]*convert(m”3/min,m"3/s)"[kg/s]"
h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic"
h[1]+Wcs=h2s "energy balance on isentropic compressor"

Wc=Wocs/Eta_c"definition of compressor isentropic efficiency"”
h[1]+Wc=h[2] "energy balance on real compressor-assumed adiabatic"
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2"
T[2]=temperature(Fluid$,h=h[2],P=P[2])

W_dot_c=m_dot*Wc

"Condenser"

h[3]=enthalpy(Fluid$,P=P[3],T=T[3]) "properties for state 3"
s[3]=entropy(Fluid$,P=P[3], T=T[3])

h[2]=g_out+h[3] "energy balance on condenser"
Q_dot_out=m_dot*g_out

"Throttle Valve"

h[4]=h[3] "energy balance on throttle - isenthalpic"
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4"
s[4]=entropy(Fluid$,h=h[4],P=P[4])
T[4]=temperature(Fluid$,h=h[4],P=P[4])

"Evaporator"

P[4]=pressure(Fluid$,T=T[5],x=0)"pressure=Psat at evaporator exit temp."
P[5] = P[4]

h[5]=enthalpy(Fluid$, T=T[5],x=1) "properties for state 5"

d_in + h[4]=h[5] "energy balance on evaporator"
Q_dot_in=m_dot*q_in

COP=Q_dot_in/W_dot_c "definition of COP"
COP_plot=COP

W _dot_in=W _dot_c
Q_dot_line5to1=m_dot*(h[1]-h[5])"[kW]"
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11-25 A refrigerator uses refrigerant-134a as the working fluid and operates on the ideal vapor-
compression refrigeration cycle. The mass flow rate of the refrigerant, the condenser pressure, and the
COP of the refrigerator are to be determined.

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

Analysis (a) (b) From the refrigerant-134a tables (Tables A-11 through A-13)

P, =120kPa :
h, =86.83 ki/kg Qu
X, =0.30 4
\ 60°C
hy =hy ; Condenser i
h, =86.83 kJ/k
s _ g}Pg - 671.8kPa 3 2
X3 =0 (sat.lig.) Expansion Wi
P, =P valve "
2=F3 Compressor —
P, =671.8kPa
h, = 298.87 ki/kg
T, =60°C 4 1
A= P =120kPa | g o7 ok ] Evenerr :
x, =1(sat.vap) [ ' T g 120 kPa \.
x=0.3 Qu
The mass flow rate of the refrigerant is
determined from T
Wi 0.45 kW

m= =0.00727 kg/s

h,—h, (298.87 —236.97)kl/kg

(c) The refrigeration load and the COP are

QL =m(h, —h,)
= (0.0727 ky/s)(236.97 - 86.83)k/kg
~1.091kW
cop - _LOSKW _, 4 s
W, 0.45kW

in
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Selecting the Right Refrigerant

11-26C The desirable characteristics of a refrigerant are to have an evaporator pressure which is above the
atmospheric pressure, and a condenser pressure which corresponds to a saturation temperature above the
temperature of the cooling medium. Other desirable characteristics of a refrigerant include being nontoxic,
noncorrosive, nonflammable, chemically stable, having a high enthalpy of vaporization (minimizes the
mass flow rate) and, of course, being available at low cost.

11-27C The minimum pressure that the refrigerant needs to be compressed to is the saturation pressure of
the refrigerant at 30°C, which is 0.771 MPa. At lower pressures, the refrigerant will have to condense at
temperatures lower than the temperature of the surroundings, which cannot happen.

11-28C Allowing a temperature difference of 10°C for effective heat transfer, the evaporation temperature
of the refrigerant should be -20°C. The saturation pressure corresponding to -20°C is 0.133 MPa.
Therefore, the recommended pressure would be 0.12 MPa.

11-29 A refrigerator that operates on the ideal vapor-compression cycle with refrigerant-134a is
considered. Reasonable pressures for the evaporator and the condenser are to be selected.

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

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and
condensation temperatures of the refrigerant should be -20°C and 35°C, respectively. The saturation
pressures corresponding to these temperatures are 0.133 MPa and 0.888 MPa. Therefore, the recommended
evaporator and condenser pressures are 0.133 MPa and 0.888 MPa, respectively.

11-30 A heat pump that operates on the ideal vapor-compression cycle with refrigerant-134a is considered.
Reasonable pressures for the evaporator and the condenser are to be selected.

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

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and
condensation temperatures of the refrigerant should be 0°C and 32°C, respectively. The saturation
pressures corresponding to these temperatures are 0.293 MPa and 0.816 MPa. Therefore, the recommended
evaporator and condenser pressures are 0.293 MPa and 0.816 MPa, respectively.
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Heat Pump Systems

11-31C A heat pump system is more cost effective in Miami because of the low heating loads and high
cooling loads at that location.

11-32C A water-source heat pump extracts heat from water instead of air. Water-source heat pumps have
higher COPs than the air-source systems because the temperature of water is higher than the temperature of
air in winter.
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11-33 An actual heat pump cycle with R-134a as the refrigerant is considered. The isentropic efficiency of
the compressor, the rate of heat supplied to the heated room, the COP of the heat pump, and the COP and
the rate of heat supplied to the heated room if this heat pump operated on the ideal vapor-compression
cycle between the same pressure limits are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) The properties of refrigerant-134a are (Tables A-11 through A-13)

P, =800 kPa
X h, =291.76 ki/kg :
T2 =55°C y { Qu 800 kPa
T3 =Tu@rsokpa = 29.06°C 750 kPa cond 3 55°C
P, =750 kPa i ondenser i
h; =87.91kJ/kg 3 2
T, =(29.06 —3)°C _ _
Expansion W
o ompressor —
Taat@200kpa = —10.09°C .
P, =200 kPa }hl = 247.87 ki/kg A 1
T, =(-10.09+4)°C]| s, = 0.9506 kJ/kg | Evaporator :
P, =800 kPa +—
h,, =277.26

The isentropic efficiency of the compressor is

by by 277.26-247.87 _ ) T
h,—h ~ 291.76—247.87

lc

(b) The rate of heat supplied to the room is

Qy =m(h, —h3) = (0.018 kg/s)(291.76 —87.91)kJ/kg = 3.67 kW
(c) The power input and the COP are

W,, =m(h, —h;) = (0.018 kg/s)(291.76 — 247.87)kJ/kg = 0.790 KW / 4 " o)} \K

. S

COP = Q_H _ 357 464
w;, 0.790

(d) The ideal vapor-compression cycle analysis of the
cycle is as follows: T

hl = hg@ 200 kPa = 24446 kJ/kg

Sl = Sg@ 200 kPa = 09377 kJ/kgK

P, =800 MPa

2 }hz = 273.25 k/kg

SZ = Sl

h3 = hf@BOO kPa = 9547 k\]/kg

h4 = h3

h, —h .25-95,
COP: 2 3 27325 9547 _618 S

h,—h, 273.25-244.46

Qy =m(h, —hy) = (0.018 kg/s)(273.25 - 95.47)k/kg = 3.20 KW
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11-34 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a as
the working fluid is considered. The COP and the rate of heat supplied to the evaporator are to be
determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =280kPa | hy =Ny @ ag0kpa =249.72ki/kg
sat. vapor S; =Sq @ 280kpa = 0.93210kJ/kg-K
P, =1200 kPa } h, = 280.00 ki/kg 3 /1.2 MPA
52 = Sl J . W
in
::t :Ilgi?do kPa } h3 = hf @ 1200 kPa = 11777 kJ/kg \\
' 280 kPa

h, = hy =117.77 ki/k hrottli Z \' N

4 =hg . g (throttling) / 4s 4 o

L
The mass flow rate of the refrigerant is determined from
v S

. W,

Wi, =m(h, —hy) m=—-"—= 20 ks =0.6605 kg/s

h, —h,  (280.00—249.72) ki/kg
Then the rate of heat supplied to the evaporator is

Q, =m(h, —h,) = (0.6605 kg/s)(249.72 -117.77) kl/kg = 87.15 kW
The COP of the heat pump is determined from its definition,

gy _hp-hy  280.00-117.77

COPp =—H = = =5.36
W, h,-h,  280.00-249.72
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11-35 A heat pump operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The effect of compressor irreversibilities on the COP of the cycle is to be
determined.

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

Analysis In this cycle, the refrigerant enters the compressor as a saturated vapor at the evaporator pressure,
and leaves the condenser as saturated liquid at the condenser pressure. The compression process is not
isentropic. The saturation pressure of refrigerant at —1.25°C is 280 kPa. From the refrigerant tables (Tables
A-11, A-12, and A-13),

Pl =280 kPa h]_ = hg @ 280kPa — 249.72 k\]/kg T
sat. vapor S; =Sq @ 280kpa = 0.93210 ki/kg-K

P, =800 kPa

o s, } hy, = 271.50 ki/kg

P, =800 kPa
sat. liquid

h, =h; =95.47 ki/kg (throttling)

The actual enthalpy at the compressor exit is determined by

using the compressor efficiency: S
h,s —h h,s —h -
Ne=-—"2—1  sh,=h +2 1= 249,70+ 2110724972 _ 505 5, kd/kg
h, —h; Ne 0.85

The COPs of the heat pump for isentropic and irreversible compression cases are

h,. —h -
COPHP deal = qH _ 2s 3 _ 271.50-95.47 -8.082
el =y hy, —h,  271.50—249.72

in

Gy h,—hy 27534-9547

- - =7.021
o hy—h, 27534-249.72

COPHP,actuaI =

Wi

The irreversible compressor decreases the COP by 13.1%.
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11-36 A heat pump operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The effect of superheating at the compressor inlet on the COP of the cycle is
to be determined.

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

Analysis In this cycle, the compression process is isentropic and leaves the condenser as saturated liquid at
the condenser pressure. The refrigerant entering the compressor is superheated by 2°C. The saturation
pressure of refrigerant at —1.25°C is 280 kPa. From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =280 kPa h, =251.96 kJ/kg
T,=-125+2=1.25°C | s, =0.9403klJ/kg-K

T
Py =800kPa } h, = 274.04 k/kg
52 = Sl
P, =800 kPa
Sast ||qu|d } h3 = hf @ 800 kPa = 9547 k\]/kg

h, = h; =95.47 kd/kg (throttling)

The states at the inlet and exit of the compressor when the
refrigerant enters the compressor as a saturated vapor are

P, =280kPa | h =Ny @ ag0kpa =249.72ki/kg 5
sat. vapor S; =Sq @ 280kpa = 0-93210ki/kg - K

P, =800 kPa

h, = 271.50 kJ/k
5, =5, } 2 50 kd/kg

The COPs of the heat pump for the two cases are
q h,s —h 271.50-95.47
COPHP, ideal = “HoooB 3=
w; h,, —h,  271.50-249.72

n

=8.082

qy _hy—h;  274.04-95.47

CcoP === =
HPactal =y T h, —h,  274.04—251.96

=8.087

The effect of superheating on the COP is negligible.
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11-37E A heat pump operating on the vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The effect of subcooling at the exit of the condenser on the power requirement
is to be determined.

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

Analysis In this cycle, the compression process is isentropic, the refrigerant enters the compressor as a
saturated vapor at the evaporator pressure, and leaves the condenser as subcooled liquid. From the
refrigerant tables (Tables A-11E, A-12E, and A-13E),

P, =50psia | h =hg @ s0psia =108.81Btu/lbm
sat. vapor S; =Sg @s0psia = 0-22188 ki/kg - K

P, =160 psia
SZ = Sl

} h, =119.19 Btu/lbm

P; =160 psia
T4 =100°F

h, = hy = 45.124 Btu/lbm (throttling) / 4 4 o 1\
L

The states at the inlet and exit of the expansion valve when

} h3 = hf @ 100°F :45124 BtU/'bm

the refrigerant is saturated liquid at the condenser exit are S
P, =160 psia
sat ||qu|d } h3 = hf @ 160 psia = 48519 Btu/lbm

h, = h; =48.519 Btu/lom (throttling)
The mass flow rate of the refrigerant in the ideal case is

Qu 100,000 Btu/h

Qu =y —ha) h, —h;  (119.19-48.519) Btu/lbm
The power requirement is
. . 1kwW
W, =m(h, —h;) = (1415.0 lbm/h)(119.19-108.81) Btu/lom| ———— | =4.305 kW
3412.14 Btu/h

With subcooling, the mass flow rate and the power input are

QL =y —hy)— = 100000BWh a0 m0m
h,—h;  (119.19— 45 124) Btu/lbm
_ 1KW
W, =rh(h, —h,) = (1350.11bm/h)(119.19—108.81) Btu/lbm| — < __|_ 4,107 kw
3412.14 Btu/h

Subcooling decreases the power requirement by 4.6%.
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11-38E A heat pump operating on the vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The effect of superheating at the compressor inlet on the power requirement is
to be determined.

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

Analysis In this cycle, the compression process is isentropic and leaves the condenser as saturated liquid at
the condenser pressure. The refrigerant entering the compressor is superheated by 10°F. The saturation

temperature of the refrigerant at 50 psia is 40.23°F. From the refrigerant tables (Tables A-11E, A-12E, and
A-13E),

P, =50 psia h, =110.99 Btu/lbm

T, =40.23+10=50.2°F [ s, = 0.2262 kJ/kg-K T
P, =160 psia } h, =121.71Btu/lbm

S =31

P; =160 psia
sat. liquid

h, = h; =48.519 Btu/lbm (throttling)

The states at the inlet and exit of the compressor when the
refrigerant enters the compressor as a saturated vapor are

P, =50psia | hy =Ny @ s0psia =108.81Btu/lbm S
sat. vapor S; =Sg @sopsia = 0-22188kJ/kg-K

P, =160 psia

} h, =119.19 Btu/lbm
52 = Sl

The mass flow rate of the refrigerant in the ideal case is

QL =y —hy)—smo— __ 100000BWh 00100,
h, —h;  (119.19-48.519) Btu/lom
The power requirement is
- . 1kW
W, =m(h, —h;) = (1415.0 Ibm/h)(119.19 —108.81) Btu/lbm| ——————— | = 4.305 kW
3412.14 Btu/h

With superheating, the mass flow rate and the power input are

QL =iy —hy)—sm=—H __ 100000BWh a0 00 0m
h,—hy  (121.71—48.519) Btu/lom
_ 1KW
W, =(h, —h,) = (1366.3 Ibm/h)(121.71~110.99) Btu/lbm| ——— | _ 4.293kwW
3412.14 Btu/h

Superheating decreases the power requirement slightly.
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11-39 A geothermal heat pump is considered. The degrees of subcooling done on the refrigerant in the
condenser, the mass flow rate of the refrigerant, the heating load, the COP of the heat pump, the minimum
power input are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the refrigerant-134a tables )

(Tables A-11 through A-13) \ On

T, =20°C] P, =572.1kPa ™
X, =0.23 [ h, =121.24 kl/kg —] Condenser 1.4 MPa
hy =h 3 2 T %27%
374 Expansion '
Win
P, =572.1kPa | h; =261.59 kJ/kg Xvalve Compressor — T
X, =1(sat.vap.)| s; = 0.9223 kJ/kg
P, =1400 kPa 4 1
o —s h, =280.00 ki/kg ; Evaporator ;
20 20°C — sat. vap.
From the steam tables (Table A-4) x=0.23 ‘I‘
hut = D¢ @soc = 209.34 k/k T 40°C
wi =Nt @s0°C g Water
hyo =Nt @a0.c =167.53kJ/kg 50°C
The saturation temperature at the condenser T

pressure of 1400 kPa and the actual temperature
at the condenser outlet are

Teat @1400kpa = 92.40°C

P; =1400 kPa

hy; =121.24KkJ
Then, the degrees of subcooling is

ATubcool = Tsat — T3 =52.40—-48.59 =3.81°C

(b) The rate of heat absorbed from the
geothermal water in the evaporator is

Q, =my (hy, —h,,) = (0.065 kg/s)(209.34 —167.53)kJ/kg = 2.718 KW
This heat is absorbed by the refrigerant in the evaporator

QL 2.718 kW
h,—h, (261.59-121.24)kJ/kg

(c) The power input to the compressor, the heating load and the COP are
W, =g (h, —h;)+Qy, = (0.01936 kg/s)(280.00 — 261.59)kJ/kg = 0.6564 kW
Qy =g (h, —hy) = (0.01936 kg/s)(280.00 —121.24)kJ/kg = 3.074 kW

}TS = 48.59°C (from EES)

mR:

=0.01936 kg/s

cong_H=M=4_68
W;, 0.6564 kW
(d) The reversible COP of the cycle is
COP,, = ! ! 12.92

T T /Ty 1-(25+273)/(50+273)
The corresponding minimum power input is

_ Qy _ 3.074kW

W, = =0.238 kW
nmncop 12.92

rev
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Innovative Refrigeration Systems

11-40C Performing the refrigeration in stages is called cascade refrigeration. In cascade refrigeration, two
or more refrigeration cycles operate in series. Cascade refrigerators are more complex and expensive, but
they have higher COP's, they can incorporate two or more different refrigerants, and they can achieve
much lower temperatures.

