Chapter 6
THE SECOND LAW OF THERMODYNAMICS

The Second Law of Thermodynamics and Thermal Energy Reservoirs
6-1C Water is not a fuel; thus the claim is false.
6-2C Transferring 5 kWh of heat to an electric resistance wire and producing 5 kWh of electricity.

6-3C An electric resistance heater which consumes 5 kWh of electricity and supplies 6 kwWh of heat to a
room.

6-4C Transferring 5 kWh of heat to an electric resistance wire and producing 6 kWh of electricity.
6-5C No. Heat cannot flow from a low-temperature medium to a higher temperature medium.

6-6C A thermal-energy reservoir is a body that can supply or absorb finite quantities of heat isothermally.
Some examples are the oceans, the lakes, and the atmosphere.

6-7C Yes. Because the temperature of the oven remains constant no matter how much heat is transferred
to the potatoes.

6-8C The surrounding air in the room that houses the TV set.
Heat Engines and Thermal Efficiency
6-9C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics.

6-10C Heat engines are cyclic devices that receive heat from a source, convert some of it to work, and
reject the rest to a sink.

6-11C Method (b). With the heating element in the water, heat losses to the surrounding air are
minimized, and thus the desired heating can be achieved with less electrical energy input.

6-12C No. Because 100% of the work can be converted to heat.
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6-2

6-13C It is expressed as "No heat engine can exchange heat with a single reservoir, and produce an
equivalent amount of work".

6-14C (a) No, (b) Yes. According to the second law, no heat engine can have and efficiency of 100%.

6-15C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics.

6-16C No. The Kelvin-Plank limitation applies only to heat engines; engines that receive heat and convert
some of it to work.

6-17 The power output and thermal efficiency of a power plant are given. The rate of heat rejection is to be
determined, and the result is to be compared to the actual case in practice.

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other
components are negligible.

Analysis The rate of heat supply to the power plant is determined from the thermal efficiency relation,

Wnet,out 600 MW

Oy = = =1500 MW
The rate of heat transfer to the river water is determined from the
first law relation for a heat engine, nn = 40%
0, = Oy —Whepour =1500—600 = 900 MW @ 600 MW
In reality the amount of heat rejected to the river will be lower
since part of the heat will be lost to the surrounding air from the m

working fluid as it passes through the pipes and other
components.

6-18 The heat input and thermal efficiency of a heat engine are given. The work output of the heat engine
is to be determined.

Assumptions 1 The plant operates steadily. 2 Heat losses
from the working fluid at the pipes and other components are
negligible.

Analysis Applying the definition of the thermal efficiency to
the heat engine,

Woer =1 Oy = (0.35)(1.3kJ) = 0.455 kJ
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6-19E The work output and heat rejection of a heat engine that propels a ship are given. The thermal
efficiency of the engine is to be determined.

Assumptions 1 The plant operates steadily. 2 Heat losses
from the working fluid at the pipes and other components

are negligible.
Analysis Applying the first law to the heat engine gives qH

4 = Wnet +¢; =500 Btu/lbm +300 Btu/lbm =800 Btu/lbm g Whet
Substituting this result into the definition of the thermal efficiency, @

Wret 500 Btu/lom o

= 625
gy  800Btu/lbm

M =

6-20 The work output and heat input of a heat engine are given. The heat rejection is to be determined.

Assumptions 1 The plant operates steadily. 2 Heat losses
from the working fluid at the pipes and other components
are negligible.

Analysis Applying the first law to the heat engine gives

0, =0y —Wpe =500kJ—200kJ =300kJ Whet

6-21 The heat rejection and thermal efficiency of a heat engine are given. The heat input to the engine is to
be determined.

Assumptions 1 The plant operates steadily. 2 Heat losses

from the working fluid at the pipes and other components

are negligible.
qu
qr

Analysis According to the definition of the thermal
efficiency as applied to the heat engine,

_ Whet
Whet =Nt 1

9y =41 =NMwndn

which when rearranged gives

_ 4 _1000KIKG _ 467 kakg
15,  1-04

N
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6-22 The power output and fuel consumption rate of a power plant are given. The thermal efficiency is to
be determined.

Assumptions The plant operates steadily.
Properties The heating value of coal is given to be 30,000 kJ/kg.
Analysis The rate of heat supply to this power plant is

QH = mcoaquV,coal
= (60,000 kg/h }30,000 ki/kg)=1.8x10° ki/h

=500 MW coal @
Then the thermal efficiency of the plant becomes

/4
netout _ 150 MW =0.300 = 30.0%
Oy 500 MW

Th =

6-23 The power output and fuel consumption rate of a car engine are given. The thermal efficiency of the
engine is to be determined.

Assumptions The car operates steadily.
Properties The heating value of the fuel is given to be 44,000 kJ/kg.

Analysis The mass consumption rate of the fuel is

titgget = (0V) el = (0.8 kg/L)(28 L/h) = 22.4 kg/h - Fuel

The rate of heat supply to the car is saREmam
. 28Lh 60 kW
QH = Meoal g HV coal

= (22.4 kg/h)(44,000 ki/kg) @
= 985,600 ki/h = 273.78 kW

Then the thermal efficiency of the car becomes @

Woetour 60 kKW

ot =0.219 = 21.9%
0,  273.78kW

Thn =
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6-24E The power output and thermal efficiency of a solar pond power plant are given. The rate of solar
energy collection is to be determined.

Assumptions The plant operates steadily. uul @
Analysis The rate of solar energy collection or the rate e /.

of heat supply to the power plant is determined from the SRR :

thermal efficiency relation to be Solar pond 350 kW
W 4%
0, = netout _ 350 kW | 1Btu 3600 s — 2986 x10"Btu/h
7 004 \L055KJ | 1h Csink D

6-25 The United States produces about 51 percent of its electricity from coal at a conversion efficiency of
about 34 percent. The amount of heat rejected by the coal-fired power plants per year is to be determined.

Analysis Noting that the conversion efficiency is 34%, the amount of heat rejected by the coal plants per
year is

/4 /4

coal coal
Mth = = Coal
Qin Qout + Wcoal
w.
Qout =2~ Wiy 1.878x10' KWh
€

_LT8XI0ZKWh | oo Oout i = 34%

0.34
=3.646x10% kWh @
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6-26 The projected power needs of the United States is to be met by building inexpensive but inefficient
coal plants or by building expensive but efficient IGCC plants. The price of coal that will enable the IGCC
plants to recover their cost difference from fuel savings in 5 years is to be determined.

Assumptions 1 Power is generated continuously by
either plant at full capacity. 2 The time value of money
(interest, inflation, etc.) is not considered.

Properties The heating value of the coal is given to be
28x10° kJ/ton.

Analysis For a power generation capacity of 150,000
MW, the construction costs of coal and IGCC plants and
their difference are

Construction cost ., = (150,000,000 kW)($1300/kW) = $195x10°

Construction cost,gcc = (150,000,000 kW)($1500/kW) = $225x10°

Construction cost difference = $225x10°% —$195x10° = $30x10°
The amount of electricity produced by either plant in 5 years is

W, = WAt = (150,000,000 KW)(5x 365x 24 h) = 6.570x10'2 kWh

The amount of fuel needed to generate a specified amount of power can be determined from

Qin — We
Heating value  7(Heating value)

e

We
n= - O 27 or myge =

in

Then the amount of coal needed to generate this much electricity by each plant and their difference are

174 . 12
M coal, coal plant = — - 25 SkWh [3600 kj) =2.484x10° tons
‘ n(Heating value)  (0.34)(28x10° kJ/ton) \ 1kWh
114 ) 12
Mcoal, IGCCplant = —< = 657010 5 KWh (3600 k\]j =1.877x10° tons
‘ n(Heating value)  (0.45)(28x10° kd/ton) \ 1kWh

Ao = Mgl coal plant — Meoal, 160 plant = 2-484x10° —1.877x10° = 0.607x10° tons
For Amgg, to pay for the construction cost difference of $30 billion, the price of coal should be

Construction cost difference  $30x10°

= 5 =$49.4/ton
Aoy 0.607 x10° tons

Unit cost of coal =

Therefore, the IGCC plant becomes attractive when the price of coal is above $49.4 per ton.
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6-27 EES Problem 6-26 is reconsidered. The price of coal is to be investigated for varying simple payback
periods, plant construction costs, and operating efficiency.

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

"Knowns:"
HeatingValue = 28E+6 [kJ/ton]
W_dot = 150E+6 [kW]

{PayBackPeriod = 5 [years]
eta_coal = 0.34

eta_IGCC =0.45
CostPerkW_Coal = 1300 [$/kW]
CostPerkW_IGCC=1500 [$/kW]}

"Analysis:"

"For a power generation capacity of 150,000 MW, the construction costs of coal
and IGCC plants and their difference are"

ConstructionCost_coal = W_dot *CostPerkW_Coal

ConstructionCost_IGCC= W_dot *CostPerkW_IGCC

ConstructionCost_diff = ConstructionCost_IGCC - ConstructionCost_coal

"The amount of electricity produced by either plant in 5 years is "
W_ele = W_dot*PayBackPeriod*convert(year,h)

"The amount of fuel needed to generate a specified amount of power can be determined
from the plant efficiency and the heating value of coal."

"Then the amount of coal needed to generate this much electricity by each plant and their
difference are"

"Coal Plant:"
eta_coal = W_ele/Q_in_coal
Q_in_coal =
m_fuel_CoalPlant*HeatingValue*convert(kJ,kWh)
"IGCC Plant:"

eta IGCC =W _ele/Q _in_IGCC
Q_in_IGCC =
m_fuel IGCCPlant*HeatingValue*convert(kJ,kWh)

DELTAm_coal = m_fuel_CoalPlant - m_fuel_IGCCPlant

"For to pay for the construction cost difference of $30 billion, the price of coal should be"
UnitCost_coal = ConstructionCost_diff /DELTAmM_coal

"Therefore, the IGCC plant becomes attractive when the price of coal is above $49.4 per ton. "
SOLUTION

ConstructionCost_coal=1.950E+11 [dollars] = ConstructionCost_diff=3.000E+10 [dollars]
ConstructionCost_IGCC=2.250E+11 [dollars] CostPerkW_Coal=1300 [dollars/kW]

CostPerkW_IGCC=1500 [dollars/kW] DELTAmM_coal=6.073E+08 [tons]
eta_coal=0.34 eta IGCC=0.45
HeatingValue=2.800E+07 [kJ/ton] m_fuel_CoalPlant=2.484E+09 [tons]
m_fuel IGCCPlant=1.877E+0Q9 [tons] PayBackPeriod=5 [years]
Q_in_coal=1.932E+13 [kWh] Q_in_IGCC=1.460E+13 [KWh]
UnitCost_coal=49.4 [dollars/ton] W_dot=1.500E+08 [kW]

W_ele=6.570E+12 [kWh]
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PaybackPeriod | UnitCostggy

[years] [$/ton]
1 247

2 123.5

3 82.33

4 61.75
5 49.4

6 41.17

7 35.28

8 30.87

9 27.44
10 24.7

Neoal UnitCostcoa
[$/ton]

0.25 19.98
0.2711 24.22
0.2922 29.6
0.3133 36.64
0.3344 46.25
0.3556 60.17
0.3767 82.09
0.3978 121.7
0.4189 215.2

0.44 703.2

CostPerkW,gce | UnitCost,oy
[$/kW] [$/ton]
1300 0
1400 24.7
1500 494
1600 74 1
1700 98.8
1800 123.5
1900 148.2
2000 172.9
2100 197.6
2200 222.3

UnitCost,q4 [$/ton]

UnitCost,y, [$/ton]

250

6-8
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100

UnitCost.y, [$/ton]
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800
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6-28 The projected power needs of the United States is to be met by building inexpensive but inefficient
coal plants or by building expensive but efficient IGCC plants. The price of coal that will enable the IGCC
plants to recover their cost difference from fuel savings in 3 years is to be determined.

Assumptions 1 Power is generated continuously by either
plant at full capacity. 2 The time value of money (interest,
inflation, etc.) is not considered.

Properties The heating value of the coal is given to be
28x10° kJ/ton.

Analysis For a power generation capacity of 150,000 MW,
the construction costs of coal and IGCC plants and their
difference are

Construction cost ., = (150,000,000 kW)($1300/kW) = $195x10°
Construction cost,gcc = (150,000,000 kW)($1500/kW) = $225x10°
Construction cost difference = $225x10° —$195x10° = $30x10°

The amount of electricity produced by either plant in 3 years is
W, = WAt = (150,000,000 kW)(3x 365 x 24 h) = 3.942 x 10" kWh
The amount of fuel needed to generate a specified amount of power can be determined from

We We Qin We
= = O = or myye = - = -
Oin n Heating value  7(Heating value)

Then the amount of coal needed to generate this much electricity by each plant and their difference are

n

174 . 12
M coal, coal plant = — - _3942x0 - KWh (3600 kJ) =1.491x10° tons
‘ n(Heating value)  (0.34)(28x10° kJ/ton) \ 1kWh
114 . 12
Mcoal, IGCC plant = — = 394210 5 kWh (3600 k\]j =1.126x10° tons
‘ n(Heating value)  (0.45)(28x10° kd/ton) \ 1kWh

Ao = Mgl coal plant — Meoal, 16cC plant. = 1-491x10° —1.126x10° = 0.365x10° tons
For Amgg, to pay for the construction cost difference of $30 billion, the price of coal should be

Construction cost difference  $30x10°

= 5 =$82.2/ton
Aoy 0.365x10° tons

Unit cost of coal =

Therefore, the IGCC plant becomes attractive when the price of coal is above $82.2 per ton.
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6-29 A coal-burning power plant produces 300 MW of power. The amount of coal consumed during a one-
day period and the rate of air flowing through the furnace are to be determined.

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero.
Properties The heating value of the coal is given to be 28,000 kJ/kg.

Analysis (a) The rate and the amount of heat inputs to the power plant are

Whetot 300 MW
- 0.32

=937.5MW

Qin =

0., = 0, At = (937.5MJ/s)(24 x 36005) =8.1x 10" MJ
The amount and rate of coal consumed during this period are

O _8.1x10" MW
gy 28Mlkg

6
Mooal _ 2.893x10° kg _33.48kgls
At 24x36005s

(b) Noting that the air-fuel ratio is 12, the rate of air flowing through the furnace is

g, = (AF)mgo, = (12 kg air/kg fuel)(33.48 kg/s) = 401.8kg/s

=2.893x10° kg

Meoal =
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Refrigerators and Heat Pumps

6-30C The difference between the two devices is one of purpose. The purpose of a refrigerator is to
remove heat from a cold medium whereas the purpose of a heat pump is to supply heat to a warm medium.

6-31C The difference between the two devices is one of purpose. The purpose of a refrigerator is to
remove heat from a refrigerated space whereas the purpose of an air-conditioner is remove heat from a
living space.

6-32C No. Because the refrigerator consumes work to accomplish this task.

6-33C No. Because the heat pump consumes work to accomplish this task.

6-34C The coefficient of performance of a refrigerator represents the amount of heat removed from the
refrigerated space for each unit of work supplied. It can be greater than unity.

6-35C The coefficient of performance of a heat pump represents the amount of heat supplied to the heated
space for each unit of work supplied. It can be greater than unity.

6-36C No. The heat pump captures energy from a cold medium and carries it to a warm medium. It does
not create it.

6-37C No. The refrigerator captures energy from a cold medium and carries it to a warm medium. It does
not create it.

6-38C No device can transfer heat from a cold medium to a warm medium without requiring a heat or
work input from the surroundings.

6-39C The violation of one statement leads to the violation of the other one, as shown in Sec. 6-4, and
thus we conclude that the two statements are equivalent.
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6-40 The COP and the refrigeration rate of a refrigerator are given. The power consumption and the rate of
heat rejection are to be determined.

Assumptions The refrigerator operates steadily.

Analysis (@) Using the definition of the coefficient of performance, the
power input to the refrigerator is determined to be

0, _ 60kJmin

Wnetin = = =50 kJ/min = 0.83 kW COP=1.2
' COPr 1.2

(b) The heat transfer rate to the kitchen air is determined from the
energy balance,

cool space

O = Op + Wi = 60+50 = 110 k/min

6-41E The heat absorption, the heat rejection, and the power input of a commercial heat pump are given.

The COP of the heat pump is to be determined.

Assumptions The heat pump operates steadily.

Analysis Applying the definition of the heat pump coefficient of
performance to this heat pump gives

cop. - Qn _15090Bwh(  1hp ) _
T 2hp | 25445Bwih

net,in

Reservoir

6-42 The COP and the power input of a residential heat pump are given. The rate of heating effect is to be
determined.

Assumptions The heat pump operates steadily.

Analysis Applying the definition of the heat pump coefficient of
performance to this heat pump gives

Oy =COPpWperin = (1.6)(2kW) =3.2kW = 3.2kJ/s
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6-43 The cooling effect and the COP of a refrigerator are given. The power input to the refrigerator is to be

determined.
Reservoir

COP=1.35

Assumptions The refrigerator operates steadily.

Analysis Rearranging the definition of the refrigerator coefficient
of performance and applying the result to this refrigerator gives
Wnet,in

A
" T CoPg 1.35

0, 10,000kJh( 1h
- 36005

j =2.06 kW

Reservoir

6-44 The cooling effect and the COP of a refrigerator are given. The power input to the refrigerator is to be
determined.

Assumptions The refrigerator operates steadily.

Analysis Rearranging the definition of the refrigerator COP=13
coefficient of performance and applying the result to this o

refrigerator gives W
net,in

0, 5kw

W = =" =3.85kW
U T copy, 1.3

Reservoir

6-45 The COP and the work input of a heat pump are given. The heat transferred to and from this heat
pump are to be determined.

Reservoir

Assumptions The heat pump operates steadily.

Analysis Applying the definition of the heat pump coefficient of
performance,

Q4 = COPLp Wi = (L.7)(50kJ) = 85 kJ 50 K]

Adapting the first law to this heat pump produces

0 =0y ~Wperin =85k -50kJ =35kJ Reservoir
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6-46E The COP and the refrigeration rate of an ice machine are given. The power consumption is to be
determined.

Assumptions The ice machine operates steadily. Outdoors

Analysis The cooling load of this ice machine is

. COP=24
0, =rmq,; = (28 Ibm/h)169 Btu/lom)= 4732 Btu/h
Using the definition of the coefficient of performance, the o)
power input to the ice machine system is determined to be _ -
: ter Ice ice
. o, 4732 Btu/h 1lhp water ] lice |
W.. . = = =0.775h 55°F Machine °
"N COPy 2.4 | 2545 Btu/h P 2>°F

6-47 The COP and the power consumption of a refrigerator are given. The time it will take to cool 5
watermelons is to be determined.

Assumptions 1 The refrigerator operates steadily. 2 The heat gain of the refrigerator through its walls,
door, etc. is negligible. 3 The watermelons are the only items in the refrigerator to be cooled.

Properties The specific heat of watermelons is given to be ¢ = 4.2 kJ/kg.°C.

Analysis The total amount of heat that needs to be removed from the watermelons is

0; = (mcAT ), yagermetons = 5 (10 kg)(4.2 ki/kg - °C)20 —8) C = 2520 kJ
The rate at which this refrigerator removes heat is

O, = (COPR YWpeqin ) = (2.5)0.45 kW) = 1.125 kw
That is, this refrigerator can remove 1.125 kJ of heat per second. 450 W
Thus the time required to remove 2520 kJ of heat is COP=25

0, 2520k
-5 Bl

0, 1.125kl/s
This answer is optimistic since the refrigerated space will gain some heat during this process from the
surrounding air, which will increase the work load. Thus, in reality, it will take longer to cool the
watermelons.

= 2240 s =37.3min
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6-48 [Also solved by EES on enclosed CD] An air conditioner with a known COP cools a house to desired
temperature in 15 min. The power consumption of the air conditioner is to be determined.

Assumptions 1 The air conditioner operates steadily. 2 The house is well-sealed so that no air leaks in or
out during cooling. 3 Air is an ideal gas with constant specific heats at room temperature.

Properties The constant volume specific heat of air is given to be ¢, = 0.72 kJ/kg.°C.

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be

removed from the house is
0, = (mc, AT ),y = (800 kg)(0.72 ki/kg - °C)(32 — 20F°C = 6912 k]

This heat is removed in 15 minutes. Thus the average rate of heat
removal from the house is

0, 6912k

= =7.68 kKW
At 15x60s

o)
Using the definition of the coefficient of performance, the power input
to the air-conditioner is determined to be

O, _ 7.68kw
COPg 2.5

Wnet,in -

=3.07 kW

On

@ COP=25

32—20°C

House
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6-49 EES Problem 6-48 is reconsidered. The rate of power drawn by the air conditioner required to cool
the house as a function for air conditioner EER ratings in the range 9 to 16 is to be investigated.
Representative costs of air conditioning units in the EER rating range are to be included.

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

"Input Data"

T_1=32 [C]
T_2=20[C]
C_v=0.72 [kJ/kg-C]
m_house=800 [kg]
DELTAtime=20 [min]
COP=EER/3.412

"Assuming no work done on the house and no heat energy added to the house

in the time period with no change in KE and PE, the first law applied to the house is:"
E_dot_in- E_dot out=DELTAE_dot

E dot in=0

E dot out=Q _dot L

DELTAE_dot = m_house*DELTAuU_house/DELTAtime

DELTAu_house = C_v*(T_2-T_1)

"Using the definition of the coefficient of performance of the A/C:"
W_dot_in = Q_dot_L/COP "kJ/min"*convert(‘'kJ/min','kW") "kW"
Q_dot_H=W_dot_in*convert(KW','kJ/min) + Q_dot_L "kJ/min"

EER W, 2.2
[Btu/kWh] KW

9 2.184
10 1.965 2
11 1.787
12 1.638 2 3
13 1.512 =,
14 1.404 :
15 1.31 .= 16
16 1.228

1.2
9 10 11 12 13 14 15 16

EER [Btu/kWh]
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6-50 A house is heated by resistance heaters, and the amount of electricity consumed during a winter
month is given. The amount of money that would be saved if this house were heated by a heat pump with a
known COP is to be determined.

Assumptions The heat pump operates steadily.

Analysis The amount of heat the resistance heaters supply to the house is equal to he amount of electricity
they consume. Therefore, to achieve the same heating effect, the house must be supplied with 1200 kWh of
energy. A heat pump that supplied this much heat will consume electrical power in the amount of

Oy 1200 kWh

W = =500 kWh
" COPp 2.4

which represent a savings of 1200 — 500 = 700 kWh. Thus the homeowner would have saved
(700 kWh)(0.085 $/kwh) = $59.50

6-51E The COP and the heating effect of a heat pump are given. The power input to the heat pump is to be
determined.

Assumptions The heat pump operates steadily.

Reservoir

Analysis Applying the definition of the coefficient of performance, COP=14

W =
net,in COPHP 1.4

Oy _100,000Btu/h( 1hp W
- net,in

=28.1hp
2544.5 Btu/h

Reservoir

6-52 The cooling effect and the rate of heat rejection of a refrigerator are given. The COP of the
refrigerator is to be determined.

Assumptions The refrigerator operates steadily.

Analysis Applying the first law to the refrigerator gives
Wretin = O — 0O, = 22,000-15,000 = 7000 ki/h

Applying the definition of the coefficient of performance,

0,  15,000kJ/h
7000

COPg =— =2.14

net,in
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6-53 The cooling effect and the power consumption of an air conditioner are given. The rate of heat
rejection from this air conditioner is to be determined.

Assumptions The air conditioner operates steadily. Reservoir

Analysis Applying the first law to the air conditioner gives

Oy =Wpepin +0;, =0.75+1=1.75kW .
Wnet,in

Reservoir

6-18

6-54 The rate of heat loss, the rate of internal heat gain, and the COP of a heat pump are given. The power

input to the heat pump is to be determined.

Assumptions The heat pump operates steadily.