11-41C Cascade refrigeration systems have higher COPs than the ordinary refrigeration systems operating
between the same pressure limits.

11-42C The saturation pressure of refrigerant-134a at -32°C is 77 kPa, which is below the atmospheric
pressure. In reality a pressure below this value should be used. Therefore, a cascade refrigeration system
with a different refrigerant at the bottoming cycle is recommended in this case.

11-43C We would favor the two-stage compression refrigeration system with a flash chamber since it is
simpler, cheaper, and has better heat transfer characteristics.

11-44C Yes, by expanding the refrigerant in stages in several throttling devices.

11-45C To take advantage of the cooling effect by throttling from high pressures to low pressures.
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11-46 [Also solved by EES on enclosed CD] A two-stage compression refrigeration system with
refrigerant-134a as the working fluid is considered. The fraction of the refrigerant that evaporates as it is
throttled to the flash chamber, the rate of heat removed from the refrigerated space, and the COP are to be
determined.

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

Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables
(Tables A-11, A-12, and A-13) to be

h, =239.16 ki/lkg, h, = 265.31kJ/kg T 1 MPa

h; = 259.30 kJ/kg, 4

h5 =107.32 kJ/kg, h6 =107.32 kJ/kg . 0.5 MPa

h, =73.33kJ/kg, hg =73.33 k/kg A 2
The fraction of the refrigerant that evaporates as 7 9 A 0.14 MPa
it is throttled to the flash chamber is simply the 6 B 3
quality at state 6, \ N

/ 8 L 1
he —h _
Xg = 6 t_ 107.32-73.33 _0.1828 QL
hgy 185.98 S

(b) The enthalpy at state 9 is determined from an energy balance on the mixing chamber:
: : : &0 (stead
Ein —Eout = AEsystem (ready) — 0
Ein = Eout
Z I’he he = Z mi hi

(L = xghs +(L—xg ),
he =(0.1828)259.30)+ (1 - 0.1828)(265.31) = 264.21 ki/kg

also,

P, =1MPa

h, = 278.97 ki/kg
S, =g = 0.94083 k/kg - K

Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of
refrigerant flowing through the condenser are

g = (L—xg )M, = (1-0.1828)0.25 kg/s) = 0.2043 kg/s
Q, =mg(h, —hg)=(0.2043 kg/s)239.16 — 73.33) ki/kg = 33.88 kW

V\./in =Wcompl,in +Wcomp|l,in = mA(hA - h9)+ rT.]B (h2 - hl)
= (0.25 kg/s)(278.97 — 264.21) ki/kg +(0.2043 kg/s)(265.31 - 239.16)kJ/kg
=9.03 kW

(c) The coefficient of performance is determined from

cop, - O _3388KW _

- =375
Woein  9-03 KW
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11-47 EES Problem 11-46 is reconsidered. The effects of the various refrigerants in EES data bank for
compressor efficiencies of 80, 90, and 100 percent is to be investigated.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Input Data"
"P[1]=140 [kPa]

P[4] = 1000 [kPa]
P[6]=500 [kPa]
Eta_compB =1.0
Eta_compA =1.0"
m_dot_A=0.25 [kg/s]

"High Pressure Compressor A"

P[9]=P[6]

h4s=enthalpy(R134a,P=P[4],s=s[9]) "State 4s is the isentropic value of state 4"
h[9]+w_compAs=h4s "energy balance on isentropic compressor"
w_compA=w_compAs/Eta_compA"definition of compressor isentropic efficiency"
h[9]+w_compA=h[4] "energy balance on real compressor-assumed adiabatic"
s[4]=entropy(R134a,h=h[4],P=P[4]) "properties for state 4"
T[4]=temperature(R134a,h=h[4],P=P[4])

W_dot_compA=m_dot_A*w_compA

"Condenser"

P[5]=P[4] "neglect pressure drops across condenser"

T[5]=temperature(R134a,P=P[5],x=0) "properties for state 5, assumes sat. lig. at cond. exit"
h[5]=enthalpy(R134a,T=T[5],x=0) "properties for state 5"

s[5]=entropy(R134a,T=T[5],x=0)

h[4]=g_out+h[5] "energy balance on condenser"

Q_dot_out = m_dot_A*q_out

"Throttle Valve A"

h[6]=h[5] "energy balance on throttle - isenthalpic"
x6=quality(R134a,h=h[6],P=P[6]) "properties for state 6"
s[6]=entropy(R134a,h=h[6],P=P[6])
T[6]=temperature(R134a,h=h[6],P=P[6])

"Flash Chamber"

m_dot_B = (1-x6) * m_dot_A

P[7] = P[6]

h[7]=enthalpy(R134a, P=P[7], x=0)
s[7]=entropy(R134a,h=h[7],P=P[7])
T[7]=temperature(R134a,h=h[7],P=P[7])

"Mixing Chamber"

x6*m_dot_A*h[3] + m_dot_B*h[2] =(x6* m_dot_A + m_dot_B)*h[9]
P[3] = P[6]

h[3]=enthalpy(R134a, P=PJ[3], x=1) "properties for state 3"
s[3]=entropy(R134a,P=P[3],x=1)
T[3]=temperature(R134a,P=P[3],x=x1)
s[9]=entropy(R134a,h=h[9],P=P[9]) "properties for state 9"
T[9]=temperature(R134a,h=h[9],P=P[9])

"Low Pressure Compressor B"
x1=1 "assume flow to compressor inlet to be saturated vapor"
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h[1]=enthalpy(R134a,P=P[1],x=x1) "properties for state 1"
T[1]=temperature(R134a,P=P[1], x=x1)

s[1]=entropy(R134a,P=P[1],x=x1)

P[2]=P[6]

h2s=enthalpy(R134a,P=P[2],s=s[1]) " state 2s is isentropic state at comp. exit"
h[1]+w_compBs=h2s "energy balance on isentropic compressor"
w_compB=w_compBs/Eta_compB"definition of compressor isentropic efficiency"
h[1]+w_compB=h[2] "energy balance on real compressor-assumed adiabatic"
s[2]=entropy(R134a,h=h[2],P=P[2]) "properties for state 2"
T[2]=temperature(R134a,h=h[2],P=P[2])

W_dot_compB=m_dot_B*w_compB

"Throttle Valve B"

h[8]=h[7] "energy balance on throttle - isenthalpic"
x8=quality(R134a,h=h[8],P=P[8]) "properties for state 8"
s[8]=entropy(R134a,h=h[8],P=P[8])
T[8]=temperature(R134a,h=h[8],P=P[8])

"Evaporator"

P[8]=P[1] "neglect pressure drop across evaporator"
g_in + h[8]=h[1] "energy balance on evaporator"
Q_dot_in=m_dot_B*g_in

"Cycle Statistics"
W_dot_in_total = W_dot_compA + W_dot_compB
COP=Q_dot_in/W_dot_in_total "definition of COP"

Ncompa NcompB Qout Cop
0,8 0,8 45.32 2.963
0,8333 0,8333 44.83 3.094
0,8667 0,8667 44.39 3.225
0,9 0,9 43.97 3.357
0,9333 0,9333 43.59 3.488
0,9667 0,9667 43.24 3.619
1 1 42.91 3.751

15— 11—

100 -

1000 kPa

T[C]

500 kPa

140 kPa

06 08 1,0 1,2

s [kJ/kg-K]
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44,5

Qout [kW]
COP
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11-48 [Also solved by EES on enclosed CD] A two-stage compression refrigeration system with
refrigerant-134a as the working fluid is considered. The fraction of the refrigerant that evaporates as it is
throttled to the flash chamber, the rate of heat removed from the refrigerated space, and the COP are to be
determined.

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

Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables
(Tables A-11, A-12, and A-13) to be

h, =239.16 ki/kg, h, = 255.90 ki/kg

h, = 251.88 kJ/kg, T
hs =107.32 ki/kg, hg =107.32 ki/kg

h, =55.16 kilkg, hg =55.16 ki/kg

1 MPa

_ ] 0.32 MPa
The fraction of the refrigerant that evaporates

as it is throttled to the flash chamber is simply

the quality at state 6,

he —h¢  107.32-55.16
hy 196.71

0.14 MPa

=0.2651

X6:

9

(b) The enthalpy at state 9 is determined from an
energy balance on the mixing chamber: s

Ein - Eout = AEsystem&jo (steary) _ 0
Ein = Eout
Z rhehe = z m; hi
(Lhg = xghs + (1= xg )y
he = (0.2651)(251.88)+ (1 - 0.2651)(255.90) = 254.84 ki/kg

and
Py =0.32 MPa
Sg = 0.94074 ki/kg - K
hy = 254.84 ki/kg
P, =1MPa
also, h, =278.94 ki/kg
Sy =Sg = 0.94074 kJ/kg - K

Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of
refrigerant flowing through the condenser are

Mg = (1—xg )M, = (1-0.2651)0.25 kg/s) = 0.1837 kg/s
Q. =rmg(h, —hg)=(0.1837 kg/s)(239.16 — 55.16) ki/kg = 33.80 kW

V\./in =V\./compl,in +Wcomp|l,in = mA(h4 - h9)+ rhB (h2 - hl)
= (0.25 kg/s)(278.94 — 254.84) ki/kg + (0.1837 kg/s)(255.90 — 239.16) ki/kg
=9.10 kW

(c) The coefficient of performance is determined from

coP, - Q. _3380kw

- =371
Woein  9-10 KW
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11-49 A two-stage cascade refrigeration cycle is considered. The mass flow rate of the refrigerant through
the upper cycle, the rate of heat removal from the refrigerated space, and the COP of the refrigerator are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) The properties are to be obtained from the refrigerant tables (Tables A-11 through A-13):

S1 = Sy 200 kea = 0-9377 kilkg.K \QH
P, =500 kPa M
2 }hZS = 263.30 ki/kg : Condenser
SZ = Sl 7
: 67T :
h,s —h, X Expansion "
(I valve Compressor i—
0.80 = 203:30-244.46 >h, = 268.01kJ/kg
h, —244.46 8 5
; Evaporator ;
h, =h; =73.33 ki/kg | Condenser
h5 = hg@ 400 kPa = 255.55 k\]/kg E3 R 2 T .
Xpansion
S5 = Sy 400 kpa = 0.9269 KI/kg.K Xvalf’/e Wi,
Compressor )
Ps =1200 kPa
hes = 278.33 ki/kg
56 = 55 4 1
: Evaporator ;
Ve = hgs —hs A
ST — B
e —hs \o.
0.0 = 2/8:33-255.55 he = 284.02 ki/kg
hg — 255.55

h7 = h f @1200 kPa = 11777 k\]/kg
hg = h, =117.77 ki/kg

The mass flow rate of the refrigerant through the upper cycle is determined from an energy balance on the
heat exchanger

Ma(hs —hg) =mg(h, —h3)
M 5 (255.55—117.77)kJ/kg = (0.15 kg/s)(268.01— 73.33)kd/kg —> m , =0.212 kg/s
(b) The rate of heat removal from the refrigerated space is
Q, =mg(h, —h,) = (0.15 kg/s)(244.46 — 73.33)kJ/kg = 25.67 kW
(c) The power input and the COP are

Wi, =m4 (hg —hs)+mg (h, —hy)
= (0.15 kg/s)(284.02 — 255.55)kJ/kg + (0.212 kg/s)(268.01— 244.46)kJ/kg = 9.566 kW

COP = & _ 267
9.566

in

=2.68
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11-50 A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The cooling rate of the high-temperature evaporator, the power required by the compressor,
and the COP of the system are to be determined.

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

Condenser

2T T
T3
- Compressor
L4 Expansion Expansion
valve valve
<—[>4_|_ Evaporator 1 H_N_
5 4
Expansion
7+ valve

Evaporator 2 “"N_ S
6

Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =800 kPa

s;t. liquid } hs =Nt @sookpa = 95.47 kilkg
h, =he =h; =95.47ki/kg (throttling)

T, =0°C

sat. vapor } h5 = hg @o0°Cc = 250.45 kJ/kg
T7 =-26.4°C

sat. vapor } h; =hg @ —26.4°c = 234.44kJ/kg

The mass flow rate through the low-temperature evaporator is found by

Q. 8kls

= =0.05757 kg/s
h,—hy (234.44—95.47) ki/kg

QL:mZ(h7_h6) rT"2:

The mass flow rate through the warmer evaporator is then
m, =m-m, =0.1-0.05757 = 0.04243 kg/s
Applying an energy balance to the point in the system where the two evaporator streams are recombined
gives
_ myhg +myh;  (0.04243)(250.45) +(0.05757)(234.44)
m 0.1

Then,
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P, = Py @ _264c =100kPa

s; =0.9789 kJ/kg - K
h, =241.23kJ/kg

:22 :floo kPa } h, = 286.26 kJ/kg
The cooling rate of the high-temperature evaporator is

Q, =m, (hs —h,) = (0.04243 kg/s)(250.45 — 95.47) ki/kg = 6.58 kKW
The power input to the compressor is

W, =m(h, —h;) = (0.1kg/s)(286.26 — 241.23) k/kg = 4.50 KW
The COP of this refrigeration system is determined from its definition,

cop, - OL _E+65BKW 5,
W,  450kw
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11-51E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The power required by the compressor and the COP of the system are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

2+ Condenser T
T3
- Compressor
[} .
1 Expansion Expansion
valve valve
Evaporator 1
5 4
Expansion
7+ valve
Evaporator 2 <—|—[><]—
6 S
Analysis From the refrigerant tables (Tables A-11E, A-12E, and A-13E),
P, =140 psia
sat ||qu|d } h3 = hf @ 140 psia = 45304 Btu/lbm
h, =hg = h; =45.304 Btu/lbm (throttling)
P; =30 psia
P, =15 psia
The mass flow rates through the high-temperature and low-temperature evaporators are found by
Quz =my(hs —hy) iy = kL 3000 Btu/h = 49.99 Ibm/h
' hs —h, (105.32-45.304) Btu/lbm
Q2 =M, (h; —hg) iy =22 _ 10,000 Btuh =179.58 Ibm/h

h, —hs  (100.99 —45.304) Btu/lbm

Applying an energy balance to the point in the system where the two evaporator streams are recombined
gives

=101.93 Btu/lbm

o o fyhs +moh,  (49.99)(105.32) + (179.58)(100.99)
he + m,h, = (M, +m = =
Ml + Mafy = (M 10 )y " My +m, 49.99+179.58
Then,
P, =15psia

- 0.2203Btu/lbm R
h, =101.93 Btw/lbm } % wibm

P, =140 pS'a} h, =122.24 Btu/lbm
52 = Sl

The power input to the compressor is
1kw

W, = (rhy +m,)(h, —hy) = (49.99+179.58) Ibm/h(12224 -101.93) Btu/lom ——————
1 = (1 410)(1y 1) = (49.99-+179.58) o ) Buor{ 32K

] =1.366kW

The COP of this refrigeration system is determined from its definition,
COP, :& _ (10,000 +3000) Btu/h 1kwW _o
1.366 kW 3412.14 Btu/h

in
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11-52E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The power required by the compressor and the COP of the system are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

2 4 Condenser T
T3
- Compressor
‘ -
1 Expansion Expansion
valve valve
Evaporator Il
5 4
Expansion
7+ valve
Evaporator | <—|—D<]—
S
6
Analysis From the refrigerant tables (Tables A-11E, A-12E, and A-13E),
P; =140 psia
sat ||qu|d } h3 = hf @ 140 psia = 45304 Btu/lbm
h, =hg = h; =45.304 Btu/lbm (throttling)
Ps = 60 psia
P, =15psia
The mass flow rates through the high-temperature and low-temperature evaporators are found by
Qs =y (hs —h,) iy = SkL a LWL L = 740.7 Ibm/h
' hg —h, (110.11-45.304) Btu/lbm
Q2 =M, (h; —hg) M, = Quz__ 10,000 Btuh =179.6 Ibm/h

h, —hs  (100.99 —45.304) Btu/lbm

Applying an energy balance to the point in the system where the two evaporator streams are recombined
gives

fiyh =+ hhy = (i -+, h = m_@s +r.nzh7 _ (740.7)(110.11) + (179.58)(100.99) —108.33 Btu/lbm
MMy -+, 740.7 +179.58
Then,
P, =15psia
=0.2430 Btu/lbm-R
h, =108.33 Bw/lbm } %t wibm
P, =140 ps'a} h, =130.45 Btw/lbm
S2 =351
The power input to the compressor is
. 1kwW
Wi, = (my +m,)(h, —h) = (740.7 +179.6) Ibm/h(13045-108.33) Btu/lbm ————— | =5.966 kW
= (T +10,)(h, ~hy) = (740.7-+170.6) o/ ) B 5

The COP of this refrigeration system is determined from its definition,
Q.  (48,000+10,000) Btu/h 1kW
COPg =<t = =2
5.966 kW 3412.14 Btu/h

in

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




11-40

11-53 A two-stage compression refrigeration system with a separation unit is considered. The mass flow
rate through the two compressors, the power used by the compressors, and the system’s COP are to be
determined.

Assumptions 1 Steady operating conditions

exist. 2 Kinetic and potential energy o L "]  Condenser
changes are negligible.
Analysis From the refrigerant tables (Tables - Compressor T3
A-11, A-12, and A-13), )
I
T, =-10.1°C| h =hy g 401c =244.46 ki/kg 1 | Expansion
_ _ ) Separator v
sat. vapor 1 =S4 @-10.1°c = 0.93773kJ/kg-K 8 valve
| — ‘_

P, = kP

2 =800 a} h, = 273.24 k/kg Ts
S, =5, — Compressor .
B, — 800 kP Expansion

3 _I d a } h3 = hf @800 kPa = 9547 k..]/kg 7 VaIVe
sat. fiqui L Evaporator 6
h, = h; =95.47 ki/kg (throttling)
Ts =-10.1°C

hs =h oc = 38.43kJ/k T

sat. liquid } s te-rc g
hg = hy; =38.43kJ/kg (throttling)
T, =-40°C | h; =hg g _sp.c =225.86kI/kg
sat. vapor S7 =Sg @ —a0.c = 0.96866 ki/kg-K
Py =P, . =200kPa

8 s@nore } hg = 252.74 ki/kg
Sg =957
The mass flow rate through the evaporator is
determined from 5

O, =rhg (hy —hg) g =L _ S0 ks = 0.1601Kg/s
h, —hs (225.86—38.43) kd/kg
An energy balance on the separator gives
hg —h 252.74-38.43
Mg (hg —hs) = M, (h, —h,) ——m, =ms 2—= = (0.160)) ——— " =0.2303 kg/s
6(hg —hs) 2(hy=hy) 2 Ghl—h4 ( )244.46—95.47 g

The total power input to the compressors is

Wi, =mg(hg —h;)+m,(h, —hy)
= (0.1601kg/s)(252.74 — 225.86) kJ/kg + (0.2303 kg/s)(273.24 — 244.46) kd/kg
=10.93 kW

The COP of this refrigeration system is determined from its definition,

COP, :& __30kW -,
W 10.93 kW

in
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11-54E A two-stage compression refrigeration system with a separation unit is considered. The cooling
load and the system’s COP are to be determined.

Assumptions 1 Steady operating conditions

exist. 2 Kinetic and potential energy 5 [ ™ Condenser
changes are negligible.
- Compressor T3
Analysis From the refrigerant tables (Tables ) L
A-11E, A-12E, and A-13E), ! | .
1 Expansion

P, =120psia | Ny =hg @ 120psia =115.16 Btu/lom 8 Separator | yajye
sat. vapor S; =S4 @ 120psia = 021924 Btu/lbm-R | ; - —|-[><]<—

; 4
P, =300 psia } h, =123.06 Btu/lbm = Compressor 75 _
S, =9, Expansion

) valve
P; =300 psia B 3 7 ]t
sat. liquid } hs =N @ a00psia = 66.339 Btu/lbom Evaporator 5
h, = h; =66.339 Btu/lom (throttling)

T
Ps =120 psia
he = hs =41.787 k/kg (throttling)
P, =60 psia } h; =Ny @ 60psia =110.11Btu/lom 5
sat. vapor S7 =S4 @ 6opsia = 0-22127 Btu/lbm-R \_ 60 psia w
Py = i U
s =120psia } hg =116.28 Btu/lbm / 6 o !

Sg =97
An energy balance on the separator gives S

hg—hs . 116.28—41.787

me (hg —hg) =, (h; —h,) ——m, =, e, M e 16 e 335 ~ - 0250
The total power input to the compressors is given by
Win =mMg(hg —h7)+m,(h, —hy)
=mg(hg —h;)+1.5258m¢ (h, —h,)
Solving for myg,
g = Wi, (25x3412.14) Btu/h _ 4681 bm/h

(hg —h,)+1.5258(h, —h,) (116.28—110.11) 1 1.5258(123.06 115.16) Btu/lbm
The cooling effect produced by this system is then

Q. =mg(h; —hg) = (46811bm/h)(110.11— 41.787) Btu/lbm = 319,800 Btu/h
The COP of this refrigeration system is determined from its definition,

cop, - Q _ (319,80(;/:1\1/5.14) kW _, .

in
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11-55 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-
compression cycle with upper cycle using water and lower cycle using refrigerant-134a as the working
fluids. The mass flow rate of R-134a and water in their respective cycles and the overall COP of this
system are to be determined.

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

Analysis From the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13),

sat.vapor | S; =Sggsc =9.0249kJ/kg-K
T
P, =1.6 MP
> =16 a} h, =5083.4 ki/kg
Sz = Sl
P, =1.6 MPa 3 _
sat. liquid } h; =h¢ @16mpa =858.44 kl/kg
h, =h; =858.44kJ/kg (throttling)
-l—5 = —4OOC h5 = hg @ _40°C = 22586 k\]/kg
sat. vapor S5 =Sq @ —4a0ec = 0.96866 ki/kg-K
Pe = 400kPa } hg = 267.59 ki/kg s
Se =S5
P, =400 kPa
sa7t ||qu|d } h7 = hf @ 400 kPa = 6394 k\]/kg
hg = h;, =63.94kJ/kg (throttling)
The mass flow rate of R-134a is determined from
Q. 20 ki/s

QL:mR(hS_hB) mR:

= =0.1235kg/s
hs —hg  (225.86—63.94) kd/kg

An energy balance on the heat exchanger gives the mass flow rate of water
Mg (hg —h7) =m,, (h, —h,)

he —h 59-63.
6 717 _ (0.1235kgls) 212970394 _ 4 41503 kgrs
hy 2510.1-858.44

—_>mW:mR

1

The total power input to the compressors is

Wi, =mg (hg —hg) +m,, (h, —h;)
=(0.1235kg/s)(267.59 — 225.86) kJ/kg + (0.01523 kg/s)(5083.4 — 2510.1) kl/kg
=44.35kJ/s

The COP of this refrigeration system is determined from its definition,

cop, =3t _ 20K 45y
W, 44.35KJs

in
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11-56 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is
considered. The process with the greatest exergy destruction is to be determined.

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

Analysis From Prob. 11-55 and the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and
A-13),

S, =S, =9.0249kJ/kg-K

Sy =2.3435kJ/kg-K T
s, =3.0869 ki/kg-K

S5 = Sg =0.96866 ki/kg - K

s; =0.24757 kl/kg - K

sg =0.27423kJ/kg - K

Mg =0.1235kg/s

m,, = 0.01751kg/s

q. =hs —hg =161.92 ki/kg

qy =h, —h; =4225.0kJ/kg

T, =-30°C=243K

Ty =30°C=303K S
Ty =30°C =303K

The exergy destruction during a process of a stream from an inlet state to exit state is given by

Qin Qout
Xdest :TOsgen :TO(Se —Si— +

source Tsink

Application of this equation for each process of the cycle gives

. . qn
Xdestroyed,23 = mWTO(SS =S, + T
H

4222'()} =38.53kJ/s

= (0.01751)(303 K)[2.3435 ~9.0249 +
X gestroyed.34 = My To (S4 —S3) = (0.01751)(303)(3.0869 — 2.3435) = 3.94 kJ/s
X gestroyed,78 = Mp To (S5 —$7) = (0.1235)(303)(0.27423 - 0.24757) = 1.00 kJ/s

; . q.
Xdestroyed,BS = mRTO(SS —Sg _T_
L

161.92

= (0.1235)(303)[0.96866 ~0.27423 - j =1.05kJ/s

X destroyed, heatexch — TO [mw (sl - S4 ) + n.']R (57 - 56 )]
= (303)[(0.01751)(9.0249 — 3.0869) + (0.1235)(0.24757 — 0.96866) | = 4.52 ki/s

For isentropic processes, the exergy destruction is zero:

X destroyed,12 = 0
X destroyed,56 — 0

Note that heat is absorbed from a reservoir at -30°C (243 K) and rejected to a reservoir at 30°C (303 K),
which is also taken as the dead state temperature. Alternatively, one may use the standard 25°C (298 K) as
the dead state temperature, and perform the calculations accordingly. The greatest exergy destruction
occurs in the condenser.
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Gas Refrigeration Cycles

11-57C The ideal gas refrigeration cycle is identical to the Brayton cycle, except it operates in the reversed
direction.

11-58C The reversed Stirling cycle is identical to the Stirling cycle, except it operates in the reversed
direction. Remembering that the Stirling cycle is a totally reversible cycle, the reversed Stirling cycle is
also totally reversible, and thus its COP is

1

COPg stirling = 7,07, -1

11-59C In the ideal gas refrigeration cycle, the heat absorption and the heat rejection processes occur at
constant pressure instead of at constant temperature.

11-60C In aircraft cooling, the atmospheric air is compressed by a compressor, cooled by the surrounding
air, and expanded in a turbine. The cool air leaving the turbine is then directly routed to the cabin.

11-61C No; because h = h(T) for ideal gases, and the temperature of air will not drop during a throttling
(hy = h,) process.

11-62C By regeneration.
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11-63 [Also solved by EES on enclosed CD] An ideal-gas refrigeration cycle with air as the working fluid
is considered. The rate of refrigeration, the net power input, and the COP are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3
Kinetic and potential energy changes are negligible.

Analysis (a) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature
to be the temperature of the surroundings, and the compressor inlet temperature to be the temperature of
the refrigerated space. From the air table (Table A-17),

T,=285K —— Iy =28514kJ/kg T
P, =11584 .
1
Qn
T,=320K ——  hy=32029Kk)/kg
P =17375 4700 3
120 X
Thus, ¢ ‘ )/1
Qe
P, = % P, = (%)(1.1584) =5.792— T, =450.4K 4 xR
1 h, = 452.17 ki/kg s

P, = % P, = (%j(l.m?s): 0.3475——T, =201.8K
3 h, = 201.76 ki/kg

Then the rate of refrigeration is
Qrerrig =M(a ) =m(h, —h, )= (0.08 kg/s)(285.14 — 201.76) ki/kg = 6.67 kW
(b) The net power input is determined from
Wnet,in = Wcomp,in - Wturb,out
where
Weompin = M(h, —hy) = (0.08 kg/s)(452.17 — 285.14) ki/kg = 13.36 kKW
Wi out = M(hs —hy )= (0.08 kg/s)320.29 — 201.76) ki/kg = 9.48 kW
Thus,

Wt in =13.36 —9.48 = 3.88 kW

(c) The COP of this ideal gas refrigeration cycle is determined from

cop, = QL _ 86TKW

= =172
Woee in 3.88 kKW
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11-64 EES Problem 11-63 is reconsidered. The effects of compressor and turbine isentropic efficiencies on
the rate of refrigeration, the net power input, and the COP are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input data"
T[] =12 [C]
P[1]= 50 [kPa]
T[3] =47 [C]

P[3]=250 [kPa]

m_dot=0.08 [kg/s]

Eta_comp = 1.00

Eta turb=1.0

"Compressor anaysis"

S[1][=ENTROPY (Air, T=T[1],P=P[1])

s2s=s[1] "For the ideal case the entropies are constant across the compressor"

P[2] = P[3]

s2s=ENTROPY (Air,T=Ts2,P=P[2])"Ts2 is the isentropic value of T[2] at compressor exit"
Eta_comp = W_dot_comp_isen/W_dot_comp "compressor adiabatic efficiency,
W_dot_comp >W_dot_comp_isen"

m_dot*h[1] + W_dot_comp_isen = m_dot*hs2"SSSF First Law for the isentropic compressor,
assuming: adiabatic, ke=pe=0, m_dot is the mass flow rate in kg/s"
h[1]=ENTHALPY (Air, T=T[1])

hs2=ENTHALPY (Air,T=Ts2)

m_dot*h[1] + W_dot_comp = m_dot*h[2]"SSSF First Law for the actual compressor,
assuming: adiabatic, ke=pe=0"

h[2]=ENTHALPY (Air, T=T[2])

s[2][=ENTROPY (Air,h=h[2],P=P[2])

"Heat Rejection Process 2-3, assumed SSSF constant pressure process"

m_dot*h[2] + Q_dot_out = m_dot*h[3]"SSSF First Law for the heat exchanger,

assuming W=0, ke=pe=0"

h[3]=ENTHALPY (Air, T=T[3])

"Turbine analysis"

S[3]=ENTROPY (Air, T=T[3],P=P][3])

s4s=s[3] "For the ideal case the entropies are constant across the turbine"

P[4] = P[1]

s4s=ENTROPY (Air,T=Ts4,P=P[4])"Ts4 is the isentropic value of T[4] at turbine exit"
Eta_turb =W _dot_turb /W_dot_turb_isen "turbine adiabatic efficiency, W_dot_turb_isen >
W_dot_turb"

m_dot*h[3] = W_dot_turb_isen + m_dot*hs4"SSSF First Law for the isentropic turbine, assuming:
adiabatic, ke=pe=0"

hs4=ENTHALPY (Air,T=Ts4)

m_dot*h[3] = W_dot_turb + m_dot*h[4]"SSSF First Law for the actual compressor, assuming:
adiabatic, ke=pe=0"

h[4]=ENTHALPY (Air, T=T[4])

S[4]=ENTROPY (Air,h=h[4],P=P[4])

"Refrigeration effect:"

m_dot*h[4] + Q_dot_Refrig = m_dot*h[1]

"Cycle analysis"

W_dot_in_net=W_dot_comp-W_dot_turb"External work supplied to compressor"

COP= Q_dot_Refrig/W_dot_in_net

"The following is for plotting data only:"

Ts[1]=Ts2

ss[1]=s2s

Ts[2]=Ts4

ss[2]=s4s
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11-65 [Also solved by EES on enclosed CD] An ideal-gas refrigeration cycle with air as the working
fluid is considered. The rate of refrigeration, the net power input, and the COP are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3

Kinetic and potential energy changes are negligible.