Analysis The heating load of this heat pump system is the difference 60,000
between the heat lost to the outdoors and the heat generated in the House kd/h
house from the people, lights, and appliances, :

. 9

Qy = 60,000 - 4,000 = 56,000 kd/h @ "
Using the definition of COP, the power input to the heat pump is COP =25
determined to be

j Oy 000KIN( TkW ) oo Outside

' COPyp 25 3600 kJ/h
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6-55E An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to
a computer room. The number of additional air-conditioners that need to be installed is to be determined.

Assumptions 1 The computers are operated by 4 adult men. 2 The computers consume 40 percent of their
rated power at any given time.

Properties The average rate of heat generation from a person seated in a room/office is 100 W (given).

Analysis The amount of heat dissipated by the computers is equal to
the amount of electrical energy they consume. Therefore,

Q'Computers = (Rated power) x (Usage factor) = (3.5 kwW)(0.4) =1.4 kW @
Opeopte = (NO. OF people) x Opereon = 4 x (100 W) = 400 W

Ouotal = Ccomputers + Cpeople =1400+400 =1800 W = 6142 Btu/h @

since 1 W = 3.412 Btu/h. Then noting that each available air

conditioner provides 4,000 Btu/h cooling, the number of air- 4000 Btu/h
conditioners needed becomes

Computer
Cooling load _ 6142 Btu/h room

Cooling capacity of A/C 4000 Btu/h
=1.5~ 2 Air conditioners

No. of air conditioners =

6-56 A decision is to be made between a cheaper but inefficient air-conditioner and an expensive but
efficient air-conditioner for a building. The better buy is to be determined.

Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the
efficiency.

Analysis The unit that will cost less during its lifetime is a better buy. The total cost of a system during its
lifetime (the initial, operation, maintenance, etc.) can be determined by performing a life cycle cost
analysis. A simpler alternative is to determine the simple payback period. The energy and cost savings of
the more efficient air conditioner in this case is
Energy savings = (Annual energy usage of A)— (Annual energy usage of B)
= (Annual cooling load)(1/ COP, —1/COPg)
= (120,000 kWh/year)(1/3.2-1/5.0)

=13,500 kWh/year Air Cond. A
COP=3.2

Cost savings = (Energy savings)(Unit cost of energy)
= (13,500 kWh/year)($0.10/kWh) = $1350/year

The installation cost difference between the two air-conditioners is

Cost difference = Cost of B — cost of A = 7000 — 5500 = $1500 Air Cond. B

COP=5.0

Therefore, the more efficient air-conditioner B will pay for the $1500 cost
differential in this case in about 1 year.

Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but
more efficient air-conditioner B is clearly the better buy in this case since air conditioners last at least 15
years. But the decision would not be so easy if the unit cost of electricity at that location was much less
than $0.10/kWh, or if the annual air-conditioning load of the house was much less than 120,000 kWh.
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6-57 Refrigerant-134a flows through the condenser of a residential heat pump unit. For a given compressor
power consumption the COP of the heat pump and the rate of heat absorbed from the outside air are to be
determined.

Assumptions 1 The heat pump operates Ox
steadily. 2 The kinetic and potential energy 800 kPa ‘ 800 kPa
changes are zero. x=0 \ 35°C
| Condenser |
Properties The enthalpies of R-134a at the ' '
condenser inlet and exit are
Expansion W
T = 355C hy =271.22 kJ/kg Compressor —
T =
P, =800 kPa
h, = 95.47 kl/kg
x=0 Evaporator
A
Analysis (@) An energy balance on the condenser \ 0
L

gives the heat rejected in the condenser
Oy = m(hy —hy) = (0.018 kg/s)(271.22 — 95.47) ki/kg = 3.164 kW
The COP of the heat pump is

COP =Q,_H=M=2_64
W, 12kwW

(b) The rate of heat absorbed from the outside air

0, =0, —W, =3.164-1.2=1.96 kW

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.




6-21

6-58 A commercial refrigerator with R-134a as the working fluid is considered. The evaporator inlet and
exit states are specified. The mass flow rate of the refrigerant and the rate of heat rejected are to be
determined.

Assumptions 1 The refrigerator operates steadily. 2 t On
The kinetic and potential energy changes are zero.

.
Condenser

Properties The properties of R-134a at the
evaporator inlet and exit states are (Tables A-11

through A-13) X Expansion Wi,
P, =120kPa valve Compressor i —
x, =02
P, =120 kPa
T, =-20°C

}hl = 65.38 ki/kg

}hz = 238.84 kJ/kg : Evaporator ;

120 kPa 4 120 kPa
x=0.2 \ o) -20°C

Analysis (@) The refrigeration load is
0, = (COP)W,, = (1.2)(0.45 kW) = 0.54 kW
The mass flow rate of the refrigerant is determined from

0, 0.54 kW
hy—h,  (238.84-65.38) ki/kg

=0.0031 kg/s

mp =

(b) The rate of heat rejected from the refrigerator is

0, =0, +W,, =0.54+0.45=0.99 KW
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Perpetual-Motion Machines

6-59C This device creates energy, and thus it is a PMML1.

6-60C This device creates energy, and thus it is a PMML.

Reversible and Irreversible Processes

6-61C This process is irreversible. As the block slides down the plane, two things happen, (a) the potential
energy of the block decreases, and (b) the block and plane warm up because of the friction between them.
The potential energy that has been released can be stored in some form in the surroundings (e.g., perhaps
in a spring). When we restore the system to its original condition, we must (a) restore the potential energy
by lifting the block back to its original elevation, and (b) cool the block and plane back to their original
temperatures.

The potential energy may be restored by returning the energy that was stored during the original
process as the block decreased its elevation and released potential energy. The portion of the surroundings
in which this energy had been stored would then return to its original condition as the elevation of the
block is restored to its original condition.

In order to cool the block and plane to their original temperatures, we have to remove heat from
the block and plane. When this heat is transferred to the surroundings, something in the surroundings has
to change its state (e.g., perhaps we warm up some water in the surroundings). This change in the
surroundings is permanent and cannot be undone. Hence, the original process is irreversible.

6-62C Adiabatic stirring processes are irreversible because the energy stored within the system can not be
spontaneously released in a manor to cause the mass of the system to turn the paddle wheel in the opposite
direction to do work on the surroundings.

6-63C The chemical reactions of combustion processes of a natural gas and air mixture will generate
carbon dioxide, water, and other compounds and will release heat energy to a lower temperature
surroundings. It is unlikely that the surroundings will return this energy to the reacting system and the
products of combustion react spontaneously to reproduce the natural gas and air mixture.

6-64C No. Because it involves heat transfer through a finite temperature difference.

6-65C Because reversible processes can be approached in reality, and they form the limiting cases. Work
producing devices that operate on reversible processes deliver the most work, and work consuming devices
that operate on reversible processes consume the least work.

6-66C When the compression process is non-quasi equilibrium, the molecules before the piston face
cannot escape fast enough, forming a high pressure region in front of the piston. It takes more work to
move the piston against this high pressure region.
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6-67C When an expansion process is non-quasiequilibrium, the molecules before the piston face cannot
follow the piston fast enough, forming a low pressure region behind the piston. The lower pressure that
pushes the piston produces less work.

6-68C The irreversibilities that occur within the system boundaries are internal irreversibilities; those
which occur outside the system boundaries are external irreversibilities.

6-69C A reversible expansion or compression process cannot involve unrestrained expansion or sudden
compression, and thus it is quasi-equilibrium. A quasi-equilibrium expansion or compression process, on
the other hand, may involve external irreversibilities (such as heat transfer through a finite temperature
difference), and thus is not necessarily reversible.

The Carnot Cycle and Carnot's Principle

6-70C The four processes that make up the Carnot cycle are isothermal expansion, reversible adiabatic
expansion, isothermal compression, and reversible adiabatic compression.

6-71C They are (1) the thermal efficiency of an irreversible heat engine is lower than the efficiency of a
reversible heat engine operating between the same two reservoirs, and (2) the thermal efficiency of all the
reversible heat engines operating between the same two reservoirs are equal.

6-72C False. The second Carnot principle states that no heat engine cycle can have a higher thermal
efficiency than the Carnot cycle operating between the same temperature limits.

6-73C Yes. The second Carnot principle states that all reversible heat engine cycles operating between the
same temperature limits have the same thermal efficiency.

6-74C (a) No, (b) No. They would violate the Carnot principle.

Carnot Heat Engines

6-75C No.

6-76C The one that has a source temperature of 600°C. This is true because the higher the temperature at
which heat is supplied to the working fluid of a heat engine, the higher the thermal efficiency.
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6-77 Two pairs of thermal energy reservoirs are to be compared from a work-production perspective.
Assumptions The heat engine operates steadily.

Analysis For the maximum production of work, a heat engine operating
between the energy reservoirs would have to be completely reversible.
Then, for the first pair of reservoirs

T
MTth,max = __L:l_ﬂzo'Slg

Ty 675K W et

For the second pair of reservoirs,

T 275K
=1-—L -1-2=-_"-0.560
17 th,max T, 625 K

The second pair is then capable of producing more work for each unit of heat extracted from the hot
reservoir.

6-24

6-78 The source and sink temperatures of a power plant are given. The maximum efficiency of the plant is

to be determined.
Assumptions The plant operates steadily.

Analysis The maximum efficiency this plant can have is the
Carnot efficiency, which is determined from
T, 300K

—1-—L =1- =0.75
77th,max TH 1200 K

Wnet

6-79 The source and sink temperatures of a power plant are given. The maximum efficiency of the plant is

to be determined.

Assumptions The plant operates steadily.

Analysis The maximum efficiency this plant can have is the o)
Carnot efficiency, which is determined from

@

Ty 300K 470 o Wret

1-—L _ -
T, = 1000K @

th,max =
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6-80 [Also solved by EES on enclosed CD] The source and sink temperatures of a heat engine and the rate
of heat supply are given. The maximum possible power output of this engine is to be determined.

Assumptions The heat engine operates steadily.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits

can have is the Carnot efficiency, which is determined from

T, ., 298K

= =1-—+=1-——=0.638 or 63.8%
M = o =1=7 - =17 00000 ’ 1200 kJ/min
Then the maximum power output of this heat engine is determined @
from the definition of thermal efficiency to be
Wy out = Qs = (0.638)1200 kd/min) = 765.6 ki/min = 12.8 KW (25°C)
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6-81 EES Problem 6-80 is reconsidered. The effects of the temperatures of the heat source and the heat
sink on the power produced and the cycle thermal efficiency as the source temperature varies from 300°C
to 1000°C and the sink temperature varies from 0°C to 50°C are to be studied. The power produced and the
cycle efficiency against the source temperature for sink temperatures of 0°C, 25°C, and 50°C are to be
plotted.

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

"Input Data from the Diagram Window"
{T_H =550 [C]

T_L=25[C]}

{Q_dot_H = 1200 [kJ/min]}

"First Law applied to the heat engine"

Q_dot H-Q dot L-W dot net=0

W_dot_net_ KW=W_dot_net*convert(kJ/min,kW)

"Cycle Thermal Efficiency - Temperatures must be absolute
eta_th=1-(T_L+273)/(T_H + 273)

"Definition of cycle efficiency"

eta_th=W_dot_net/Q_dot_H

0.8 : : : : :
Nih Tw Whetw 0.751 =25C — B ) = e
[C] | [kw] I g
052 | 300 10.47 T ]
0.59 400 11.89 0.65L i
0.65 500 12.94 L 4
0.69 600 13.75 < 0.6 .
0.72 700 14.39 = 0‘55' _'
0.75 800 14.91 |
0.77 900 15.35 0.5 i
0.79 1000 15.71 1
0.45 i
().4- . I . I . I . I . I . I .
300 400 500 600 700 800 900 1000
T, [C]
20- T T T T T T T T T T T T T ]
181 T =50C —6— i
161 =25c — & — ._/—_
140 =0C . /Qﬁﬂaé
12L i
S = ;
X L 4
= ]
S e Q, = 1200 kJ/min ]
4L ]
c L 4
= 2L i
0- ! | ! | ! | ! | ! | ! | ! ]
300 400 500 600 700 800 900 1000
T, [C]

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.




6-82E The sink temperature of a Carnot heat engine, the rate of heat rejection, and the thermal
efficiency are given. The power output of the engine and the source temperature are to be determined.

Assumptions The Carnot heat engine operates steadily.

Analysis (a) The rate of heat input to this heat engine is determined from the definition of thermal
efficiency,

800 Btu/mi . .
e =1-2L 07521 800BWMIN s 3500 Brwmin
H H
Then the power output of this heat engine can be determined from @

Whetout =M@ = (0.75)3200 Btu/min) = 2400 Btu/min =56.6 hp

(b) For reversible cyclic devices we have @

(Q_HJ :(T_H] 800 Btu/min
O rev T @

Thus the temperature of the source T must be

' 200 Btu/mi
T, = On T, = M (520 R)=2080 R
0, 800 Btu/min
rev

6-27

6-83E The source and sink temperatures and the power output of a reversible heat engine are given. The

rate of heat input to the engine is to be determined.
Assumptions The heat engine operates steadily.

Analysis The thermal efficiency of this reversible heat engine
is determined from
T, _, 500R

2L — 0.6667
Tnmae =577 "= 1500 R

A rearrangement of the definition of the thermal efficiency produces

_Wnet S Wnet _ 5hp ( 2544.5Btu/h
’7th,max_ - QH lhp

= = j=19,080 Btu/h
Oy 7 th,max 0.6667
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6-84E The claim of an inventor about the operation of a heat engine is to be evaluated.
Assumptions The heat engine operates steadily.

Analysis If this engine were completely reversible, the thermal efficiency would be

T 550R
=1-L -1 =0.45
7th,max TH 1000 R F—
When the first law is applied to the engine above, QH
Oy =W +0, =(5 hp)(wj +15,000 Btu/h = 27,720 Btu/h @ Shp
1hp 15,000 Btu/h
The actual thermal efficiency of the proposed heat engine is then @
W, :
gy = et _ 5hp 25445BWh ) _ e
Oy 21,720Btu/h 1lhp

Since the thermal efficiency of the proposed heat engine is greater than that of a completely reversible heat
engine which uses the same isothermal energy reservoirs, the inventor's claim is invalid.

6-85 The claim that the efficiency of a completely reversible heat engine can be doubled by doubling the
temperature of the energy source is to be evaluated.

Assumptions The heat engine operates steadily.

Analysis The upper limit for the thermal efficiency of any heat engine occurs when a completely reversible
engine operates between the same energy reservoirs. The thermal efficiency of this completely reversible
engine is given by

I Ty-T,
’7th,rev TH TH

energy reservoir, the new thermal efficiency would be Weet
2T}, 2T, T,

On
If we were to double the absolute temperature of the high temperature @
o)

Mthyrev = 1-

The thermal efficiency is then not doubled as the temperature of the high temperature reservoir is doubled.
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6-86 An inventor claims to have developed a heat engine. The inventor reports temperature, heat transfer,
and work output measurements. The claim is to be evaluated.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

T 20K

Mthmax = TThe =1~ T, 500 K 700 KJ

The actual thermal efficiency of the heat engine in question is 00 kJ

W 300k

gy = oot _ —0.429 or 42.9%
0y 700K C 290K D

which is greater than the maximum possible thermal efficiency. Therefore, this heat engine is a PMM2 and
the claim is false.

6-87E An inventor claims to have developed a heat engine. The inventor reports temperature, heat transfer,
and work output measurements. The claim is to be evaluated.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

T, 540 R

Mthmax = e =1——2 =1-———=0.40 or 40%
Ty 900 R 900 R
The actual thermal efficiency of the heat engine in question is 300 Btu
iy = net Z T00BW _ 4 593 o 53.30% (HE— 160 B
Oy 300Btu
which is greater than the maximum possible thermal efficiency. @

Therefore, this heat engine is a PMM2 and the claim is false.
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6-88 A geothermal power plant uses geothermal liquid water at 160°C at a specified rate as the heat source.
The actual and maximum possible thermal efficiencies and the rate of heat rejected from this power plant
are to be determined.

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 3
Steam properties are used for geothermal water.

Properties Using saturated liquid properties, the source and the sink state enthalpies of geothermal water
are (Table A-4)

T =160°C

source }hsource =675.47 ki/kg
Xsource =0
Tink = 25°C

}hsink =104.83 ki/kg

Xsink =0

Analysis (a) The rate of heat input to the plant may be taken as the enthalpy difference between the source
and the sink for the power plant

Oin = ritgeo Ursource — hsini ) = (440 Kgs)(675.47 —104.83) k/kg = 251,083 KW

The actual thermal efficiency is

—_ W net.out _ 22 MW =0.0876 =8.8%
" 251.083MW '

() The maximum thermal efficiency is the thermal efficiency of a reversible heat engine operating
between the source and sink temperatures

Tt max. = 1ot g 5H21K 5153100
’ T, (160 + 273) K

(¢) Finally, the rate of heat rejection is

Oout = Oin — Wretout = 251.1-22=229.1MW
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Carnot Refrigerators and Heat Pumps
6-89C By increasing T; or by decreasing Ty.

1

6-90C It is the COP that a Carnot refrigerator would have, COPg = ——.
T, 1T, -1

6-91C No. At best (when everything is reversible), the increase in the work produced will be equal to the
work consumed by the refrigerator. In reality, the work consumed by the refrigerator will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-92C No. At best (when everything is reversible), the increase in the work produced will be equal to the
work consumed by the refrigerator. In reality, the work consumed by the refrigerator will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-93C Bad idea. At best (when everything is reversible), the increase in the work produced will be equal
to the work consumed by the heat pump. In reality, the work consumed by the heat pump will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-94 The minimum work per unit of heat transfer from the low-temperature source for a heat pump is to be
determined.

Assumptions The heat pump operates steadily.

Analysis Application of the first law gives ¢

Whein _ On -0 :Q_H_l On
0, 0; 0, @
For the minimum work input, this heat pump would be completely o) Whetin

reversible and the thermodynamic definition of temperature would
reduce the preceding expression to a
W et T
en T 153K 1 0163
o, T 460 K
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6-95E The claim of a thermodynamicist regarding to the thermal efficiency of a heat engine is to be
evaluated.

Assumptions The plant operates steadily.
On
O

Analysis The maximum thermal efficiency would be achieved when
this engine is completely reversible. When this is the case,

TL
TH

_ 510R _
1260R

0.595

Wnet

Mthmax =

Since the thermal efficiency of the actual engine is less than this, this
engine is possible.

6-96 An expression for the COP of a completely reversible refrigerator in terms of the thermal-energy
reservoir temperatures, 7; and T} is to be derived.

Assumptions The refrigerator operates steadily.

Analysis Application of the first law to the completely reversible refrigerator yields
Wnet,in = QH _QL
This result may be used to reduce the coefficient of performance,

o _ 0 _ 1
Wnet,in QH _QL QH /QL -1

Since this refrigerator is completely reversible, the
thermodynamic definition of temperature tells us that,

COPR,rev =

Ou _Tu
o, T,
When this is substituted into the COP expression, the result is
T
COPR,rev = L L

T, 1T, -1 Ty T,
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6-97 The rate of cooling provided by a reversible refrigerator with specified reservoir temperatures is to be
determined.

Assumptions The refrigerator operates steadily.

Analysis The COP of this reversible refrigerator is m
On

T
COPR max = L = 250K =5
™ T, -7, 300K—-250K (R)
. 10 kW
Rearranging the definition of the refrigerator coefficient of performance 0,

gives
QL = COPF!,max Wnet,in = (5)(A0 kW) =50 kW

6-98 The refrigerated space and the environment temperatures for a refrigerator and the rate of heat
removal from the refrigerated space are given. The minimum power input required is to be determined.

Assumptions The refrigerator operates steadily.

Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible
manner. The coefficient of performance of a reversible refrigerator depends on the temperature limits in the
cycle only, and is determined from

COPy oy = 1 _ 1 8.03

(1, 1T,)-1  (25+273K)/(-8+273K)-1

The power input to this refrigerator is determined from the definition of the

coefficient of performance of a refrigerator,
300 kJ/min

Bieyimmin = ek — S0 _ 57 36 kymin — 0,623 KW/
T O e 808
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6-99 The refrigerated space temperature, the COP, and the power input of a Carnot refrigerator are given.
The rate of heat removal from the refrigerated space and its temperature are to be determined.

Assumptions The refrigerator operates steadily.

Analysis (a) The rate of heat removal from the refrigerated space is determined from the definition of the
COP of a refrigerator,
O, = COPgWppin = (4.5(0.5 kW) = 2.25 kW = 135 kJ/min
(b) The temperature of the refrigerated space 7} is determined from
the coefficient of performance relation for a Carnot refrigerator, 500 W
, , ®)

45 = COP =45
(1, 17,)-1 (25+273K)IT;, -1

COPR,rev =

It yields
T, = 2438 K = -29.2°C

6-100 An inventor claims to have developed a refrigerator. The inventor reports temperature and COP
measurements. The claim is to be evaluated.

Analysis The highest coefficient of performance a refrigerator can have when removing heat from a cool
medium at -12°C to a warmer medium at 25°C is

COPg rox = COPy oy = 1 _71 @

(T, 1T,)-1  (25+273K)(-12+273K)-1

The COP claimed by the inventor is 6.5, which is below this
maximum value, thus the claim is reasonable. However, it is not
probable. COP=6.5
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6-101E An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of
the house and the rate of internal heat generation are given. The maximum power input required is to be
determined.

Assumptions The air-conditioner operates steadily.

Analysis The power input to an air-conditioning system will be a minimum when the air-conditioner
operates in a reversible manner. The coefficient of performance of a reversible air-conditioner (or
refrigerator) depends on the temperature limits in the cycle only, and is determined from

1 1
(T,;1T,)-1  (95+460 R)/(75+460 R)-1

The cooling load of this air-conditioning system is

the sum of the heat gain from the outside and the heat
generated within the house,

COPg ey = =26.75

. i @
0O, =800+100 =900 Btu/min
. —p House
The power input to this refrigerator is determined 800 kJ/min —p 75°F

from the definition of the coefficient of performance
of a refrigerator,

W O, 900 Btu/min
net,in,min — -
COPx 1 26.75

= 33.6 Btu/min = 0.79 hp

6-102 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is
given. The minimum power input required is to be determined.

Assumptions The heat pump operates steadily.

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible
manner. The COP of a reversible heat pump depends on the temperature limits in the cycle only, and is
determined from

1 1 80,000 kJ/h
COP = = =10.2 '

API (1, 1T,)  1-(-5+273K)/(24+273K) House

The required power input to this reversible heat pump is determined 24°C
from the definition of the coefficient of performance to be T

: ' 80,000 kith( 1h
Wnet,in,min = u = =2.18 kW @
COPyp 10.2 3600 s

which is the minimum power input required. «
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6-103 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house and the
power consumption of the heat pump are given. It is to be determined if this heat pump can do the job.

Assumptions The heat pump operates steadily.

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible
manner. The coefficient of performance of a reversible heat pump depends on the temperature limits in the
cycle only, and is determined from

1 1
COP = = =14.75
WP 1 (1,1T,)  1-(2+273K)(22+273K) 110,000 ki/h
. . . . . House
The required power input to this reversible heat pump is 220C
determined from the definition of the coefficient of
performance to be
- )y 110000 kIh( 1h (Hp) 5 kW
Wnet,in,min = O = =2.07 kW
COPp 14.75 3600 s

This heat pump is powerful enough since 5 kW > 2.07 kW.

6-104E The power required by a reversible refrigerator with specified reservoir temperatures is to be
determined.

Assumptions The refrigerator operates steadily. @
Analysis The COP of this reversible refrigerator is
T, 450R

COP = = = _
Rmax =7 T,  540R-450R “ Whetin
15,000 Btu/h
Using this result in the coefficient of performance expression yields @
Wi = 9, _15000Btu/h 1kwW _ 0.879 kW
’ COPR max 5 3412.14 Btu/h
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6-105 The COP of a completely reversible refrigerator as a function of the temperature of the sink is to be
calculated and plotted.

Assumptions The refrigerator operates steadily.