Analysis (a) We assume the turbine inlet temperature to be the temperature of the surroundings, and the
compressor inlet temperature to be the temperature of the refrigerated space. From the air table (Table A-

17),
T,=285K ——> Iy =28514kJ/kg 2
P, =11584 T 2
T,=3200K ——>  hy=32029Kl/kg Q. /s
P, =17375 3
47°C
Thus, 12°C \
A1
P, = % P, = (%)(1.1584) =5.792——> T, =450.4K 40 4 Qrerg
! hy =452.17 k/kg S
P, 50
P =5 P =| 550 (1.7375)=0.3475——T,, = 201.8 K
3 hys = 201.76 ki/kg
Also,
hs —hy
Nt :W—> hy =hz —nr (hs —hy,)
3~ as =320.29 - (0.85)(320.29 - 201.76)

= 219.54 ki/kg

Then the rate of refrigeration is

Qrerrig = M(0, ) =m(h, —h, )= (0.08 kg/s)(285.14 — 219.54) ki/kg = 5.25

(b) The net power input is determined from

Whet,in = Weomp.in — Wiurb,out
where
Wcomp,in = rh(h2 - hl): rh(th - hl)/ MNc
= (0.08 kg/s)[(452.17 — 285.14) ki/kg]/(0.80) = 16.70 kW
Wi out = M(hs —hy )= (0.08 kg/s)(320.29 — 219.54) ki/kg = 8.06 KW
Thus,

Wet in =16.70—8.06 = 8.64 kW

(c) The COP of this ideal gas refrigeration cycle is determined from

cop, = G _52BKW _

= =0.61
‘/Vnet, in 8.64 kw
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11-66 A gas refrigeration cycle with helium as the working fluid is considered. The minimum temperature
in the cycle, the COP, and the mass flow rate of the helium are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of helium are ¢, = 5.1926 ki/kg-K 5
and k = 1.667 (Table A-2). T 5
Analysis (a) From the isentropic relations, Ou
P (k-1)/k f
Tos :T{FZJ — (263K )(3)*7/1%7 — 408.2K 50°C 3
1
P (k-1)/k 10667 /1.667 -10°C I« 1
Tas =T3(_4J = (323K)(—j = 208.1K 7
p3 3 4s QRefrig
and S
hy —h T,-T
=34 _ 3" 4 T, =Ts =7 (Ts = Ty ) =323 - (0.80)(323 - 208.1)
hy —has Ts =Ty —2311K =T,

Nps =My _Tos =Ty T,=T, + (T, =T, )/ 5 =263+ (408.2 - 263)/(0.80)

hy—h  Tp-T, _ 4445 K

Nc =

(b) The COP of this gas refrigeration cycle is determined from

COP, = ar  _ qL
net,in Wcomp,in - Wturb,out
(h; —hy)~(hs ~hy)
_ T, -T,
(T, ~T)-(Ts - T4)
263-231.1

=0.356

" (444.5-263)— (323 231.1)
(c) The mass flow rate of helium is determined from

i = Qrefrig _ Qrefrig _ Qrefrig _ 18 kd/s —0.109 Kgs
a.  m-hy c,(T,-T,) (5.1926k/kg-K)263-231.1)K
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11-67 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness
of the regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the
refrigeration load and the COP if this system operated on the simple gas refrigeration cycle are to be

determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3

Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K and k = 1.4 (Table A-2).

Analysis (a) From the isentropic relations,

(k=1)7k
T =Tl(%] = (2732K)5)**'** = 432.4 K
1

Q
e = h25_h1 :TZS _Tl v 't/
h,—h,  T,-T ed
4§2 4 : 273 22 l | Exh ]
0.80 = et 2le T, = 472.5K 6
T,-273.2 Regenerator
| Heat |
The temperature at state 4 can be 3' Exch.
determined by solving the following two 15 , 1
equations simultaneously: +4 , / , T 1
(k-1)/k 0.4/1.4 Qn
Tss =T P =T (Ej
5s 4 P, 4 5 \. ’/
ho_h T 1032 Turbine
np=——2° _,085=—24_""

h, —hs 4 — T Compressor
Using EES, we obtain T, = 281.3 K. )
An energy balance on the regenerator may be written as T Q 2

H

me(Ta _T4):mcp(Tl _Te)—>T3 =Ty =Ty —Tg 3 4
or, 35°CT

Te =T, —T3+T, =273.2-308.2+281.3=246.3K 0°C

Qrege 1
The effectiveness of the regenerator is | 4
h, —h T,-T 2- . <
376 3716 e . 5 Refrig s

(b) The refrigeration load is

Q, =rhc, (Ts —Ts) = (0.4 kg/s)(1.005 ki/kg.K)(246.3-193.2)K = 21.36 kW

(c) The turbine and compressor powers and the COP of the cycle are

Wi = iic, (T, —Ty) = (0.4 kg/s)(L.005 ki/kg.K)(472.5 - 273.2)K = 80.13KW

Wi g = MC, (T, —Ts) = (0.4 kg/s)(L.005 ki/kg.K)(281.3-193.2)kJ/kg = 35.43KW

cop- Q. 21.36

== — = =0.478
Woein  Wein —Wo oy  80.13-35.43
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(d) The simple gas refrigeration cycle analysis is as follows:

1 (k-1)/k 1 0.4/1.4
Ty =T3(—j =(308.2 K)(EJ =194.6 K T
r
T,-T 2_
ny =——2 0.85-08:2- T T, =211.6K .
Ty Ty 308.2-194.6 35°C
0°C

QL= me, (Ty =T,)
= (0.4 kg/s)(1.005 k/kg.K)(273.2 — 211.6)kJ/kg
=24.74 kW
V\./net,in = rhCp (T, -Ty)- rhcp (T3-Ty)
= (0.4 kg/s)(1.005 ki/kg.K)[(472.5 - 273.2) — (308.2 — 211.6)kJ/kg ]

4132 kW
cop= L _ 2474 _ g9
Wo 4132

11-51

o

(O8]

Ve

4s 4 QRefrig
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11-68E An ideal gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The
COP of the cycle is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are ¢, = 0.240 Btu/Ibm-R and k = 1.4 (Table A-2Ea).

Analysis From the isentropic relations,

P (k-1)/k
T,=T,| =2 = (450 R)(4)*4/1* =668.7R T 2
H
P (k-1)/k 1 0.4/1.4
T, =T, {P—“J — (560 R)(Zj ~376.8R 100°F 3
3 -10°F Y.
The COP of this ideal gas refrigeration cycle is determined from /Af
4 QRefrig
COP, = av _ a.
Wnet,in Wcomp,in - Wturb,out S
(hy —hy) = (hy —h,)
(T2 =T1) = (T3 =T4)
450-376.8

~ (668.7—450)— (560—376.8)
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11-69E An gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The COP of
the cycle is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are 2
C, = 0.240 Btu/lom-R and k = 1.4 (Table A-2Ea). 25
Analysis From the isentropic relations, T QH .
P (k=1)/k A
TZS :Tl(_Z\J _ (450 R)(4)0.4/1.4 —=668.7R 100°F
P -10°F O
P (k-1)/k 6 psia 04/1.4 /a/i
T, =Ts| = = (560R =4029R 4 i
4s 3[ P3 J ( )(19 psia] 4s QRefrlg
and S
h; —h T,-T
Ny =——2 =3 14 T, =T;—n7 (T3 =T, ) =560 —(0.94)(560 — 402.9)

hg =Ny T3 =Ty —412.3R
he—h T, —T

2s =M _Tos =T T, =T, +(Tp —Ty)/ 57c =450+ (668.7 — 450) /(0.87)
ho=h  Tp-Ty —701.4R

Nc =

The COP of this gas refrigeration cycle is determined from

COP, = Q. _ a.
net,in Wcomp,in _Wturb,out

(hy =hy) —(h3 —hy)

(T -T)-(T3-T4)

450-412.3

364

= =0.
(701.4— 450) — (560 — 412.3)
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11-70 An ideal gas refrigeration cycle with air as the working fluid provides 15 kW of cooling. The mass
flow rate of air and the rates of heat addition and rejection are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are

c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). T 2
Analysis From the isentropic relations, Qn
3
(k-1)/k 0.4/1.4 30°C
P 500 kPa
T, =T, 2% = (293K =464.1K o \
2 1[ 1} ( )(lOOKPaJ 20°C ,,/X' 1
(k-1)/k 0.4/1.4 .
T, =T, el = (303 K)(—100 kpaj =191.3K 4 Qretig
P, 500 kPa
S
The mass flow rate of the air is determined from
: . . QRefrig 15kJ/s
Qrefrig =MC (T1 =T4) >m = = =0.1468kg/s

T e, (T, -T,)  (1.005ki/kg-K)(293-191.3) K
The rate of heat addition to the cycle is the same as the rate of cooling,
Qin = QRefrig =15kW
The rate of heat rejection from the cycle is

Qy =mc, (T, —T3) = (0.1468 kg/s)(1.005 kJ/kg - K)(464.1-303)K = 23.8 kW
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11-71 An ideal gas refrigeration cycle with air as the working fluid is considered. The minimum pressure
ratio for this system to operate properly is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are

cp = 1.005 ki/kg-K and k = 1.4 (Table A-2a). T 2
Analysis An energy balance on process 4-1 gives Qn
QRefrig = Cp (T -T4) 20°C 3
i -5°C L\
T, :Tl_qRefng — 268K — 20 kJ/kg —248.1K /A/ 1
Cp 1.005 kJ/kg - K .
4 QRefrig
The minimum temperature at the turbine inlet would be the
same as that to which the heat is rejected. That is, s

T, = 293K

Then the minimum pressure ratio is determined from the isentropic relation to be

k/(k—1
&_ T_3 (k-1) (293K 1.4/0.4 17
P, \T, 248.1K '
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11-72 An ideal gas refrigeration cycle with with two stages of compression with intercooling using air as
the working fluid is considered. The COP of this system and the mass flow rate of air are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a).

Q Q

4
T 2
5
10°C -f-----
-18°C -1 ----- 1
6
s
Q
Analysis From the isentropic relations,
P (k=1)/k
T,=T, sz = (255 K)(4)%4/14 =378.9K
1
p (kDK
T, =T, P—“J = (283K)(4)%4** = 4205K
3
P (k-1)/k 1 04/1.4
Te =Ts| = = (283 K)(—j =128.2K
P 16
The COP of this ideal gas refrigeration cycle is determined from
net,in Wcomp,in ~ Wiurb,out
_ h, —hg
(hy =hy)+(hy —hg) —(hs —hg)
_ T,-Ts
(T =T)+ (T4 —T3) = (Ts —Te)
~ 255-128.2 119
(378.9-255) +(420.5—283) — (283-128.2)
The mass flow rate of the air is determined from
Grerg =MC (T; ~Ty) QRefiig (75,000/3600) ki/s _ 0.163kgls

m = =
c,(TL—Ts)  (LO05KI/kg-K)(255-128.2) K
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11-73 A gas refrigeration cycle with with two stages of compression with intercooling using air as the
working fluid is considered. The COP of this system and the mass flow rate of air are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a).

Q Q

10°C -

-18°C -

Analysis From the isentropic relations,

P (k=1)/k
Ty =T, FZ] = (255 K)(4)%/+4 =378.9K
1
p (k=1)/k
Ts =T P—“] = (283K)(4)***4 =4205K
3
P (k-1)/k 1 0.4/1.4
To, =Ts| -2 — (283 K)[—j =128.2K
P 16

and

h25 - hl _ T25 _Tl
h2 - hl T2 _Tl
h4s _h3 _ T4s _TS
h, —hs T,-Ts
h5 B h6 T5 _T6
nr = = Te=Ts —n7 (Ts — T, ) = 283—(0.95)(283-128.2) =135.9K

h5 - h6s T5 _T6s
The COP of this ideal gas refrigeration cycle is determined from

ne = T, =T, +(Tp —Ty)/ e =255+ (378.9—255)/0.85 = 400.8 K

Mo = > Ty =Ty +(Tas —T3)/ 17c =283+ (420.5—283)/0.85 = 444.8K

Whet,in Wcomp,in ~ Wiurb,out
_ h, —hg
(hy =hy)+(hy —hg) —(hs —hg)
_ T,-Ts
(T =T)+ (T4 —T3)—(Ts —Tg)
255-135.9

= =0.742
(400.8 — 255) + (444.8 — 283) — (283 -135.9)

The mass flow rate of the air is determined from
. QRefrig 3 (75,000/ 3600) kd/s
Cp (T, -Tg) (1.005kJ/kg - K)(255-135.9) K

QRefrig = me (Ty—Te) =0.174kg/s
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Absorption Refrigeration Systems

11-74C Absorption refrigeration is the kind of refrigeration that involves the absorption of the refrigerant
during part of the cycle. In absorption refrigeration cycles, the refrigerant is compressed in the liquid
phase instead of in the vapor form.

11-75C The main advantage of absorption refrigeration is its being economical in the presence of an
inexpensive heat source. Its disadvantages include being expensive, complex, and requiring an external
heat source.

11-76C In absorption refrigeration, water can be used as the refrigerant in air conditioning applications
since the temperature of water never needs to fall below the freezing point.

11-77C The fluid in the absorber is cooled to maximize the refrigerant content of the liquid; the fluid in
the generator is heated to maximize the refrigerant content of the vapor.

11-78C The coefficient of performance of absorption refrigeration systems is defined as
desiredoutput Q. _ QL

COP, - - =
" requiredinput  Que +Woumpin  Qgen

11-79C The rectifier separates the water from NH; and returns it to the generator. The regenerator
transfers some heat from the water-rich solution leaving the generator to the NHs-rich solution leaving the

pump.
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11-80 The COP of an absorption refrigeration system that operates at specified conditions is given. It is to
be determined whether the given COP value is possible.

Analysis The maximum COP that this refrigeration system can have is

COPyy =|1-T0 | T =(1—3°°Kj( 268 j=2.14
: T )\ To-T, 403K )\ 300- 268

which is slightly greater than 2. Thus the claim is possible, but not probable.

11-81 The conditions at which an absorption refrigeration system operates are specified. The maximum
COP this absorption refrigeration system can have is to be determined.

Analysis The maximum COP that this refrigeration system can have is

COPR max = 1-Jo | _Tu :[1— ZQSKJ[ 273 j:2.64
’ T )\To-T, 393K )\ 298 - 273

11-82 The conditions at which an absorption refrigeration system operates are specified. The maximum
rate at which this system can remove heat from the refrigerated space is to be determined.

Analysis The maximum COP that this refrigeration system can have is

cop, —[1-To| T =1_298K( 243 j=1.15
: T )\ To-T, 403K )\ 298—243

QL max = COPR maxQgen = (1.15)5x10° k/h )= 5.75x 10° kd/h

Thus,

11-83E The conditions at which an absorption refrigeration system operates are specified. The COP is also
given. The maximum rate at which this system can remove heat from the refrigerated space is to be
determined.

Analysis For a COP = 0.55, the rate at which this system can remove heat from the refrigerated space is

Q, = COPLQyer = (0.55)10° Bturh)=0.55x10° Btu/h
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11-84 A reversible absorption refrigerator consists of a reversible heat engine and a reversible refrigerator.
The rate at which the steam condenses, the power input to the reversible refrigerator, and the second law
efficiency of an actual chiller are to be determined.

Properties The enthalpy of vaporization of water at 200°C is hgy = 1939.8 kJ/kg (Table A-4).
Analysis (a) The thermal efficiency of the reversible heat engine is

To _, (25+27315)K _

Minrev =1~ T, 20027315 K 0.370 G
The COP of the reversible refrigerator is
COPRev = TOT—LTL T (25+ 27(3,.12)+—2(7—3ic1)5+)2}<73.15) K2 l
The COP of the reversible absorption refrigerator is Rev.
COPs rev = TTthrevCOPR rev = (0.370)(7.52) = 2.78 HE
The heat input to the reversible heat engine is
Q. 22kw l

)~ =7.911kW
Qin coP

abs,rev 2.78
Then, the rate at which the steam condenses becomes

Qi _TOUKIS ) hos08Kgls
hy 1939.8Kklkg

(b) The power input to the refrigerator is equal to the power output from the heat engine
Winr =Wouhe =7t revQin = (0.370)(7.911kW) = 2.93 kW

(c) The second-law efficiency of an actual absorption chiller with a COP of 0.7 is

COPactuaI — 0.7
CopP 2.78

abs,rev

=0.252

=
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Special Topic: Thermoelectric Power Generation and Refrigeration Systems

11-85C The circuit that incorporates both thermal and electrical effects is called a thermoelectric circuit.

11-86C When two wires made from different metals joined at both ends (junctions) forming a closed
circuit and one of the joints is heated, a current flows continuously in the circuit. This is called the
Seebeck effect. When a small current is passed through the junction of two dissimilar wires, the junction is
cooled. This is called the Peltier effect.

11-87C No.

11-88C No.

11-89C Yes.

11-90C When a thermoelectric circuit is broken, the current will cease to flow, and we can measure the
voltage generated in the circuit by a voltmeter. The voltage generated is a function of the temperature
difference, and the temperature can be measured by simply measuring voltages.

11-91C The performance of thermoelectric refrigerators improves considerably when semiconductors are
used instead of metals.

11-92C The efficiency of a thermoelectric generator is limited by the Carnot efficiency because a
thermoelectric generator fits into the definition of a heat engine with electrons serving as the working fluid.
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11-93E A thermoelectric generator that operates at specified conditions is considered. The maximum
thermal efficiency this thermoelectric generator can have is to be determined.

Analysis The maximum thermal efficiency of this thermoelectric generator is the Carnot efficiency,

T 550R
Tth,max = Tth,Carnot = 1_ﬁ = 1‘@ =31.3%

11-94 A thermoelectric refrigerator that operates at specified conditions is considered. The maximum COP
this thermoelectric refrigerator can have and the minimum required power input are to be determined.

Analysis The maximum COP of this thermoelectric refrigerator is the COP of a Carnot refrigerator
operating between the same temperature limits,
1 1

b _cop _ _ =10.72
COPmax = COPg carot Ty /T )-1 (293K)/(268K)-1 °

Thus,
W Q130w

i mi =121W
nmCOP,,  10.72

11-95 A thermoelectric cooler that operates at specified conditions with a given COP is considered. The
required power input to the thermoelectric cooler is to be determined.

Analysis The required power input is determined from the definition of COPg,

in R '

=1200 W

11-96E A thermoelectric cooler that operates at specified conditions with a given COP is considered. The
required power input to the thermoelectric cooler is to be determined.

Analysis The required power input is determined from the definition of COPg,

cop, =3t ; —_Qu__20Btmin
W, COPg 0.15

n

=133.3 Btu/min = 3.14 hp
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11-97 A thermoelectric refrigerator powered by a car battery cools 9 canned drinks in 12 h. The average
COP of this refrigerator is to be determined.

Assumptions Heat transfer through the walls of the refrigerator is negligible.

Properties The properties of canned drinks are the same as those of water at room temperature, p = 1 kg/L
and c, = 4.18 ki/kg-°C (Table A-3).

Analysis The cooling rate of the refrigerator is simply the rate of decrease of the energy of the canned
drinks,
m= pV =9x(1kg/L)(0.350L) = 3.15kg
Qcooling = MCAT = (3.15kg)(4.18 ki/kg - °C)(25-3)°C = 290 kJ

Qeooling = Quooing __290K)__ ) ez 4y = 6. 71w

At 12x3600s

The electric power consumed by the refrigerator is

W, =VI =(12V)(3A)=36W
Then the COP of the refrigerator becomes

COP — choling _8TIW_ 0.186 ~ 0.20
|4 36W
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11-98E A thermoelectric cooler is said to cool a 12-0z drink or to heat a cup of coffee in about 15 min.
The average rate of heat removal from the drink, the average rate of heat supply to the coffee, and the
electric power drawn from the battery of the car are to be determined.

Assumptions Heat transfer through the walls of the refrigerator is negligible.

Properties The properties of canned drinks are the same as those of water at room temperature, ¢, = 1.0
Btu/lbm.°F (Table A-3E).

Analysis (a) The average cooling rate of the refrigerator is simply the rate of decrease of the energy content
of the canned drinks,

Qcooling = MC, AT =(0.771 1bm)(1.0 Btu/lom-°F)(78-38)°F = 30.84 Btu

Qcooling _ 30.84 Btu (1055
At 15x60s \ 1Btu

Qcooling = \J =36.2W

(b) The average heating rate of the refrigerator is simply the rate of increase of the energy content of the
canned drinks,
Qheating = MC, AT = (0.7711bm)(1.0 Btu/lom-°F)(130-75)°F = 42.4 Btu

Qheating  42.4 Btu (1055
At 15x60s \ 1Btu

Qheating = j =49.7W

(c) The electric power drawn from the car battery during cooling and heating is
: o Qcooling _ 36.2W
in,cooling COPcoonng 0.2

Copheating = Copcoo”ng + 1: 02 + 1=12

W =181W

W _ Qheating :49.7W

= =41.4W
in,heating Copheating 1.2

11-99 The maximum power a thermoelectric generator can produce is to be determined.
Analysis The maximum thermal efficiency this thermoelectric generator can have is

T 38K 4142

= 1—
Minmax =57 353K

Thus,
Wout max = TinmaxQ@in = (0.142)(10° ki/h) =142,000 k/h = 39.4 kW
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11-100 A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered.
The COP, the condenser and evaporator pressures, and the net work input are to be determined.

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

Analysis (a) The COP of this refrigeration cycle is
determined from T
1 1

COPg = - —~5.06
RC (T, /T.)-1 (303K)/(253K)-1

(b) The condenser and evaporative pressures are 30°CT
(Table A-11)

Pevap = Fsat@-20°c = 132.82 kPa

Pcond = Psat@30°c =770.64 kPa -20°C1T

(c) The net work input is determined from

hy =(he +Xheg ) e =25.49-+(0.15)(212.91) = 57.43 ki/kg

h, = (hf +X2Ntg g soec = 25.49 +(0.80)(212.91) =195.82 ki/kg

q, =h, —h, =195.82-57.43 =138.4kJ/kg

Wy =L 184G _ o7 35 1 gkg
COPy 506

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




11-66

11-101 A heat pump that operates on the ideal vapor-compression cycle with refrigerant-134a as the
working fluid is used to heat a house. The rate of heat supply to the house, the volume flow rate of the
refrigerant at the compressor inlet, and the COP of this heat pump are to be determined.

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

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A-12 and A-13),

hl = hg @ 200 kPa = 24446 kJ/kg

P, =200kPa | * - T
sat. vapor } 51 = Sg @ 20010 = 0-93773 kJ/ksg K House
Ul = Ug @ 200 kPa = 0099867 m /kg
P, =09MPa } h, = 275.75 ki/kg
SZ = Sl
P, =0.9MPa
sat. liquid }hg =h¢ @ogmpa =101.61kI/kg
h, = hy =101.61kJ/kg (throttling)
The rate of heat supply to the house is
s

determined from
Qy =m(h, —hy)=(0.32 kg/s)275.75 —101.61) ki/kg = 55.73 kW
(b) The volume flow rate of the refrigerant at the compressor inlet is
U, = o, = (0.32 kg/s)0.099867 m*/kg)=0.0320 m*/s
(c) The COP of t his heat pump is determined from

cop. = AL _hp—hy _ 27575-10161
R h,—h,  275.75- 244.46

in

557

11-102 A relation for the COP of the two-stage refrigeration system with a flash chamber shown in Fig.
11-12 is to be derived.

Analysis The coefficient of performance is determined from

COPg, =1L

Win
where

hG_hf

a = ([L-xs )hy —hg) with xg =
fg

Win = Weomplin T Weompltin = (1_ Xg )(hZ - h1)+ (1)(h4 - hg)
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11-103 A two-stage compression refrigeration system using refrigerant-134a as the working fluid is
considered. The fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the amount
of heat removed from the refrigerated space, the compressor work, and the COP are to be determined.

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

Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables to
be (Tables A-11, A-12, and A-13)

h, =239.16 kd/kg, h, =260.58 ki/kg

h, = 255.55 kJ/kg, T 0.8 MPa

hs =95.47 kd/kg,  hg =95.47 ki/kg

h, =63.94 ki/kg, hg =63.94 ki/kg 0.4 MPa

The fraction of the refrigerant that evaporates as

it is throttled to the flash chamber is simply the 0.14 MPa
quality at state 6,
hg —h - !
Xg = 6 — Nt _ 95.47 - 63.94 — 0.1646 5 >—} 1
hg 191.62 qu
s

(b) The enthalpy at state 9 is determined from
an energy balance on the mixing chamber:

in — Eout = AEsystem

z me he = z mi hi
(Lhg =xghs +(1- x4 )y
he =(0.1646)(255.55)+ (L 0.1646)(260.58) = 259.75 k/kg

£ <0 (steady) _ 0 - Ein =E

out

P, =0.4 MPa

sy =0.94168 ki/kg - K
hy = 259.75 ki/kg

Also,

P, =0.8 MPa

h, = 274.47 k/kg
s, =Sg = 0.94168 k/kg - K

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

q. = [@—xg Xhy —hg)=(1-0.1646)239.16 — 63.94) ki/kg = 146.4 kJ/kg
Wi, = Wcompl,in + Wcompll,in = (1_ Xg )(hz - hl)+ (1)(h4 - h9)
= (1-0.1646)(260.58 — 239.16) k/kg + (274.47 — 259.75) ki/kg = 32.6 kJ/kg
(c) The coefficient of performance is determined from

1464 KIIkg _, 4o

COPy =L _
w;,  32.6 kJ/kg
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11-104 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The process with the greatest exergy loss is to be determined.

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

Analysis In this cycle, the refrigerant enters the compressor as a saturated vapor at the evaporator pressure,
and leaves the condenser as saturated liquid at the condenser pressure. The compression process is not
isentropic. From the refrigerant tables (Tables A-11, A-12, and A-13),

Tl = —1OOC hl = hg @ -10°C = 24451 k\]/kg
sat. vapor 1 =Sg @ -100c =0.93766 ki/kg-K

T

P, =700kPa } h,, = 270.38 k/kg

S2 =9

P3 =700 kPa h3 = hf @ 700kPa = 88.82 kJ/kg

h, =h; =88.82kJ/kg (throttling)

T, =-10°C

=0.34605 kJ/kg - K

h, =88.82 kJ/kg} 54 = 034605 kg
The actual enthalpy at the compressor exit is determined by S
using the compressor efficiency:

h,s —h h,s —h .38—244,
Ne=-"2—1 —sh,=h+2 1= 244514 27038=24451 _ >0, o kd/kg
P, = 700 kPa

and } s, =0.95252 kJ/kg

h, = 274.95 kJ/kg

The heat added in the evaporator and that rejected in the condenser are

q, =h, —h, = (244.51-88.82) ki/kg =155.69 ki/kg
y =h, —h, = (274.95-88.82) ki/kg =186.13 ki/kg

The exergy destruction during a process of a stream from an inlet state to exit state is given by

Qin Qout
Xdest =Tosgen =T0(5e —Si— +

source Tsink
Application of this equation for each process of the cycle gives

Xdestroed,12 = To (52 — 1) = (295 K)(0.95252 — 0.93766) ki/kg - K = 4.38 ki/kg

Xedestroged, 23 = To [sg —s, +$—HJ = (295 K)(0.33230 ~0.95252 +%j = 3.17 ki/kg
H

Xeestroged, 34 = To (84 —S3) = (295 K)(0.34605 — 0.33230) ki/kg - K = 4.06 k/kg

Xdestroged, 41 = To [sl —s, —:‘_—LJ = (295 K)(O.93766— 0.34605 —%j =6.29kJ/kg
L

The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from freezing water at
0°C (273 K) and rejected to the ambient air at 22°C (295 K), which is also taken as the dead state
temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and
perform the calculations accordingly.
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11-105 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The process with the greatest exergy loss is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),
Tl = _1OOC } hl = hg @ -10°C = 24451 kJ/kg

sat. vapor S; =Sg @ -100c = 0.93766 ki/kg-K T
P = 700 kPa } h,, = 270.38 ki/kg
Sz = Sl
$3 :;OO kPa Lo | s =Ny e ~8498KKg
3 = lsat@700kPa ~ 4 S, ~5S oc =0.31958 ki/kg - K
=267-27=24°C | ° '@¥¢
h, =h; =84.98kJ/kg (throttling)
T, =-10°C
=0.33146 ki/kg - K
h, —84.98 kJ/kg} K g -
The actual enthalpy at the compressor exit is determined by
using the compressor efficiency:
h,, —h h,, —h -
Ne=—"2—1  sh,=h +2 11— 244,514 2103824451 0 o5 kd/kg
P, = 700 kPa

and } s, =0.95252 kJ/kg

h, = 274.95 ki/kg

The heat added in the evaporator and that rejected in the condenser are

q, =h, —h, = (244.51-84.98) ki/kg =159.53 ki/kg
qy =h, —h, = (274.95—84.98) ki/kg =189.97 ki/kg

The exergy destruction during a process of a stream from an inlet state to exit state is given by

Qin Qout
Xdest :Tosgen :TO(Se —Si— +

source Tsink
Application of this equation for each process of the cycle gives

Xeestroyed 12 = To (S — 1) = (295 K)(0.95252 — 0.93766) ki/kg - K = 4.38 ki/kg

Xgestroyed, 23 = To [53 —s, +$—“J = (295 K)(0.31958— 0.95252 +%J —3.25kJ/kg
H

Xdestroyed, 34 = To (S4 —S3) = (295 K)(0.33146 - 0.31958) ki/kg - K = 3.50 ki/kg

Xdestroyed.41 = To [sl -5, -i—L) = (295 K)(0.93766— 0.33146 —%j = 6.44 kJ/kg
L

The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from freezing water at
0°C (273 K) and rejected to the ambient air at 22°C (295 K), which is also taken as the dead state

temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and
perform the calculations accordingly.
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11-106 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The process with the greatest exergy loss is to be determined.