Analysis The coefficient of performance for this completely reversible
refrigerator is given by

T, _ 250K
Ty T, Ty-250K

COPR,max =

Using EES, we tabulate and plot the variation of COP with the sink
temperature as follows:

Tu[Kl | COPrmax N T T T

300 5

320 3.571 ar |
340 2.778

360 2273 g 3f |
380 1.923 o

400 1.667 3 2f |
420 1.471

440 1.316 1r

460 1.19

480 | 1087 00 340 380 420 460 500
500 1 Th [K]
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6-106 A reversible heat pump is considered. The temperature of the source and the rate of heat transfer to
the sink are to be determined.

Assumptions The heat pump operates steadily.

Analysis Combining the first law, the expression for the coefficient m
of performance, and the thermodynamic temperature scale gives
cop Tu On
Ty -1y (HP— 1.5 kw
which upon rearrangement becomes QL
1 1 n >
T, =Ty|1-———— |=(300 K)(l——) =112.5K
COPyp max 1.6

Based upon the definition of the heat pump coefficient of performance,

Op = COPyp s Wnetin = (L.6)(LEKW) = 2.4 kW

6-107 A heat pump that consumes 5-kW of power when operating maintains a house at a specified
temperature. The house is losing heat in proportion to the temperature difference between the indoors and
the outdoors. The lowest outdoor temperature for which this heat pump can do the job is to be determined.

Assumptions The heat pump operates steadily.
Analysis Denoting the outdoor temperature by 77, the heating load of this house can be expressed as
Oy = (5400 ki/h - K)294 - T, ) = (1.5 KW/K \294 — T}, )K

The coefficient of performance of a Carnot heat pump depends on the temperature limits in the cycle only,
and can be expressed as

copp-—rt -1 5400 ki/h.K
1-(1,1T,;) 1-T,/(294 K) House

or, as 21°C

coP... — Oy  (L5KW/K)294-T, K
HP = 72 =
Wnet,in 6 kW @ 6 kW

Equating the two relations above and solving for T}, we obtain

T, = 259.7K = -13.3°C ¢
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6-108 A heat pump maintains a house at a specified temperature in winter. The maximum COPs of the heat
pump for different outdoor temperatures are to be determined.

Analysis The coefficient of performance of a heat pump will be a maximum when the heat pump operates
in a reversible manner. The coefficient of performance of a reversible heat pump depends on the
temperature limits in the cycle only, and is determined for all three cases above to be

1 1
COPyp. ey = - -293 C20c_ >
MR (1, 1Ty,) 1-(L0+273K)/(20 + 273K) -

1 1 —
COoP = = =117 @
HP,rev 1_(TL /TH) 1_(—5+273K)/(20+273K)

1 1
WPV (T, 1T,)  1-(~30+273K)/(20+273K)

6-109E A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is
given. The minimum power inputs required for different source temperatures are to be determined.

Assumptions The heat pump operates steadily.

Analysis () The power input to a heat pump will be a minimum when the heat pump operates in a
reversible manner. If the outdoor air at 25°F is used as the heat source, the COP of the heat pump and the
required power input are determined to be

1 55,000 Btu/h
COPHP,malx = COPHP,rev :—/
1-(T, 1Ty ) House
_ 1 ~10.15 78°F
1-(25+460 R)/(78+ 460 R)
and T
: ' 55,000 Btuh(  1h @
I/Vnet,in,min = QH = P =213 hp
COPp max 10.15 | 2545 Btu/h
. 25°F or
(b) If the well-water at 50°F is used as the heat source, the COP of 50°F
the heat pump and the required power input are determined to be
COP = COP, = ! = ! =19.2
HPmax APIv 1 (1,/T,;) 1-(50+460R)/(78+460R)
and
: 0 55,000 Btu/h 1hp
Waet,in,min = = = =113 hp
COPp max 19.2 2545 Btu/h
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6-110 A Carnot heat pump consumes 8-kW of power when operating, and maintains a house at a specified
temperature. The average rate of heat loss of the house in a particular day is given. The actual running time
of the heat pump that day, the heating cost, and the cost if resistance heating is used instead are to be
determined.

Analysis (@) The coefficient of performance of this Carnot heat pump depends on the temperature limits in
the cycle only, and is determined from
1 1

COPyp, oy = = =16.3
WP (1, 1T,)  1-(2+ 273 K)/(20 + 273 K)

The amount of heat the house lost that day is
0y = 0, (1 day) = (82,000 ki/h )24 h)=1,968,000 kJ

Then the required work input to this Carnot heat pump is

determined from the definition of the coefficient of 82,000 ki/h
performance to be House
20°C
W ——Ln LIBBOOOK) 15 a6
’ COPyp 16.3 T
Thus the length of time the heat pump ran that day is 8 kw

Wnet’in _ 120,736 k\]

At = — = =15,092s=4.19h
Wetin 8 ki/s

(b) The total heating cost that day is

Cost = I x price = (i x At |price) = (8 kW)4.19 h)0.085 $/kWh) = $2.85

(c) If resistance heating were used, the entire heating load for that day would have to be met by electrical
energy. Therefore, the heating system would consume 1,968,000 kJ of electricity that would cost

. 1 kwh
New Cost = x price = (1,968,000kJ
Oy price = )(3600 kJ

)(0.085 $/KWh) = $46.47
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6-111 A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from
the refrigerated space and the total rate of heat rejection to the ambient air are to be determined.

Assumptions The heat engine and the refrigerator operate steadily.

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature
limits can have is the Carnot efficiency, which is determined from

T, . 30K
e =1k —1- ~0.744 :
T = ne 1= =1- 72 900°C

Then the maximum power output of this heat engine is 800 kJ/min
determined from the definition of thermal efficiency to be @ e

Wretout = 16Op = (0.744)800 k/min) = 595.2 k/min

The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used.
The COP of the Carnot refrigerator is

1 ! =837
(1, 1T,)-1  (27+273K)/(-5+273K)-1

which is also the power input to the refrigerator, Wnem .

COPR,rev =

Then the rate of heat removal from the refrigerated space becomes

O r = (COPg o WWretin ) = (8.37)(595.2 kd/min) = 4982 k/min

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
(O, e ) and the heat discarded by the refrigerator (O g),

O ve = Oy e — Waetour = 800 —595.2 = 204.8 kJ/min
Onr = OLr + Waerin = 4982 +595.2 = 5577.2 ki/min
and

Oampient = Q1.1 + Oy r = 204.8+5577.2 = 5782 kJ/min
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6-112E A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal
from the refrigerated space and the total rate of heat rejection to the ambient air are to be determined.

Assumptions The heat engine and the refrigerator operate steadily.

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature
limits can have is the Carnot efficiency, which is determined from

T, _, 5%R
T, 2160R

Mth,max = T, =4~

Then the maximum power output of this heat engine is
determined from the definition of thermal efficiency to be

Wretout = 16O = (0.75)700 Btu/min) = 525 Btu/min

which is also the power input to the refrigerator, Wnet‘in .

The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used.
The COP of the Carnot refrigerator is

1 1
(1,,/T,)-1  (80+460 R)/(20 + 460 R)-1

COFR R,rev —

Then the rate of heat removal from the refrigerated space becomes

O, r = (COPR ey et in ) = (8.0)(525 Btu/min) = 4200 Btu/min

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
(O, e ) and the heat discarded by the refrigerator (O g ),

O vt = Oy me — Waetour = 700 —525 =175 Btu/min
Onr = OLr + Weerin = 4200+ 525 = 4725 Btu/min
and

Oumpient = Or e + Oy r =175+ 4725 = 4900 Btu/min

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.




6-43

6-113 An air-conditioner with R-134a as the working fluid is considered. The compressor inlet and exit
states are specified. The actual and maximum COPs and the minimum volume flow rate of the refrigerant
at the compressor inlet are to be determined.

Assumptions 1 The air-conditioner operates steadily. 2 The kinetic and potential energy changes are zero.

Properties The properties of R-134a at

the compressor inlet and exit states are On
(Tables A-11 through A-13) t
A )
P, =500kPa | A, = 259.30 k/kg Condenser 1.2 MPa
x =1 v; =0.04112 m3/kg 1 50°C
Expansion

P, =1.2MPa X p Win

T, =50°C }hz =278.27 ki/kg valve Compressor e
Analysis (a) The mass flow rate of the refrigerant 41 500kPa
and the power consumption of the compressor are Evaporator sat. vap.

3 . A
100 Umin| =™ (1”"”) \
v 1000L )\ 60s O

= 0.04053 kg/s

mR = "=

vy 0.04112 m*3/kg

Wi, =mpg(h, — hy) = (0.04053 kg/s)(278.27 — 259.30) kd/kg = 0.7686 kW
The heat gains to the room must be rejected by the air-conditioner. That is,

1min
60s

01 = Oneat + Oequipment = (250 kJ/min)( j+ 0.9 kW =5.067 kW

Then, the actual COP becomes

cop_ Q1 _ BOBTKW _

L - 2t 659
W, 0.7686 KW

(b) The COP of a reversible refrigerator operating between the same temperature limits is

1 1

coP = =
T, 1T, -1 (34 +273) /(26 + 273) -1

37.4

(¢) The minimum power input to the compressor for the same refrigeration load would be

O, _ 5.067kwW

|/A—— =0.1356 kW
nm COP,  37.38
The minimum mass flow rate is
Mg min = = 01356 kw =0.007149 kg/s

hy,—h (27827 —259.30) ki/kg
Finally, the minimum volume flow rate at the compressor inlet is

Vrnint = fitg minty = (0.007149 Kg/s)(0.04112 m3/kg) =0.000294 m%s=17.64 L/min
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Special Topic: Household Refrigerators

6-114C It is a bad idea to overdesign the refrigeration system of a supermarket so that the entire air-
conditioning needs of the store can be met by refrigerated air without installing any air-conditioning
system. This is because the refrigerators cool the air to a much lower temperature than needed for air
conditioning, and thus their efficiency is much lower, and their operating cost is much higher.

6-115C It is a bad idea to meet the entire refrigerator/freezer requirements of a store by using a large
freezer that supplies sufficient cold air at -20°C instead of installing separate refrigerators and freezers .
This is because the freezers cool the air to a much lower temperature than needed for refrigeration, and
thus their efficiency is much lower, and their operating cost is much higher.

6-116C The energy consumption of a household refrigerator can be reduced by practicing good
conservation measures such as (1) opening the refrigerator door the fewest times possible and for the
shortest duration possible, (2) cooling the hot foods to room temperature first before putting them into the
refrigerator, (3) cleaning the condenser coils behind the refrigerator, (4) checking the door gasket for air
leaks, (5) avoiding unnecessarily low temperature settings, (6) avoiding excessive ice build-up on the
interior surfaces of the evaporator, (7) using the power-saver switch that controls the heating coils that
prevent condensation on the outside surfaces in humid environments, and (8) not blocking the air flow
passages to and from the condenser coils of the refrigerator.

6-117C It is important to clean the condenser coils of a household refrigerator a few times a year since the
dust that collects on them serves as insulation and slows down heat transfer. Also, it is important not to
block air flow through the condenser coils since heat is rejected through them by natural convection, and
blocking the air flow will interfere with this heat rejection process. A refrigerator cannot work unless it can
reject the waste heat.

6-118C Today'’s refrigerators are much more efficient than those built in the past as a result of using
smaller and higher efficiency motors and compressors, better insulation materials, larger coil surface areas,
and better door seals.
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6-119 A refrigerator consumes 300 W when running, and $74 worth of electricity per year under normal
use. The fraction of the time the refrigerator will run in a year is to be determined.

Assumptions The electricity consumed by the light bulb is negligible.
Analysis The total amount of electricity the refrigerator uses a year is

Total cost of energy  $74/year

Total electricenergy used =W, 1y = —— =
’ Unit cost of energy ~ $0.07/kWh

=1057 kWh/year

The number of hours the refrigerator is on per year is

W, 1057 kWh
W, 0.3kW

e

Total operating hours = Az = = 3524 hlyear

Noting that there are 365x24=8760 hours in a year, the fraction of the
time the refrigerator is on during a year is determined to be

Total operating hours  3524/year
Total hours per year 8760 h/year

Time fraction on =

Therefore, the refrigerator remained on 40.2% of the time.

6-120 The light bulb of a refrigerator is to be replaced by a $25 energy efficient bulb that consumes less
than half the electricity. It is to be determined if the energy savings of the efficient light bulb justify its
cost.

Assumptions The new light bulb remains on the same number of hours a year.

Analysis The lighting energy saved a year by the energy efficient bulb is

Lighting energy saved = (Lighting power saved)(Operating hours)
=[(40-18)W](60 h/year) (
=1320 Wh =1.32 kWh

This means 1.32 kWh less heat is supplied to the refrigerated space by

the light bulb, which must be removed from the refrigerated space.
This corresponds to a refrigeration savings of

Lighting energy saved  1.32 KWh
coP S 13

=1.02 kwh

Refrigeration energy saved =

Then the total electrical energy and money saved by the energy efficient light bulb become
Total energy saved = (Lighting + Refrigeration) energy saved =1.32+1.02 = 2.34 kWh /year
Money saved = (Total energy saved)(Unit cost of energy) = (2.34 kWh / year)($0.08/kWh)
=$0.19/ year

That is, the light bulb will save only 19 cents a year in energy costs, and it will take $25/$0.19 = 132 years
for it to pay for itself from the energy it saves. Therefore, it is not justified in this case.
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6-121 A person cooks twice a week and places the food into the refrigerator before cooling it first. The
amount of money this person will save a year by cooling the hot foods to room temperature before
refrigerating them is to be determined.

Assumptions 1 The heat stored in the pan itself is negligible. 2 The specific heat of the food is constant.
Properties The specific heat of food is ¢ = 3.90 kJ/kg.°C (given).
Analysis The amount of hot food refrigerated per year is

Miooq = (5 kg /pan)(2 pans/week)(52 weeks/ year) = 520 kg / year

The amount of energy removed from food as it is unnecessarily cooled to room temperature in the
refrigerator is

Energy removed = O = msy0qcAT = (520 kglyear)(3.90 kd/kg.°C)(95 - 20)°C = 152,100 kJ/year
Energy removed 152,100 kJ/year ( 1kWh

COP B 1.2 (3600 kJ
Money saved = (Energy saved)(Unit cost of energy) = (35.2 kWh/year)($0.10/kWh) = $3.52/year

Energy saved = Eg; e = j = 35.2 kWh/year

Therefore, cooling the food to room temperature before putting it into the refrigerator will save about three
and a half dollars a year.
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6-122 The door of a refrigerator is opened 8 times a day, and half of the cool air inside is replaced by the
warmer room air. The cost of the energy wasted per year as a result of opening the refrigerator door is to be
determined for the cases of moist and dry air in the room.

Assumptions 1 The room is maintained at 20°C and 95 kPa at all times. 2 Air is an ideal gas with constant
specific heats at room temperature. 3 The moisture is condensed at an average temperature of 4°C. 4 Half
of the air volume in the refrigerator is replaced by the warmer Kitchen air each time the door is opened.

Properties The gas constant of air is R = 0.287 kPa.m*kg-K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg-°C (Table A-2a). The heat of vaporization of water at 4°C is /, = 2492
kJ/kg (Table A-4).

Analysis The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 m® (half of
the 0.6 m* air volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per
year is

Vs, replacea = (0.3m*®)(8/day)(365 days/year) = 876 m®/year

The density of air at the refrigerated space conditions of 95 kPa and 4°C
and the mass of air replaced per year are ‘l

_ P, 95 kPa
RT, (0.287 kPa.m®/kg.K)(4 + 273 K)

Lo =1.195kg/m?

my, = pVy, = (1.195 kg/m*)(876 m*/year) = 1047 kg/year

The amount of moisture condensed and removed by the refrigerator is
Mmoisture = M4y (MOISture removed per kg air) = (1047 kg air/year)(0.006 kg/kg air)
= 6.28 kg/year
The sensible, latent, and total heat gains of the refrigerated space become
anin,sensible =M€y (Troom - Trefrig )
= (1047 kg/year)(1.005 kJ/kg.°C)(20 — 4)°C = 16,836 kJ/year

anin,latent = mmoisturehfg
= (6.28 kglyear)(2492 kJ/kg) = 15,650 kJ/year
anin,total = anin,sensible + anin,latent =16,836 +15,650 = 32,486 kJ/year

For a COP of 1.4, the amount of electrical energy the refrigerator will consume to remove this heat from
the refrigerated space and its cost are

Electrical energy used (total) = Qgain,oal _ 32,486 kI/ year( 1kwh

COP 1.4 3600 kJ
Cost of energy used (total) = (Energy used)(Unit cost of energy)
= (6.45 kWh/year)($0.075/kWh) = $0.48/year

j = 6.45 kWh/year

If the room air is very dry and thus latent heat gain is negligible, then the amount of electrical energy the
refrigerator will consume to remove the sensible heat from the refrigerated space and its cost become

Electrical energy used (sensible) =
COP 1.4 3600 kJ

Cost of energy used (sensible) = (Energy used)(Unit cost of energy)
= (3.34 kWh/year)($0.075/kwWh) = $0.25/year

Ogain,sensible _ 16,836 kJ/year ( 1kWh j _ 3.34KWhlyear
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Review Problems

6-123 A Carnot heat engine cycle is executed in a steady-flow system with steam. The thermal efficiency
and the mass flow rate of steam are given. The net power output of the engine is to be determined.

Assumptions All components operate steadily.
Properties The enthalpy of vaporization /¢, of water at 275°C is 1574.5 kJ/kg (Table A-4).

Analysis The enthalpy of vaporization Ay, at a given

T or P represents the amount of heat transfer as 1 kg T
of a substance is converted from saturated liquid to

saturated vapor at that 7'or P. Therefore, the rate of

heat transfer to the steam during heat addition

process is Ty

Oy = tith g 0. = (3 kg/s|1574.5 kilkg) = 4723 kil

Then the power output of this heat engine becomes

Wretout = 16nOp = (0.30)4723 kW) = 1417 kW v
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6-124 A heat pump with a specified COP is to heat a house. The rate of heat loss of the house and the
power consumption of the heat pump are given. The time it will take for the interior temperature to rise
from 3°C to 22°C is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The house is well-
sealed so that no air leaks in or out. 3 The COP of the heat pump remains constant during operation.

Properties The constant volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg.°C (Table A-2)
Analysis The house is losing heat at a rate of

O oss = 40,000 kd/h =11.11 ki/s
The rate at which this heat pump supplies heat is

Oy = COPyplpgrin = (2.4)8 kW) =19.2 kW

That is, this heat pump can supply heat at a rate of 19.2 kJ/s. Taking the house as the system (a closed
system), the energy balance can be written as

Ein — Egy = AEsystem
Net energy transfer Chan emmnetic
by heat, work, and mass potgmiaL etc.energies 40,000 kd/h
Oin = Ooue = AU = m(uy —uy) 22°C
Oin = Qout = me, (I, = 1) 30Cﬂ
(Oin = Qou)At = me, (T, - Ty)
Substituting, On
(19.2 - 11.11kJ/s)A = (2000kg 0.718KJ/kg-* C)22 — 3)° C W,

Solving for Az, it will take
At = 3373s = 0.937 h

for the temperature in the house to rise to 22°C.

6-125 The claim of a manufacturer of ice cream freezers regarding the COP of these freezers is to be
evaluated.

Assumptions The refrigerator operates steadily.

Analysis The maximum refrigerator coefficient of performance
would occur if the refrigerator were completely reversible,

T, 250K
T,-T, 300K-250K

COPR,maX =

Since the claimed COP is less than this maximum, this
refrigerator is possible.
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6-126 The claim of a heat pump designer regarding the COP of the heat pump is to be evaluated.

Assumptions The heat pump operates steadily. @
Analysis The maximum heat pump coefficient of performance
would occur if the heat pump were completely reversible, On
T 300K
CoP =—H = =75 @
HPmex T T, 300K —260K 0 Waetin
L

Since the claimed COP is less than this maximum, this heat
pump is possible. o

6-127E The operating conditions of a heat pump are given. The minimum temperature of the source that
satisfies the second law of thermodynamics is to be determined.

Assumptions The heat pump operates steadily. @
Analysis Applying the first law to this heat pump gives :
On
O, =0y W =100,000 Biu/h — (3kw)| S22 14BUMN ) oq 260 Btush
’ 1kW
' 3 kw

In the reversible case we have 3

L _0

Ty Oy
Then the minimum temperature may be determined to be

T, =1, 2L _ (530 R) S27E0BWN

Oy 100,000 Btu/h

6-128 The claim of a thermodynamicist regarding the COP of a heat pump is to be evaluated.

Assumptions The heat pump operates steadily. ¢
On

Analysis The maximum heat pump coefficient of performance
would occur if the heat pump were completely reversible,

COPup max = Tn 28K 4,5 @
' Ty, —-T, 293K-273K

Since the claimed COP is less than this maximum, the claim is o
valid.
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6-129 A Carnot heat engine cycle is executed in a closed system with a fixed mass of R-134a. The thermal
efficiency of the cycle is given. The net work output of the engine is to be determined.

Assumptions All components operate steadily.
Properties The enthalpy of vaporization of R-134a at 50°C is &g, = 151.79 ki/kg (Table A-11).

Analysis The enthalpy of vaporization /4, at a given T or P represents the amount of heat transfer as 1 kg of
a substance is converted from saturated liquid to saturated vapor at that 7 or P. Therefore, the amount of
heat transfer to R-134a during the heat addition process of the cycle is

Oy = mh e = (0.01kg)151.79 k/kg)=1.518 kJ

R-134a
Then the work output of this heat engine becomes ) J

Wetout = 160 = (0.15)(1.518 ki) = 0.228 kJ

Carnot HE

6-130 A heat pump with a specified COP and power consumption is used to heat a house. The time it takes
for this heat pump to raise the temperature of a cold house to the desired level is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The heat loss of the
house during the warp-up period is negligible. 3 The house is well-sealed so that no air leaks in or out.

Properties The constant volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg.°C.

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be
supplied to the house is

Oy = (mc,AT), . = (1500 kg)0.718 ki/kg - °C)22 — 7FC = 16,155 kJ

The rate at which this heat pump supplies heat is
. . House
Oy = COPLpW et in = (2.8)(5 KW) =14 kW
That is, this heat pump can supply 14 kJ of heat per second. Thus the 5 kW
time required to supply 16,155 kJ of heat is @

ne= Qi _18I5K 4154 192 min

Oy 14Kls
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6-131 A solar pond power plant operates by absorbing heat from the hot region near the bottom, and
rejecting waste heat to the cold region near the top. The maximum thermal efficiency that the power plant
can have is to be determined.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

Tth,max = Mth,c = 1—i = 1—% =0.127 or 12.7%
w

Ty 353 K
In reality, the temperature of the working fluid must be above 35°C
in the condenser, and below 80°C in the boiler to allow for any
effective heat transfer. Therefore, the maximum efficiency of the
actual heat engine will be lower than the value calculated above.

6-132 A Carnot heat engine cycle is executed in a closed system with a fixed mass of steam. The net work
output of the cycle and the ratio of sink and source temperatures are given. The low temperature in the
cycle is to be determined.

Assumptions The engine is said to operate on the Carnot cycle, which is totally reversible.

Analysis The thermal efficiency of the cycle is

T 1
77th = —T—L:]_—E=05 CamOt HE
H
Also,
25k 3
i :1 - QH :KIEZSOk\]
QH Mth 0.5
0, =0y ~W =50-25=25kJ ™
and
0.0103 kg
0, 2K _

since the enthalpy of vaporization /, at a given T or P represents the amount
of heat transfer as 1 kg of a substance is converted from saturated liquid to
saturated vapor at that 7’or P. Therefore, T} is the temperature that
corresponds to the he; value of 2427.2 kJ/kg, and is determined from the
steam tables to be

T, = 31.3°C
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6-133 EES Problem 6-132 is reconsidered. The effect of the net work output on the required temperature
of the steam during the heat rejection process as the work output varies from 15 kJ to 25 kJ is to be
investigated.