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

Analysis In this cycle, the refrigerant leaves the condenser as saturated liquid at the condenser pressure.
The compression process is not isentropic. From the refrigerant tables (Tables A-11, A-12, and A-13),

P, = Py @-s7:c =60kPa } h, = 233.09 k/kg

T, =-37+7=-30°C s; =0.9865 kJ/kg - K T
P, =12MPpa } h,, = 298.11kJ/kg
SZ = Sl
P3 = 12 MPa h3 = hf @ 1.2 MPa :11777 k\]/kg
h, =hy =117.77 kd/kg (throttling)
T, =-37°C X, =0.5089
h, =117.77kJ/lkg | s, =0.4988kJ/kg-K
The actual enthalpy at the compressor exit is determined by S
using the compressor efficiency:
h,s —h h,, —h 11-233.
Ne=-—"2—1  sh,=h +2 1= 233,09+ 22811723309 _ 505 53 kd/kg
h, —h; N 0.90
P, =1.2 MPa
d 2 =1.0075kJ/kg - K
M b, =305.33 Btu/lbm} %2 J
The heat added in the evaporator and that rejected in the condenser are
q. =h, —h, =(233.09-117.77) kd/kg =115.32 kd/kg
dy =h, —hy =(305.33-117.77) kJ/kg = 187.56 kl/kg
The exergy destruction during a process of a stream from an inlet state to exit state is given by
Qi q
Xdest = Tosgen = TO(Se -5 — T+ TOUt ]
source sink
Application of this equation for each process of the cycle gives
Xdestroyed,lz = TO (52 - Sl) = (303 K)(10075_09865) k\]/kg . K = 636 k\]/kg
Xqesroyed. 23 = To(s3 ~s, +$—HJ ~ (303 K)(O.42441—l.0075+wj ~10.88 ki/kg
H
Xdestroyed,34 = TO (54 - 53) = (303 K)(O4988— 042441) kJ/kg . K = 2254 kJ/kg
a. 115.32 kd/kg
Xdestroyed,4l = TO[Sl =S —ﬁ] = (303 K)(09865—04988—m =1.57 kJ/kg

The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -
34°C (239 K) and rejected to the ambient air at 30°C (303 K), which is also taken as the dead state
temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and
perform the calculations accordingly.
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11-107 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The process with the greatest exergy loss is to be determined.

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

Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),
P, = Py @-_s7oc =60kPa } h, = 233.09 ki/kg

T, =-37+7=-30°C s, = 0.9865 kitkg - K .
Pp =12 Mpa} hy, = 298.11k/kg
S2 =351
$3 :#'2 MPa o | M=o uc ~108.26klkg

37 sOLIMPa T O g x5 o oo = 0.39486 kikg - K

-46.3-63=40°C | ° '@%c g

h, = h; =108.26 kJ/kg (throttling)
T, =-37°C X, = 0.4665
h, =108.26kJ/kg | s, =0.4585k/kg-K 5

The actual enthalpy at the compressor exit is determined by
using the compressor efficiency:

hys —h h,s —h 11-233.

Ne=-—"2—1  sh,=h +2 1= 233,09+ 22811723309 _ 505 53 kd/kg
h, —hy e 0.90

P, =1.2MPa

and } s, =1.0075kJ/kg - K

h, =305.33 Btu/lbm

The heat added in the evaporator and that rejected in the condenser are

q, =h, —h, =(233.09-108.26) ki/kg = 124.83 ki/kg
qy =h, —hs = (305.33-108.26) ki/kg =197.07 ki/kg

The exergy destruction during a process of a stream from an inlet state to exit state is given by

source Tsink

Qin Qout
X dest :Tosgen :TO(Se —Si — +

Application of this equation for each process of the cycle gives
Xdestroyed,lz = TO (52 - Sl) = (303 K)(10075— 09865) k\]/kg . K = 636 kJ/kg

Xdestroyed, 23 = TO (53 - 52 + _?__HJ = (303 K)(039486 —10075 +wj = 1144 kJ/kg
H
Xgesroyed 24 = To (54 —S3) = (303 K)(0.4585 - 0.39486) ki/kg - K =19.28 kd/kg
q 124.83 ki/k
Xqesroyed. 41 = To(sl s, -T—Lj ~ (303 K)(O.9865— o.45€ss-ﬁ} ~1.73kJ/kg
] -

The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -
34°C (239 K) and rejected to the ambient air at 30°C (303 K), which is also taken as the dead state
temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and
perform the calculations accordingly.
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11-108E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The cooling load of both evaporators per unit of flow through the compressor and the COP of
the system are to be determined.

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

Condenser
2T T
T3
- Compressor
‘ -

1 4+ Expansion Expansion
valve valve
<—[>4_|_ Evaporator 1 <_|_[>q_

5 4
Expansion
7+ valve

Evaporator 2 “"N_ 5
6

Analysis From the refrigerant tables (Tables A-11E, A-12E, and A-13E),

P, =160 psia

saat ||qu|d } h3 = hf @ 160psia — 48.519 Btu/lbm
h, =hg =h; =48.519 Btu/lom (throttling)

T = 30°F

sat vapor } h5 = hg @ 30°F =107.40 Btu/lbm

T, =—29.5°F

sat. vapor } h; =hy @ _205°F =98.68 Btu/lbm

For a unit mass flowing through the compressor, the fraction of mass flowing through Evaporator Il is
denoted by x and that through Evaporator I is y (y = 1-x). From the cooling loads specification,

QL,evapl = 2QL,evap2
x(hs —h,) =2y(h; —hg)
where
Xx=1-y
Combining these results and solving for y gives

B hs —h, B 107.40 - 48.519
2(h, —hg) +(hs —h,)  2(98.68—48.519) + (107.40 — 48.519)

y =0.3698

Then,
x=1-y=1-0.3698 = 0.6302

Applying an energy balance to the point in the system where the two evaporator streams are recombined
gives
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_ xhg +yh;  (0.6302)(107.40) + (0.3698)(98.68)
1 1

=104.18 Btu/lbm

Then,

Pl = Psat@ _29.5°F = 10 pSia

s, =0.2418 Btu/lbm- R
h, =104.18 Btu/lbm

P, =160 pS'a} h, =131.14 Btu/lom
52 = sl

The cooling load of both evaporators per unit mass through the compressor is

qL = X(hs —hy)+y(h; —hg)
=(0.6302)(107.40—48.519) Btu/lbm + (0.3698)(98.68 — 48.519) Btu/lbm
=55.66 Btu/lbm
The work input to the compressor is

w;, =h, —h, = (131.14-104.18) Btu/lbm = 26.96 Btu/lbm

The COP of this refrigeration system is determined from its definition,

q. _ 55.66 Btu/lom

COPg = =———=2.
w;,  26.96 Btu/lbm
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11-109E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. The process with the greatest exergy destruction is to be determined.

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

Analysis From Prob. 11-107E and the refrigerant tables (Tables A-11E, A-12E, and A-13E),

s; =S, =0.2418 Btu/lbm-R
S5 =0.09774 Btu/lbm -

R T
s, =0.10238 Btu/lbm-R
sg = 0.22260 Btu/lbm-R
sg = 0.11286 Btu/lbm-R
S, =0.22948 Btu/lom-R
x =0.6302
y=1-x=0.3698
qp 45 = hs —h, =58.881Btu/lom
.67 =hy; —hg =50.161Btu/lom
gy =82.621Btu/lbm
The exergy destruction during a process of a stream from an S

inlet state to exit state is given by

source Tsink

qin qout
X dest :Tosgen :TO(Se —Si— +

Application of this equation for each process of the cycle gives the exergy destructions per unit mass
flowing through the compressor:

Wj — 2.67 Btu/lbm

Xdestroyed, 23 = T (53 —S, + _?_—H] = (555 R)(0.09774 —0.2418 +
H
X destroyed, 346 = To (XSA +YSg — SS)
= (555R)(0.6302x0.10238 + 0.3698x 0.11286 — 0.09774) Btu/lbm-R = 4.73 Btu/lbm

Qi 45
Xdestroyed,45 = XTO (55 =S4 — T
L

=0.44 Btu/lbm

= (0.6302)(555 R)(0.22260 - 0.10238—Wj

T qL 67
Xdestroyed,67 =Ylo| S7 =S¢ — T
L

50.161 Btu/Ibm

= (0.3698)(555 R)| 0.22948 —0.11286 —
440R

J = 0.54 Btu/Ibm
X destroyed, mixing — To (Sl —XSg — y36)
= (555 R)[0.2418 —(0.6302)(0.22260) — (0.3698)(0.11286)] =3.18 Btu/lbm

For isentropic processes, the exergy destruction is zero:

X destroyed,12 = 0

The greatest exergy destruction occurs during the mixing process. Note that heat is absorbed in evaporator
2 from a reservoir at -20°F (440 R), in evaporator 1 from a reservoir at 35°F (495 R), and rejected to a
reservoir at 95°F (555 R), which is also taken as the dead state temperature.
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11-110 A two-stage compression refrigeration system with a separation unit is considered. The rate of

cooling and the power requirement are to be determined.

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

> [ "l Condenser
T
— Compressor T3
)
| |
1 Expansion
8 Separator [ yglve
| : - —HD> e
4
— Compressor # 5 )
Expansion

{ valve
7
Evaporator 6

Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),

Tl = 890C hl = hg @ 8.9°C = 255.55 k\]/kg
sat.vapor | S; =Sg@gggc =0.92691kJkg-K

P, =1400kPa } h, = 281.49 ki/kg
Sz = Sl
P; =1400 kPa
S;t. liquid } hs =Nt @1400kpa =127.22 kI/kg
h, = hy; =127.22kJ/kg (throttling)
T, =8.9°C
L h: =h oc =63.94 kJ/k
sat. liquid } 5~ f@ssc g

hg = hs =63.94kJ/kg (throttling)

T7 = —320C h7 = hg @ -32°C = 230.91 kJ/kg

sat. vapor S7 =S¢ @ -s2oc = 0.95813kJ/kg-K
Ps = Py @soec =400kPa

} hg = 264.51kJ/kg
Sg =Sy

An energy balance on the separator gives

h, —h 55-127.
1 4_( kg/s)wzl_zgo kgls
hs 264.51—-63.94

Mg (hg —hg) =m, (hy —hy) ——>mg =m, ~

8
The rate of cooling produced by this system is then
Q, =g (h; —hg) = (1.280 kg/s)(230.91—63.94) ki/kg = 213.7 kJ/s
The total power input to the compressors is
Wiy = thg (hg —hy) + My (hy —hy)
= (1.280 kg/s)(264.51—230.91) kJ/kg + (2 kg/s)(281.49 — 255.55) ki/kg = 94.89 kW
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11-111 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is
considered. The process with the greatest exergy destruction is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Prob. 11-109 and the refrigerant tables (Tables A-11, A-12, and A-13),

s, =s, =0.92691kJ/kg -K
s3 =0.45315 kl/kg - K

s, =0.4720 ki/kg - K T
s =0.24761kJ/kg - K

sg = 0.2658 kJ/kg - K

S; =Sg =0.95813kJ/kg - K
Mypper = 2 KQ/s

Myower =1.280 kg/s

q. =h; —hg =166.97 ki/kg
qy =h, —h; =154.27 ki/kg
T, =-18+273=255K

Ty =Ty =25+273=298K

The exergy destruction during a process of a stream from an
inlet state to exit state is given by

X dest :Tosgen :TO(Se —5j _qL"'.?O_UtJ
source sink
Application of this equation for each process of the cycle gives

; : au
X destroyed, 23 = mupperTO (33 —S; + T
H

=26.18 kW

= (2kg/s)(298 K)[o.45315 - 0.92691+WJ

X destroyed. 34 = Mupper To (84 —S3) = (2 ka/s)(298 K)(0.4720 - 0.45315) ki/kg - K =11.23kW
X destroged, 56 = Miower To (S5 — S5) = (1.280 kg/s)(298 K)(0.2658 —0.24761) kl/kg - K = 6.94 KW

; . q.
Xdestroyed,67 = mIowerTO{s7 —Sg _T_
L

=14.32 kW

= (1.280 kg/s)(298 K)(0.95813—0.2658 _w]

X destroyed, separator — TO [mlower (55 - 58) - mupper (51 =S4 )]
= (298 K)[(1.280 kg/s)(0.24761 - 0.95813) + (2 kg/s)(0.92691—0.4720) ] = 0.11 kW

For isentropic processes, the exergy destruction is zero:
X destroyed,12 = 0
X destroyed, 78 = 0

Note that heat is absorbed from a reservoir at 0°F (460 R) and rejected to the standard ambient air at 77°F
(537 R), which is also taken as the dead state temperature. The greatest exergy destruction occurs during
the condensation process.
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11-112 A regenerative gas refrigeration cycle with helium as the working fluid is considered. The
temperature of the helium at the turbine inlet, the COP of the cycle, and the net power input required are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats at
room temperature. 3 Kinetic and potential energy changes are negligible.

Properties The properties of helium are ¢, = 5.1926

kJ/kg-K and k = 1.667 (Table A-2). T )
Analysis (a) The temperature of the helium at the Qn 2
turbine inlet is determined from an energy balance . 3
on the regenerator, 20°C /

: : : &0 (steady) -10°C 1

Ein —Eout = AEsystem =0

E.in = I:;out +4 Qregen
zmehezzmihi—’m(hs‘m):m(hl—he) .6
-25°C )
5 QRefng S
or,
me, Ty —T,)=mc, (T, -Tg) —> To =T, =T, -T¢

Thus,

Ty =T3 - T, +Tg = 20°C—(~10°C)+ (- 25°C)=5°C = 278 K
(b) From the isentropic relations,

(k-1)/k
T, = T{%} = (263K )(3)*0¢7/1957 — 408.2 K =135.2°C

1

P (k-1)/k 1)\0667/1.667
T, = T{—f’j ~ (278 K)(—j ~179.1K =—93.9°C
P, 3

Then the COP of this ideal gas refrigeration cycle is determined from

q. q. hg —hs
COPg = = =
i Wnet,in Wcomp,in - Wturb,out (h2 - h1 )_ (h4 - h5 )
Te —Ts —25°C—(-93.9°C)

=149

T, —T,)-(T,—Ts) [35.2-(-10)PC—[5-(-93.9)FC
(c) The net power input is determined from
V\'/net,in :Wcomp,in _Wturb,out = m[(hz - hl)_ (h4 - h5 )]
=mc, [(Tz _Tl)_(T4 -Ts )]
= (0.45kg/s)(5.1926 kJ/kg-°C)[135.2—(~10)]-[5-(-93.9)]
=108.2 kW
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11-113 An absorption refrigeration system operating at specified conditions is considered. The minimum
rate of heat supply required is to be determined.

Analysis The maximum COP that this refrigeration system can have is

Y T
COPg max =|1-=> L ][y 298K ( 263 j=1.259
: T, \To-T, 358K )\ 298— 263

Thus,

6 Q. 12kw
SR COPrmax  1.259

=9.53kwW

11-114 EES Problem 11-113 is reconsidered. The effect of the source temperature on the minimum rate of
heat supply is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data:"

T L=-10[C]

T 0=25[C]

T s=85][C]
Q_dot_L = 8 [kW]

"The maximum COP that this refrigeration system can have is:"
COP_R_max = (1-(T_0+273)/(T_s+273))*((T_L+273)/(T_0-T_L))

"The minimum rate of heat supply is:"
Q_dot_gen_min = Q_dot_L/COP_R_max

Qqenmin [kW] Ts [C]
13.76 50
8.996 65
6.833 80
5.295 100 S
4.237 125 3
3.603 150 c
2.878 200 I
2.475 250 c
Q
(@]
O
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11-115 A room is cooled adequately by a 5000 Btu/h window air-conditioning unit. The rate of heat gain
of the room when the air-conditioner is running continuously is to be determined.

Assumptions 1 The heat gain includes heat transfer through the walls and the roof, infiltration heat gain,
solar heat gain, internal heat gain, etc. 2 Steady operating conditions exist.

Analysis The rate of heat gain of the room in steady operation is simply equal to the cooling rate of the air-
conditioning system,

Qheat gain = Qcooling =5,000 Btu/h
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11-116 A regenerative gas refrigeration cycle using air as the working fluid is considered. The
effectiveness of the regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle,
and the refrigeration load and the COP if this system operated on the simple gas refrigeration cycle are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3
Air is an ideal gas with variable specific heats.