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

m_Steam = 0.0103 [kg]

THtoTLRatio =2 "T_H = 2*T_L"

{W_out =15 [kJ]} "Depending on the value of W_out, adjust the guess value of T_L."
eta= 1-1/ THtoTLRatio "eta=1-T L/T_H"

Q_H= W _out/eta

"First law applied to the steam engine cycle yields:"
Q H-Q L=W_out

"Steady-flow analysis of the condenser yields

m_Steam*h_4 = m_Steam*h_1 +Q_L

Q L=m_Steam*(h 4-h 1) andh fg=h 4-h_1 also T _L=T 1=T 4"
Q_L=m_Steam*h_fg

h_fg=enthalpy(Steam_iapws,T=T_L,x=1) - enthalpy(Steam_iapws,T=T_L,x=0)
T_H=THtoTLRatio*T_L

"The heat rejection temperature, in C is:"
TLC=T.L-273

TL c [C] Wout [k‘J]
293.1 15
253.3 175
199.6 20
126.4 22.5
31.3 25
300
250
200
g 150
O 100
-
|_
50
0 1 1 1 1 1 1 1 1 1
15 17 19 21 23 25

Wt [kJ]
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6-134 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net
work input and the ratio of maximum-to-minimum temperatures are given. The minimum pressure in the
cycle is to be determined.

Assumptions The refrigerator is said to operate on the reversed Carnot cycle, which is totally reversible.
Analysis The coefficient of performance of the cycle is

R
T, /T, -1 12-1

COP; =

Also,

COPg =§/—L —— 0, =COPg xW,, =(5)(22 kJ)=110 kJ

in

Oy =0, +W =110+22 =132kJ

and 0 132k] T Ty=12T_,
—=H _ =137.5kllkg="h,
qn 0.96kg g fe@Ty

since the enthalpy of vaporization /, at a given T or
P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to
saturated vapor at that 7'or P. Therefore, Ty is the T
temperature that corresponds to the hg, value of 137.5 L

kJ/kg, and is determined from the R-134a tables to be v

T, =61.3°C=334.3K

Then,

T, 3343K
T, == =
1.2

=278.6 K=5.6°C

Therefore,
Brin = sat@5.6°C = 355 kPa
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6-135 EES Problem 6-134 is reconsidered. The effect of the net work input on the minimum pressure as
the work input varies from 10 kJ to 30 kJ is to be investigated. The minimum pressure in the refrigeration
cycle is to be plotted as a function of net work input.

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

Analysis: The coefficient of performance of the cycle is given by"

m_R134a = 0.96 [kg]

THtoTLRatio=1.2 "T_H=1.2T_L"

"W_in =22 [kJ]" "Depending on the value of W_in, adjust the guess value of T_H."
COP_R = 1/( THtoTLRatio- 1)

Q_L=W_in*COP_R

"First law applied to the refrigeration cycle yields:"
QL+W_in=Q_H

"Steady-flow analysis of the condenser yields

m_R134a*h_3 = m_R134a*h_4 +Q_H

Q_H=m_R134a*(h_3-h_4) andh_fg=h_3-h_4 also T_H=T_3=T 4"
Q_H=m_R134a*h_fg

h_fg=enthalpy(R134a,T=T_H,x=1) - enthalpy(R134a,T=T_H,x=0)
T_H=THtoTLRatio*T_L

"The minimum pressure is the saturation pressure correspondingto T_L."
P_min = pressure(R134a,T=T_L,x=0)*convert(kPa,MPa)
TLC=T_L-273

Pmin [MPa] Tu[K] T [K] Win [kJ] Tc[C]
0.8673 368.8 307.3 10 34.32
0.6837 358.9 299 15 26.05

0.45 342.7 285.6 20 12.61
0.2251 319.3 266.1 25 -6.907
0.06978 287.1 239.2 30 -33.78

Pmin [MPa]

W, [kJ] W, [kJ]
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6-136 Two Carnot heat engines operate in series between specified temperature limits. If the thermal
efficiencies of both engines are the same, the temperature of the intermediate medium between the two
engines is to be determined.

Assumptions The engines are said to operate on the Carnot
cycle, which is totally reversible.

Analysis The thermal efficiency of the two Carnot heat engines
can be expressed as

T T,
Ny =1-— and ny =1-—
T, T

Equating,

1oL 0
T, T

Solving for T,

T =T, T, =4/(1800 K)(300 K) =735 K
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6-137 It is to be proven that a refrigerator's COP cannot exceed that of a completely reversible refrigerator
that shares the same thermal-energy reservoirs.

Assumptions The refrigerator operates steadily.

Analysis We begin by assuming that the COP of the general refrigerator B is greater than that of the
completely reversible refrigerator 4, COPg > COP,. When this is the case, a rearrangement of the
coefficient of performance expression yields

0 _ 0 _

5~ cop, COP,

A

That is, the magnitude of the work required to drive
refrigerator B is less than that needed to drive
completely reversible refrigerator A. Applying the
first law to both refrigerators yields

Onp <On.4

since the work supplied to refrigerator B is less than
that supplied to refrigerator 4, and both have the
same cooling effect, Q.

Since A is a completely reversible
refrigerator, we can reverse it without changing
the magnitude of the heat and work transfers.

This is illustrated in the figure below. The heat,
0O, , which is rejected by the reversed refrigerator
A can now be routed directly to refrigerator B. W, W,
The net effect when this is done is that no heat is
exchanged with the T; reservoir. The magnitude
of the heat supplied to the reversed refrigerator 4,
Oy 4 has been shown to be larger than that rejected
by refrigerator B. There is then a net heat transfer
from the Ty, reservoir to the combined device in
the dashed lines of the figure whose magnitude is
given by Oy 4 — Oy . Similarly, there is a net
work production by the combined device whose
magnitude is given by W, — Wp.

The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces
work which is clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the
COPp > COP, must then be wrong.
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6-138E The thermal efficiency of a completely reversible heat engine as a function of the source
temperature is to be calculated and plotted.

Assumptions The heat engine operates steadily.

Analysis With the specified sink temperature, the thermal efficiency of
this completely reversible heat engine is

T, 500 R

Mhyrev =1——— =1-
TH TH

Using EES, we tabulate and plot the variation of thermal efficiency
with the source temperature:

0.8 : . , : . : ' :
Ty [R] Nth,rev i
500 0 0.7} T
650 0.2308 06l _
800 0.375 I i
-~ 0.5F |
950 0.4737 2 L l
S 04f ]
1100 0.5455 = U I -
1250 0.6 0.3+ i
1400 0.6429 02L ]
1550 0.6774 r i
0.1F |
1700 | 0.7059 _ |
1850 07297 0 L 1 L | N | X | )
500 800 1100 1400 1700 2000
2000 0.75 T [K]
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6-139 It is to be proven that the COP of all completely reversible refrigerators must be the same when the
reservoir temperatures are the same.

Assumptions The refrigerators operate steadily.

Analysis We begin by assuming that COP, < COPgz. When this is the case, a rearrangement of the
coefficient of performance expression yields

0, _ O _

47 cop, cop, *

That is, the magnitude of the work required to drive
refrigerator A4 is greater than that needed to drive
refrigerator B. Applying the first law to both
refrigerators yields

Oua>0Ous

since the work supplied to refrigerator 4 is greater
than that supplied to refrigerator B, and both have the
same cooling effect, O;.

Since A is a completely reversible
refrigerator, we can reverse it without changing
the magnitude of the heat and work transfers.
This is illustrated in the figure below. The heat,
0, , which is rejected by the reversed
refrigerator 4 can now be routed directly to Wy —Wp
refrigerator B. The net effect when this is done
is that no heat is exchanged with the 7}
reservoir. The magnitude of the heat supplied to
the reversed refrigerator A, Qy 4 has been shown
to be larger than that rejected by refrigerator B.
There is then a net heat transfer from the 75
reservoir to the combined device in the dashed
lines of the figure whose magnitude is given by
Oua— Qs Similarly, there is a net work
production by the combined device whose
magnitude is given by W, — Wp.

The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces
work which is clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the
COP, < COP3 must then be wrong.

If we interchange 4 and B in the previous argument, we would conclude that the COP; cannot be
less than COP,. The only alternative left is that

COP, = COPy
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6-140 An expression for the COP of a completely reversible heat pump in terms of the thermal-energy
reservoir temperatures, 7; and T} is to be derived.

Assumptions The heat pump operates steadily.

Analysis Application of the first law to the completely reversible heat pump yields

Wnet,in :QH _QL

This result may be used to reduce the coefficient of performance, ¢
On 1

On
i Wnet,in QH _QL 1_QL /QH QH
Since this heat pump is completely reversible, the @ W
thermodynamic definition of temperature tells us that, o8 neLin

o _ T
QH TH
When this is substituted into the COP expression, the result is

1 T,

COPyp rey = =
WP T, 1T, T, -T,
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6-141 A Carnot heat engine drives a Carnot refrigerator that removes heat from a cold medium at a
specified rate. The rate of heat supply to the heat engine and the total rate of heat rejection to the
environment are to be determined.

Analysis (@) The coefficient of performance of the Carnot refrigerator is
1 1

COPgc = = =6.14
RC ™7, /7,)-1 (300 K)/(258 K)—1

Then power input to the refrigerator becomes 400 kJ/min

W O, 400 kJ/min
net,in — -
COPg ¢ 6.14

=65.1kJ/min

which is equal to the power output of the
heat engine, W oy -

The thermal efficiency of the Carnot heat engine is determined from

M =1- - =1-209K _g60
T, T Tm0K

Then the rate of heat input to this heat engine is determined from the definition of thermal efficiency to be

Wnet,out _ 65.1 kdJ/min
TTth HE 0.60

=108.5 kd/min

QH,HE =

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
(O, we ) and the heat discarded by the refrigerator (O, g ),

O we = Oy me — Werour =108.5—65.1=43.4 kJ/min
Onr = O r + Wperin = 400+ 65.1 = 465.1 kJ/min
and

Opmbient = O e + O r = 43.4+465.1 = 508.5 kJ/min
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6-142 EES Problem 6-141 is reconsidered. The effects of the heat engine source temperature, the
environment temperature, and the cooled space temperature on the required heat supply to the heat engine
and the total rate of heat rejection to the environment as the source temperature varies from 500 K to 1000
K, the environment temperature varies from 275 K to 325 K, and the cooled space temperature varies from
-20°C to 0°C are to be investigated. The required heat supply is to be plotted against the source
temperature for the cooled space temperature of -15°C and environment temperatures of 275, 300, and 325
K.

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

Q_dot_L_R =400 [kJ/min]
3

_L_C+273"[K]"

"Coefficient of performance of the Carnot refrigerator:"
T HR=T surr

COP_R=1/(T_H_R/T_L-1)

"Power input to the refrigerator:"

W_dot_in_R =Q_dot_L_R/COP_R

"Power output from heat engine must be:"
W_dot_out HE = W _dot_in_R

"The efficiency of the heat engine is:"

T L HE=T_surr

eta HE=1-T_L_HE/T_H

"The rate of heat input to the heat engine is:"
Q_dot H HE =W _dot_out_HE/eta_HE

"First law applied to the heat engine and refrigerator:"
Q_dot L_ HE=Q_dot H HE - W_dot_out_HE

Q dot H R=Q dot L R+W dot in R

"Total heat transfer rate to the surroundings:"
Q_dot_surr = Q_dot_L_HE + Q_dot_H_R "[kJ/min]"

Qe Ty 300
kd/min] | [K]
162.8 | 500 260
130.2 | 600 .
114 700 E 220
104.2 | 800 £
97.67 | 900 - 180
93.02 | 1000 = 140
I
& 100
60
20 ! | ! | ! Ifl !
500 600 700 800 900 1000
Ty [K]
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6-143 Half of the work output of a Carnot heat engine is used to drive a Carnot heat pump that is heating a
house. The minimum rate of heat supply to the heat engine is to be determined.

Assumptions Steady operating conditions exist.

Analysis The coefficient of performance of the Carnot heat pump is

1-(1,/T,;) 1-(2+273K)/(22+273K) 62,000
Then power input to the heat pump, which is supplying House | KI/h
heat to the house at the same rate as the rate of heat loss, 800°C 22°C
becomes
Wit in = Oy _62000KIM _ 103 kyih
M COPypc 14.75

which is half the power produced by the heat engine.