Analysis (a) For this problem, we use the properties of air from EES:

T, =0°C——h; =273.40 kd/kg

/QL

P, =100kPa
s; =5.6110 kJ/kg.K ¥
T, =0°C | Heat |
|

P, =500 kPa Exch. ¢
. s h,, =433.50 kJ/kg Regenerator

2 | Heat |

|
e = hys —hy 3 EX.Ch'
¢ h2 - hl T5 1, / 11
.50-273. : 2 |
0.80 = 433.50-273.40 Qu
h, —273.40

h, = 473.52 kl/kg —— L

T, =35°C — > h, =308.63ki/kg Turbine
For the turbine inlet and exit we have Compressor
T, = -80°C——>h; =193.45kl/kg

T 2
h, —h
771_ = # 3 4
h4 - hSS 3500 .
P, =100 kPa 0°C
T, =0°C }sl =5.6110 kJ/kg.K Qrege 1
4

P, =500 kPa . T
Ta=? . -80°C | ‘5 N
P5 =500 kPa he — 5s QRefrlg s
S5 =S, 5s —

We can determine the temperature at the turbine inlet from EES using the above relations. A hand solution
would require a trial-error approach.

T,=281.8 K, h,=282.08 kl/kg
An energy balance on the regenerator gives
hg =h; —h; +h, =273.40—-308.63+ 282.08 = 246.85 kl/kg

The effectiveness of the regenerator is determined from

_hy—h, 308.63-282.08

Ereqen = = =0.430
N hy—hg 308.63-246.85
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(b) The refrigeration load is
Q. =m(hg —hs) = (0.4 kg/s)(246.85-193.45)kJ/kg = 21.36 kW
(c) The turbine and compressor powers and the COP of the cycle are

We iy = m(h, —hy) = (0.4 kg/s)(473.52 — 273.40)kJ/kg = 80.05 kW
Wy o = M(h, —hg) = (0.4 kg/s)(282.08 —193.45)kJ/kg = 35.45 KW

Qu Q 2136 _ 4479

COP=—<t = =
We i Wy oy  80.05-35.45

net,in
(d) The simple gas refrigeration cycle analysis is as follows:

h, = 273.40 ki/kg T )
h, = 473.52 ki/kg o,
h, =308.63 ki/kg

35°C

P, =500 kPa
s; =5.2704 ki/kg 0°C | i

4s 4 QRefrig

P, =100 kPa
hys =194.52 ki/kg.K s

S4:S3

hy —h, 0.5 308.63-h,

_ 85= h, = 211.64 i/
T, hy 308.63—194.52 4 J

Q, =m(h, —h,) = (0.4 kg/s)(273.40 — 211.64)kd/kg = 24.70 KW
Wogein = m(h, —hy) —m(hy —h,) = (0.4 kg/s)[(473.52 — 273.40) - (308.63 - 211.64)kJ/kg | = 41.25 KW

COP = .QL _ 2470 _ 4 599
41.25

net,in
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11-117 A heat pump water heater has a COP of 2.2 and consumes 2 KW when running. It is to be
determined if this heat pump can be used to meet the cooling needs of a room by absorbing heat from it.

Assumptions The COP of the heat pump remains constant whether heat is absorbed from the outdoor air
or room air.

Analysis The COP of the heat pump is given to be 2.2. Then the COP of the air-conditioning system
becomes

COPair-cond = Copheat pump -1=22-1=12
Then the rate of cooling (heat absorption from the air) becomes
Qcooling = Copair-cond W,-,l = (1-2)(2 kW) =24 kW =8640kJ/h

since 1 kW = 3600 kJ/h. We conclude that this heat pump can meet the cooling needs of the room since its
cooling rate is greater than the rate of heat gain of the room.
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11-118 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The
system’s COP is to be determined.

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

2
Condenser | T
- Compressor ‘\‘3
1+ ¥
Heat
exchanger
A | |4
' v
6 T Throttle / 5 o, 8
valve
Evaporator 5 S

Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =800 kPa

sat. liquid } hs =Nt @ gookpa = 95.47 kilkg

Ty :Tsat@BookPa -11.3
=31.3-11.3=20°C } h, =h{ g ¢ =79.32 ki/kg
P, =800 kPa
hs = h, =79.32kJ/kg (throttling)
T6 = —10.10C h6 = hg @ -10.1°C = 24446 k\]/kg
Sat VapOI' PG = Psat @ ~10.1°C = 200 kPa

An energy balance on the heat exchanger gives
m(h, —hg) =m(hy —h,)——h; =h; —h, +hg =95.47—-79.32 + 244.46 = 260.61 kJ/kg

Then,

P, =200 kPa

=0.9970 ki/kg - K
hy =260.61kJ/kg } s, =0.9970ki/kg

P, =800 kPa

h, =292.17 kJ/k

The COP of this refrigeration system is determined from its definition,
he —h _
COPg = e _Ne—Ns  244.46-79.32 _
w h, —h,  292.17-260.61

in

5.23
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11-119 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The
system’s COP is to be determined.

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

2
Condenser | —— T
- Compressor ‘\‘3
1+ ¥
Heat
exchanger
A 4
T
6 T Throttle
valve
Evaporator 5 S

Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),

P, =800 kPa

sat. liquid } hs =Nt @ gookpa = 95.47 kilkg

Ty =Tey @800kPa — 213
=31.3-21.3=10°C } h, =h{ go-c =65.43kJ/kg
P, =800 kPa
hs = h, =65.43kJ/kg (throttling)
T6 = —10.10C h6 = hg @ -10.1°C = 24446 k\]/kg
Sat VapOI' P6 = Psat @ ~10.1°C = 200 kPa

An energy balance on the heat exchanger gives
m(h, —hg) =m(hy —h,) ——h; =h; —h, + hg =95.47 —65.43 + 244.46 = 274.50 kJ/kg

Then,

P, =200 kPa

~1.0449 kJlkg- K
h, =274.50 ki/kg } 51 =1.0449 kg

P, =800 kPa

h, =308.28 kd/k

The COP of this refrigeration system is determined from its definition,
hg —h _
cop, - AL _Ne=hs _ 244.46-6543
w;, h,—h, ~ 308.28-274.50

in

5.30
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11-120 An ideal gas refrigeration cycle with with three stages of compression with intercooling using air as
the working fluid is considered. The COP of this system is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3
Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a).

Analysis From the isentropic relations,

P (k=1)/k
T, = T{FZ = (253K)(5)%4/* = 400.7 K T
1
p (kDK oc
Ty =Te =T, p_AJ = (288 K)(5)*4/** = 456.1K 15°C -
3 -20°C -
p, D7k 1 044
To=Ty| | =288 K)[ j 725K
P; 5x5x5
The COP of this ideal gas refrigeration cycle is determined from S
COP; = a. _ aL
Wnet,in Wcomp,in - Wturb,out
(hy —hy) +(hy —h3) +(hg —hs) —(h; —hg)
_ T, —-Tg
(T =Ty)+2(T, =T3)—(T; —Tg)
253-72.5

=0.673

~ (400.7 — 253) + 2(456.1— 288) — (288— 72.5)
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11-121 An ideal vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is
considered. The evaporator is located inside the air handler of building. The hardware and the T-s diagram
for this heat pump application are to be sketched. The COP of the unit and the ratio of volume flow rate of
air entering the air handler to mass flow rate of R-22 through the air handler are to be determined.

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

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant-22 data from the problem statement,

Pt T

45°C
, Condenser
3 . 2+
X Expansion Wi,
valve  compressor i—
4 1
: Evaporator ; / 4s 4 o)
-5°C ‘\ sat. vap.
QL S

T, =-5°C| M =hg g _sc =248.1kI/kg
sat.vapor | S; =S4 g _soc =0.9344kJ/kg-K

P, =1728kPa } 2837 kg
S, =5,

P; =1728 kPa

sast. liquid } hs =h¢ @1728kpa =101kJ/kg

h, = h; =101kJ/kg (throttling)

(b) The COP of the heat pump is determined from its definition,

h, —h -
cop,, = O _f2hs _ 2837-101
w, hy,—h 2837-2481

(c) An energy balance on the condenser gives
c . v,
Ua

Rearranging, we obtain the ratio of volume flow rate of air entering the air handler to mass flow rate of R-
22 through the air handler

v, h, —h, (283.7 -101) ki/kg

he U/ v)c, AT B (1/0.847 m3/kg)(1.005 k/kg - K))(20 K)
=7.699 (m? air/s)/(kg R22/s)
=462 (m? air/min)/(kg R22/s)

Note that the specific volume of air is obtained from ideal gas equation taking the pressure of air to be 101
kPa and using the room temperature of air (25°C = 298 K) to be 0.847 m%/kg.
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11-122 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is
considered. Cooling water flows through the water jacket surrounding the condenser. To produce ice,
potable water is supplied to the chiller section of the refrigeration cycle. The hardware and the T-s diagram
for this refrigerant-ice making system are to be sketched. The mass flow rates of the refrigerant and the
potable water are to be determined.

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

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser
as saturated liquid at the condenser pressure. From the refrigerant-134a data from the problem statement,

Water
200 kg/s
T
1.2 MPa
; Condenser
3 ' , 4
X Expansion Wi,
valve  compressor —
4 1 !
: Evaporator ; .
140 kPa [~ satvap.
‘lPotable ‘L S
water
Tl =140 kPa hl = hg @ 140kPa = 239.16 k\]/kg
sat. vapor S; =Sg @140kpa = 0.94456 ki/kg-K
P, =1200kPa } h, = 284.07 ki/kg
SZ = Sl
P; =1200 kPa
Sat ||qu|d } h3 = hf @ 1200 kPa :11777 kJ/kg
h, =h; =117.77 ki/kg (throttling)
(b) An energy balance on the condenser gives
QH =g (h, —h3) =m,Cc AT
Solving for the mass flow rate of the refrigerant
m,C,AT .
g = wepAl (200 kg/s)(4.18 kd/kg - K))(10 K) _50.3kgs

h, —h, (284.07 -117.77)kJ/kg
(c) An energy balance on the evaporator gives
QL =Mg (hy —hy) =m,,hy
Solving for the mass flow rate of the potable water

_Ta(h—hy) _ (503Kgh)@3916 117 TTKIKG _ 1o oy o
hy 333kJ/kg
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11-123 A vortex tube receives compressed air at 500 kPa and 300 K, and supplies 25 percent of it as cold
air and the rest as hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle
for the same pressure ratio; the exit temperature of the hot fluid stream and the COP are to be determined,;
and it is to be shown if this process violates the second law.

Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Steady operating conditions exist.

Properties The gas constant of air is 0.287 kJ/kg.K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be
expressed in terms of specific heats as h = ¢, T.

Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the
same pressure ratio since the vortex tube involves vortices, which are highly irreversible. Owing to this
irreversibility, the minimum temperature that can be obtained by the vortex tube is not as low as the one
that can be obtained by the revered Brayton cycle.

(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it
involves no heat or work interactions. Then the steady-flow energy balance equation for this system

E;, = E,; for a unit mass flow rate at the inlet (si2, =1Kkg/s) can be expressed as
MyC Ty =Myc, Ty +MaC, Ty Compressed

alr
1c,T, = 0.25¢,T, +0.75¢ T,

Canceling c, and solving for T; gives Cold air Warm air
T, = T, —0.25T, | O
0.75 2 3
_ 300-0.25x278 _3073K
0.75

Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K.

(c) The entropy balance for this steady flow system S, — S'Out + Sgen =0 can be expressed as with one inlet
and two exits, and it involves no heat or work interactions. Then the steady-flow entropy balance equation
for this system for a unit mass flow rate at the inlet (ri; =1 kg/s) can be expressed
S.gen = S'out _Sin
=M, (S, —S1)+Mg(S3—5;)
T P. T P
=0.25c, In—=-RIn—% [+0.75 ¢, In-*-RIn—=
Tl Pl Tl Pl

Substituting the known quantities, the rate of entropy generation is determined to be

' 278K 100 kPa
S... =0.25| (1.005 kJ/kg.K) In —(0.287 ki/ka.K) In
o [( 91N 300K ¢ ¢ 200 kPaj
+0.75( (1.005 kirkg.K) In 3273 _ (6 287 kyikg K 1n 220 KPR
300K 500 kPa

=0.461 KW/K >0

which is a positive quantity. Therefore, this process satisfies the 2™ law of thermodynamics.
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(d) For a unit mass flow rate at the inlet (siy =1 kg/s), the cooling rate and the power input to the
compressor are determined to

Qcooling =m (hl - hc) = mcCp (rl _Tc)
= (0.25 kg/s)(1.005 kJ/kg.K)(300- 278)K = 5.53 kW

, (k-1)/k
W —_MoRTo | P 1
comp,in (k- 1)77comp PO

_ (Lkg/s)(0.287 kI/kg.K)(300K) | ( 500 kPa |44 1157 1w
(1.4-1)0.80 100 kPa '

Then the COP of the vortex refrigerator becomes

cop = Jecoting _ 553KW__ o0
157.1kW

Wcomp,in
The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is

T, 218K
T,-T, (300-278)K

COPcamor = 12.6

Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot
refrigerator operating between the same temperature limits.
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11-124 A vortex tube receives compressed air at 600 kPa and 300 K, and supplies 25 percent of it as cold

air and the rest as hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle
for the same pressure ratio; the exit temperature of the hot fluid stream and the COP are to be determined;

and it is to be shown if this process violates the second law.

Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Steady operating conditions exist.

Properties The gas constant of air is 0.287 kJ/kg.K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be
expressed in terms of specific heatsash =c, T.

Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the
same pressure ratio since the vortex tube involves vortices, which are highly irreversible. Owing to this
irreversibility, the minimum temperature that can be obtained by the vortex tube is not as low as the one
that can be obtained by the revered Brayton cycle.

(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it
involves no heat or work interactions. Then the steady-flow entropy balance equation for this system

E;, = E,, foraunit mass flow rate at the inlet (s2, =1 kg/s) can be expressed as

My CpTy =myc T, +MsC Ty Compressed 1
1c,T, =0.25¢,T, +0.75¢,,T; ar
Canceling c, and solving for T; gives Cold air Warm air
T, = 12025y i)
0.75 2 / 3
_ 300-0.25x278 _3073K
0.75

Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K.

(c) The entropy balance for this steady flow system S;, — Sy, + Sen = 0 can be expressed as with one inlet
and two exits, and it involves no heat or work interactions. Then the steady-flow energy balance equation
for this system for a unit mass flow rate at the inlet (ri; =1 kg/s) can be expressed
S.gen = S.out _Sin
= mzsz + m353 - I’f]lSl = m232 + I’f]333 —(m2 + m3)51
=My (S; —S1) +M3(S3—5y)
=0.25(s, —51) +0.75(53 —51)
T P, T P,
=0.25(¢c, In-2—RIn—=|+0.75 ¢, In>-RIn—=
Tl 1 Tl 1

Substituting the known quantities, the rate of entropy generation is determined to be

: 278K 100 kPa
Sgen = 0.25( (1.005 k/kg.K)In —(0.287 kJ/kg.K)In
gen (( oK) 300 K ( oK) 600 kPa)
+0.75| (1.005 kJ/kg.K)In 073K _ (0.287 kJ/kg.K)In%
300 K 600 kPa

=0.513 kW/K >0

which is a positive quantity. Therefore, this process satisfies the 2™ law of thermodynamics.
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(d) For a unit mass flow rate at the inlet (siy =1 kg/s), the cooling rate and the power input to the
compressor are determined to

Qcooling =m (hl - hc) = mcCp (Tl _Tc)
= (0.25 kg/s)(1.005 kJ/kg.K)(300- 278)K = 5.53 kW

, (k-1)/k
W —_MRTe (P 1
comp,in (k _1)77comp PO

_ (Lkg/s)(0.287 ki/kg.K)(300 K) | (600 kPa |4/ 1| 1700 1w
(1.4 -1)0.80 100 kPa '

Then the COP of the vortex refrigerator becomes

COP = Qcooling _ 5.53 kW 0031
179.9 kW

Wcomp,in
The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is

T, 278K

COPygt = = =
camot T T, (300-278) K

Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot
refrigerator operating between the same temperature limits.
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11-125 EES The effect of the evaporator pressure on the COP of an ideal vapor-compression refrigeration
cycle with R-134a as the working fluid is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

P[1]=100 [kPa]

P[2] = 1000 [kPa]

Fluid$="R134a’

Eta_c=0.7 "Compressor isentropic efficiency”

"Compressor"

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1"
s[1]=entropy(Fluid$,P=P[1],x=1)
T[1]=temperature(Fluid$,h=h[1],P=P[1])
h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic"
h[1]+Wcs=h2s "energy balance on isentropic compressor"
W_c=Wocs/Eta_c"definition of compressor isentropic efficiency”
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic"
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2"
T[2]=temperature(Fluid$,h=h[2],P=P[2])

"Condenser"

P[3] = P[2]

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3"
s[3]=entropy(Fluid$,P=P[3],x=0)

h[2]=Qout+h[3] "energy balance on condenser"

"Throttle Valve"

h[4]=h[3] "energy balance on throttle - isenthalpic"
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4"
s[4]=entropy(Fluid$,h=h[4],P=P[4])
T[4]=temperature(Fluid$,h=h[4],P=P[4])

"Evaporator"

P[4]= P[1]

Q_in + h[4]=h[1] "energy balance on evaporator"

"Coefficient of Performance:"

COP=Q_in/W_c "definition of COP"

CoP Ne P+ [kPa] 10k
1.851 | 0.7 100
2.863 | 0.7 200
4.014 | 0.7 300
5462 | 0.7 400
7.424 | 0.7 500

COP

O 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
100 150 200 250 300 350 400 450 500

P[1] [kPa]
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11-126 EES The effect of the condenser pressure on the COP of an ideal vapor-compression refrigeration
cycle with R-134a as the working fluid is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

P[1]=120 [kPa]

P[2] = 400 [kPa]

Fluid$="R134a’

Eta_c=0.7 "Compressor isentropic efficiency”

"Compressor"

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1"
s[1]=entropy(Fluid$,P=P[1],x=1)
T[1]=temperature(Fluid$,h=h[1],P=P[1])
h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic"
h[1]+Wcs=h2s "energy balance on isentropic compressor"
W_c=Wocs/Eta_c"definition of compressor isentropic efficiency”
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic"
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2"
T[2]=temperature(Fluid$,h=h[2],P=P[2])

"Condenser"

P[3] = P[2]

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3"
s[3]=entropy(Fluid$,P=P[3],x=0)

h[2]=Qout+h[3] "energy balance on condenser"

"Throttle Valve"

h[4]=h[3] "energy balance on throttle - isenthalpic"
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4"
s[4]=entropy(Fluid$,h=h[4],P=P[4])
T[4]=temperature(Fluid$,h=h[4],P=P[4])

"Evaporator"

P[4]= P[1]

Q_in + h[4]=h[1] "energy balance on evaporator"

"Coefficient of Performance:"

COP=Q_in/W_c "definition of COP"

8 T T T T T T T T T
COP [ n. | P.[kPa] 7
4.935| 0.7 400
3.04 | 07 650 6
2258 | 0.7 900 5
1.803 | 0.7 1150
1492 | 0.7 1400 o4
@)
O3
2
1k 4
O_ 1 | 1 | 1 | 1 | 1 ]
400 600 800 1000 1200 1400

P[2] [kPa]
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Fundamentals of Engineering (FE) Exam Problems

11-127 Consider a heat pump that operates on the reversed Carnot cycle with R-134a as the working fluid
executed under the saturation dome between the pressure limits of 140 kPa and 800 kPa. R-134a changes
from saturated vapor to saturated liquid during the heat rejection process. The net work input for this cycle
is

(a) 28 kJ/kg (b) 34 ki/kg (c) 49 kJ/kg (d) 144 kd/kg (e) 275 kJ/kg
Answer (a) 28 kJ/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=800 "kPa"

P2=140 "kPa"
h_fg=ENTHALPY(R134a,x=1,P=P1)-ENTHALPY(R134a,x=0,P=P1)
TH=TEMPERATURE(R134a,x=0,P=P1)+273
TL=TEMPERATURE(R134a,x=0,P=P2)+273

g_H=h_fg

COP=TH/(TH-TL)

w_net=q_H/COP

"Some Wrong Solutions with Common Mistakes:"

W1_work = g_H/COP1; COP1=TL/(TH-TL) "Using COP of regrigerator"

W2_work = g_H/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K"

W3_work = h_fg3/COP; h_fg3= ENTHALPY(R134a,x=1,P=P2)-ENTHALPY(R134a,x=0,P=P2)
"Using h_fg at P2"

W4_work = g_H*TL/TH "Using the wrong relation”
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11-128 A refrigerator removes heat from a refrigerated space at —5°C at a rate of 0.35 kJ/s and rejects it to
an environment at 20°C. The minimum required power input is

(@ 30w (b) 33W (c) 56 W (d) 124 W (e) 350 W
Answer (b) 33 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TH=20+273
TL=-5+273
Q_L=0.35"kJ/s"
COP_max=TL/(TH-TL)
w_min=Q_L/COP_max

"Some Wrong Solutions with Common Mistakes:"

W1_work = Q_L/COP1; COP1=TH/(TH-TL) "Using COP of heat pump"
W2_work = Q_L/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K"
W3_work = Q_L*TL/TH "Using the wrong relation"

W4_work = Q_L "Taking the rate of refrigeration as power input"
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11-129 A refrigerator operates on the ideal vapor compression refrigeration cycle with R-134a as the
working fluid between the pressure limits of 120 kPa and 800 kPa. If the rate of heat removal from the
refrigerated space is 32 kJ/s, the mass flow rate of the refrigerant is

(@) 0.19 kg/s (b) 0.15 kg/s (c) 0.23 kg/s (d) 0.28 kgf/s (e) 0.81 kg/s
Answer (c) 0.23 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=120 "kPa"

P2=800 "kPa"

P3=P2

P4=P1

s2=sl

Q_refrig=32 "kJ/s"
m=Q_refrig/(h1-h4)
h1=ENTHALPY(R134a,x=1,P=P1)
S1=ENTROPY(R134a,x=1,P=P1)
h2=ENTHALPY(R134a,s=s2,P=P2)
h3=ENTHALPY(R134a,x=0,P=P3)
h4=h3

"Some Wrong Solutions with Common Mistakes:"

W1 _mass = Q_refrig/(h2-h1) "Using wrong enthalpies, for W_in"

W2_mass = Q_refrig/(h2-h3) "Using wrong enthalpies, for Q_H"

W3_mass = Q_refrig/(h1-h44); h4A4=ENTHALPY(R134a,x=0,P=P4) "Using wrong enthalpy h4 (at
P4)"

W4_mass = Q_refrig/h_fg; h_fg=ENTHALPY(R134a,x=1,P=P2) - ENTHALPY(R134a,x=0,P=P2)
"Using h_fg at P2"
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11-130 A heat pump operates on the ideal vapor compression refrigeration cycle with R-134a as the
working fluid between the pressure limits of 0.32 MPa and 1.2 MPa. If the mass flow rate of the refrigerant
is 0.193 kg/s, the rate of heat supply by the heat pump to the heated space is

(@) 3.3 kw (b) 23 kW (c) 26 kW (d) 31 kW (e) 45 kW
Answer (d) 31 kW
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=320 "kPa"
P2=1200 "kPa"
P3=P2

P4=P1

s2=sl
m=0.193 "kg/s"

Q_supply=m*(h2-h3) "kJ/s"
h1=ENTHALPY(R134a,x=1,P=P1)
s1=ENTROPY(R134a,x=1,P=P1)
h2=ENTHALPY(R134a,s=s2,P=P2)
h3=ENTHALPY (R134a,x=0,P=P3)
h4=h3

"Some Wrong Solutions with Common Mistakes:"

W1_Qh = m*(h2-hl) "Using wrong enthalpies, for W_in"

W2_Qh = m*(h1-h4) "Using wrong enthalpies, for Q_L"

W3_Qh = m*(h22-h4); h22=ENTHALPY(R134a,x=1,P=P2) "Using wrong enthalpy h2 (hg at P2)"
W4_Qh = m*h_fg; h_fg=ENTHALPY(R134a,x=1,P=P1) - ENTHALPY(R134a,x=0,P=P1) "Using
h_fg at P1"
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11-131 An ideal vapor compression refrigeration cycle with R-134a as the working fluid operates between
the pressure limits of 120 kPa and 1000 kPa. The mass fraction of the refrigerant that is in the liquid phase
at the inlet of the evaporator is

(a) 0.65 (b) 0.60 (c) 0.40 (d) 0.55 (e) 0.35
Answer (b) 0.60
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=120 "kPa"
P2=1000 "kPa"
P3=P2
P4=P1

h1=ENTHALPY(R134a,x=1,P=P1)
h3=ENTHALPY(R134a,x=0,P=P3)
h4=h3
x4=QUALITY(R134a,h=h4,P=P4)
liquid=1-x4

"Some Wrong Solutions with Common Mistakes:"

W1 _liquid = x4 "Taking quality as liquid content"

W2_liquid = 0 "Assuming superheated vapor"

W3_liquid = 1-x4s; x4s=QUALITY(R134a,s=s3,P=P4) "Assuming isentropic expansion”
s3=ENTROPY(R134a,x=0,P=P3)
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11-132 Consider a heat pump that operates on the ideal vapor compression refrigeration cycle with R-134a
as the working fluid between the pressure limits of 0.32 MPa and 1.2 MPa. The coefficient of performance
of this heat pump is

(a) 0.17 (b) 1.2 ()31 (d)4.9 (e)5.9
Answer (e) 5.9
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=320 "kPa"
P2=1200 "kPa"
P3=P2
P4=P1
s2=sl

h1=ENTHALPY(R134a,x=1,P=P1)
s1=ENTROPY(R134a,x=1,P=P1)
h2=ENTHALPY(R134a,s=s2,P=P2)
h3=ENTHALPY(R134a,x=0,P=P3)
h4=h3

COP_HP=gH/Win

Win=h2-h1

qH=h2-h3

"Some Wrong Solutions with Common Mistakes:"

W1_COP = (h1-h4)/(h2-h1) "COP of refrigerator"”

W2_COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH"

W3_COP = (h22-h3)/(h22-h1); h22=ENTHALPY(R134a,x=1,P=P2) "Using wrong enthalpy h2
(hg at P2)"
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11-133 An ideal gas refrigeration cycle using air as the working fluid operates between the pressure limits
of 80 kPa and 280 kPa. Air is cooled to 35°C before entering the turbine. The lowest temperature of this
cycle is

(a) -58°C (b) -26°C (c)0°C (d) 11°C (e) 24°C
Answer (a) -58°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=1.4

P1=80 "kPa"

P2=280 "kPa"

T3=35+273 "K"

"Mimimum temperature is the turbine exit temperature”
T4=T3*(P1/P2)((k-1)/k) - 273

"Some Wrong Solutions with Common Mistakes:"

W1_Tmin = (T3-273)*(P1/P2)*((k-1)/K) "Using C instead of K"
W2_Tmin = T3*(P1/P2)*((k-1)) - 273 "Using wrong exponent"
W3_Tmin = T3*(P1/P2)"k - 273 "Using wrong exponent"
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11-134 Consider an ideal gas refrigeration cycle using helium as the working fluid. Helium enters the
compressor at 100 kPa and —10°C and is compressed to 250 kPa. Helium is then cooled to 20°C before it
enters the turbine. For a mass flow rate of 0.2 kg/s, the net power input required is

(@) 9.3 kW (b) 27.6 kW (c) 48.8 kW (d) 93.5 kw (e) 119 kw
Answer (b) 27.6 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=1.667

Cp=5.1926 "kJ/kg.K"

P1=100 "kPa"

T1=-10+273 "K"

P2=250 "kPa"

T3=20+273 "K"

m=0.2 "kg/s"

"Mimimum temperature is the turbine exit temperature”
T2=T1*(P2/P1)"((k-1)/k)
T4=T3*(P1/P2)"((k-1)/k)
W_netin=m*Cp*((T2-T1)-(T3-T4))

"Some Wrong Solutions with Common Mistakes:"

W1 _Win = m*Cp*((T22-T1)-(T3-T44)); T22=T1*P2/P1; T44=T3*P1/P2 "Using wrong relations
for temps"

W2_Win = m*Cp*(T2-T1) "Ignoring turbine work"

W3_Win=m*1.005*((T2B-T1)-(T3-T4B)); T2B=T1*(P2/P1)((kB-1)/kB); T4B=T3*(P1/P2)"((kB-
1)/kB); kB=1.4 "Using air properties"

W4_Win=m*Cp*((T2A-(T1-273))-(T3-273-T4A)); T2A=(T1-273)*(P2/P1)"((k-1)/k); TAA=(T3-
273)*(P1/P2)*((k-1)/k) "Using C instead of K"
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11-135 An absorption air-conditioning system is to remove heat from the conditioned space at 20°C at a
rate of 150 kJ/s while operating in an environment at 35°C. Heat is to be supplied from a geothermal
source at 140°C. The minimum rate of heat supply required is

(a) 86 kJ/s (b) 21 kd/s (c) 30 kJ/s (d) 61 kd/s (e) 150 kJ/s
Answer (c) 30 kd/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TL=20+273 "K"

Q_refrig=150 "kJ/s"

To=35+273 "K"

Ts=140+273 "K"
COP_max=(1-To/Ts)*(TL/(To-TL))
Q_in=Q_refrig/COP_max

"Some Wrong Solutions with Common Mistakes:"

W1_Qin = Q_refrig "Taking COP = 1"

W2_Qin = Q_refrig/COP2; COP2=TL/(Ts-TL) "Wrong COP expression"

W3_Qin = Q_refrig/COP3; COP3=(1-To/Ts)*(Ts/(To-TL)) "Wrong COP expression, COP_HP"
W4 _Qin = Q_refrigtrCOP_max "Multiplying by COP instead of dividing"
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11-136 Consider a refrigerator that operates on the vapor compression refrigeration cycle with R-134a as
the working fluid. The refrigerant enters the compressor as saturated vapor at 160 kPa, and exits at 800 kPa
and 50°C, and leaves the condenser as saturated liquid at 800 kPa. The coefficient of performance of this
refrigerator is

(@) 2.6 (b) 1.0 (c)4.2 (d)3.2 (e)4.4
Answer (d) 3.2

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=160 "kPa"

P2=800 "kPa"

T2=50"C"

P3=pP2

P4=P1
h1=ENTHALPY(R134a,x=1,P=P1)
s1=ENTROPY(R134a,x=1,P=P1)
h2=ENTHALPY(R134a,T=T2,P=P2)
h3=ENTHALPY(R1344a,x=0,P=P3)
h4=h3

COP_R=qgL/Win

Win=h2-h1l

gL=h1-h4

"Some Wrong Solutions with Common Mistakes:"

W1_COP = (h2-h3)/(h2-h1) "COP of heat pump"

W2_COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH"

W3_COP = (h1-h4)/(h2s-h1); h2s=ENTHALPY(R134a,s=s1,P=P2) "Assuming isentropic
compression”

11-137 --- 11-145 Design and Essay Problems
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