Thus the power output of the heat engine is @ e

Wietout = 2Werin = 2(4203kJ/h) = 8406 k/h

To minimize the rate of heat supply, we must use a Carnot heat engine whose thermal efficiency is
determined from

T, . 293K

Mhe =1-—==1

=1-22 20727
T, 1073K

Then the rate of heat supply to this heat engine is determined from the definition of thermal efficiency to be

Wnetvout _ 8406 k\]/h
Tth HE 0.727

=11,560 kJ/h
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6-144 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net

6-64

work input and the maximum and minimum temperatures are given. The mass fraction of the refrigerant
that vaporizes during the heat addition process, and the pressure at the end of the heat rejection process are

to be determined.

Properties The enthalpy of vaporization of R-134a at -8°C is A, = 204.52 kJ/kg (Table A-12).

Analysis The coefficient of performance of the cycle is

1 1 T
COPg = = =9.464
Ty 1T, -1 293/265-1
and 20°
0, =COPg xW;, =(9.464)15 kJ) =142 kJ
Then the amount of refrigerant that vaporizes during
heat absorption is -8°C
142 KJ
=mh . = =0.695 k
Or=mhyor,—sc " 20452 Kilkg J

since the enthalpy of vaporization 4, at a given T or P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to saturated vapor at that 7°or P. Therefore, the fraction

of mass that vaporized during heat addition process is

0.695 kg
0.8 kg

=0.868 or 86.8%

The pressure at the end of the heat rejection process is
Py = Py@aoec =572.1kPa
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6-145 A Carnot heat pump cycle is executed in a steady-flow system with R-134a flowing at a specified
rate. The net power input and the ratio of the maximum-to-minimum temperatures are given. The ratio of
the maximum to minimum pressures is to be determined.

Analysis The coefficient of performance of the cycle is

1 ___ 1 5
1-7T,/T, 1-1/1.25 T

COP,p =

and
0y = COPpoxW;, = (5.0)(7 kW) = 35.0 ki/s Ty

Oy  35.0kls
En _ PURI 13258 kilkg =k,
T = T 0.264 kgls 9= er,

since the enthalpy of vaporization /, at a given T or P I
represents the amount of heat transfer per unit mass as a
substance is converted from saturated liquid to saturated

vapor at that Tor P. Therefore, Ty is the temperature that v
corresponds to the /, value of 132.58 kJ/kg, and is

determined from the R-134a tables to be

T, =64.6°C=337.8K

and
Prax = sat@64.6°C =1875kPa
T, .
L == 3378K _ 2937 K = 20.6°C
1.25 1.25
Also,

Pmin = Fsat@20.6°C — 582 kPa

Then the ratio of the maximum to minimum pressures in the cycle is

Prax _1875kPa _, .,
Pnin  582kPa
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6-146 A Carnot heat engine is operating between specified temperature limits. The source temperature that
will double the efficiency is to be determined.

Analysis Denoting the new source temperature by 7},", the thermal efficiency of the Carnot heat engine for
both cases can be expressed as

T, * T
=1--£ and =1--L ->
Tth,c T TTth,c T TTth,c

H H

Substituting, @ @

1 Ti -2 1_T_L Thtn 21
el CENNG

Solving for Ty,

T, -2T,

which is the desired relation.
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6-147 A Carnot cycle is analyzed for the case of temperature differences in the boiler and condenser. The
ratio of overall temperatures for which the power output will be maximum, and an expression for the
maximum net power output are to be determined.

Analysis It is given that
O =(na), (1, -15).
Therefore,
. . T* . T* T*
W =nuQy = (1——£J(hA)H (TH - TH): [l——ﬁj(hA)H( __HJTH
Ty Ty Ty
W T T
—— =1L 1 =1 1
(hA)y Ty ( Ty )( THJ A-r) ® @ »

where we defined rand xasr» = 7,77y and x = 1— Ty/Ty.

For a reversible cycle we also have °

Ty

or,

T;I =Q_H lz(hA)H(TH_TI;)z (hA)HTH(l_TI:I/TH)
0 r ()t -1,)  (ha), T, (0 1Ty -1, I T,
T,
but L
T—L=T—iT—H=r(l—x).
Ty T, Ty

Substituting into above relation yields
1 (hA),, x

r (hd),[r0-x)-1,/T,]

Solving for x,

r=T, 1Ty, 2)
[(hA)H / (hA)L +1]
Substitute (2) into (1):

X =
r

o ) r—TL/TH
Mt o e

Taking the partial derivative %—W holding everything else constant and setting it equal to zero gives
r

r= Téf =[£J% (4)

Ty Ty

which is the desired relation. The maximum net power output in this case is determined by substituting (4)
into (3). It simplifies to

)Ty (1Y
TH

2
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6-148 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the
cooling load in summer, but increases the heating load in winter. It is to be determined if switching to
efficient lighting will increase or decrease the total energy cost of a building.

Assumptions The light escaping through the windows is negligible so that the entire lighting energy
becomes part of the internal heat generation.

Analysis (a) Efficient lighting reduces the amount of electrical energy used for lighting year-around as well
as the amount of heat generation in the house since light is eventually converted to heat. As a result, the
electrical energy needed to air condition the house is also reduced. Therefore, in summer, the total cost of
energy use of the household definitely decreases.

(b) In winter, the heating system must make up for the reduction in the heat generation due to reduced
energy used for lighting. The total cost of energy used in this case will still decrease if the cost of unit heat
energy supplied by the heating system is less than the cost of unit energy provided by lighting.

The cost of 1 kWh heat supplied from lighting is $0.08 since all the energy consumed by lamps is
eventually converted to thermal energy. Noting that 1 therm = 105,500 kJ = 29.3 kWh and the furnace is
80% efficient, the cost of 1 kWh heat supplied by the heater is

Cost of 1kWh heat supplied by furnace = (Amount of useful energy/s,mace J(Price)
1therm j

29.3kWh
=$0.060 (per kWh heat) ‘ ‘

= [(1kWh)/0.80] ($1.40/therm)[

which is less than $0.08. Thus we conclude that switching to energy
efficient lighting will reduce the total energy cost of this building both
in summer and in winter. -

Discussion To determine the amount of cost savings due to switching to energy efficient lighting, consider
10 h of operation of lighting in summer and in winter for 1 kW rated power for lighting.

Current lighting:

Lighting cost: (Energy used)(Unit cost)= (1 kW)(10 h)($0.08/kWh) = $0.80

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(10 kWh/3.5)($0.08/kWh) = $0.23

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(10/0.8 kwWh)($1.40/29.3/kWh) =$0.60
Total cost in summer = 0.80+0.23 = $1.03; Total cost in winter = $0.80-0.60 = 0.20.

Energy efficient lighting:

Lighting cost: (Energy used)(Unit cost)= (0.25 kW)(10 h)($0.08/kWh) = $0.20

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(2.5 kWh/3.5)($0.08/kwWh) = $0.06

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(2.5/0.8 kWh)($1.40/29.3/kWh) = $0.15
Total cost in summer = 0.20+0.06 = $0.26; Total cost in winter = $0.20-0.15 = 0.05.

Note that during a day with 10 h of operation, the total energy cost decreases from $1.03 to $0.26 in
summer, and from $0.20 to $0.05 in winter when efficient lighting is used.
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6-149 The cargo space of a refrigerated truck is to be cooled from 25°C to an average temperature of 5°C.
The time it will take for an 8-kW refrigeration system to precool the truck is to be determined.

Assumptions 1 The ambient conditions remain constant during precooling. 2 The doors of the truck are
tightly closed so that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the
latent heat load on the refrigeration system is negligible. 4 Air is an ideal gas with constant specific heats.

Properties The density of air is taken 1.2 kg/m®, and its specific heat at the average temperature of 15°C is
c,= 1.0 ki/kg-°C (Table A-2).

Analysis The mass of air in the truck is

My = PaicVeuck = (1.2 kg/m®)(12 mx 2.3 mx 3.5 m) = 116 kg Truck
The amount of heat removed as the air is cooled from 25 to 5°C
T, =25°C
Qcooling,air = (meAT)air = (116 kg)(l-o kJ/kg-OC)(ZS_ 5)°C 7{2 =5°C
=2,320 kJ \
Ry

Noting that U4 is given to be 80 W/°C and the average air
temperature in the truck during precooling is (25+5)/2 = 15°C, the
average rate of heat gain by transmission is determined to be

Q'transmissi(m\,e = UAAT = (80 W/°C)(25-15)°C =800 W = 0.80kJ/s
Therefore, the time required to cool the truck from 25 to 5°C is determined to be

Qrefrig.At = Qcooling,air + Qtransmission At
Qcooling,air 2,320kJ

At =
(8-0.8) ki/s

=322s = 5.4min

Qrefrig. - Qtransmission
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6-150 A refrigeration system is to cool bread loaves at a rate of 500 per hour by refrigerated air at -30°C.
The rate of heat removal from the breads, the required volume flow rate of air, and the size of the
compressor of the refrigeration system are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are
constant. 3 The cooling section is well-insulated so that heat gain through its walls is negligible.

Properties The average specific and latent heats of bread

are given to be 2.93 kJ/kg.°C and 109.3 kJ/kg, Air
respectively. The gas constant of air is 0.287 kPa.m%kg.K — -30°C
(Table A-1), and the specific heat of air at the average —

temperature of (-30 + -22)/2 = -26°C ~ 250 K is ¢, =1.0 s

kJ/kg.OC (Table A-2). . Bread
Analysis (a) Noting that the breads are cooled at a rate of .

500 loaves per hour, breads can be considered to flow
steadily through the cooling section at a mass flow rate of

Tiyeag = (500 breads/h)(0.45 kg/bread) = 225 kg/h = 0.0625 kg/s
Then the rate of heat removal from the breads as they are cooled from 22°C to -10°C and frozen becomes
Obread =(ri1c AT ) breag = (225kg/h)(2.93 ki/kg.°C)[(22 - (-10)]°C
=21,096 kd/h
Otreezing = Mhiatont ) breag = (225Kg/n (109.3KJ/Kg) = 24,593kI/h

and

Orotal = Obread + Otreczing = 21,096 + 24,593 = 45,689 kJ/h

(b) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is
not to exceed 8°C. The minimum mass flow and volume flow rates of air are determined to be

o Oi _  45689kh
T (c,AT)y, (1.0 ki/kg.°C)(8°C)

=5711 kg/h

P 101.3 kPa
RT  (0.287 kPa.m? /kg.K)(-30 +273) K

P =145 kg/m?®

Uy = e - STILKOM _ 3939 majn
Pair 145 kg/m

(c) For a COP of 1.2, the size of the compressor of the refrigeration system must be

_ Oeetig 45,689 kith

Wetiig = — 38,074 ki/h = 10.6 kW
COP 12
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6-151 The drinking water needs of a production facility with 20 employees is to be met by a bobbler type
water fountain. The size of compressor of the refrigeration system of this water cooler is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant
properties at room temperature. 3 The cold water requirement is 0.4 L/h per person.

Properties The density and specific heat of water at room temperature are o= 1.0 kg/L and ¢ = 4.18
kJ/kg.°C.C (Table A-3).

Analysis The refrigeration load in this case consists of the heat gain of the reservoir and the cooling of the
incoming water. The water fountain must be able to provide water at a rate of

Hater = PVater = (LKG/L)(0.4 L/h - person)(20 persons) = 8.0 kg/h

To cool this water from 22°C to 8°C, heat must
removed from the water at a rate of ‘ Water in

. . 22°C
Qcooling =mcy (Tin — Tow) ﬂ
= (8.0 kg/h)(4.18 kJ/kg.°C)(22 - 8)°C
————

—
=468kJ/h =130W  (sincel W =3.6 kJ/h) :

Then total refrigeration load becomes

Qrefrig,total = Qcooling + Qtransfer =130+45=175W

Noting that the coefficient of performance of the refrigeration <__
system is 2.9, the required power input is u Refrig.
Q Water out
. ig 175W °
Wrefrig == 25—260'3 w g°C *
COP 2.9

Therefore, the power rating of the compressor of this refrigeration system must be at least 60.3 W to meet
the cold water requirements of this office.

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.




6-72

6-152E A washing machine uses $33/year worth of hot water heated by a gas water heater. The amount of
hot water an average family uses per week is to be determined.

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an
incompressible substance with constant properties at room temperature.

Properties The density and specific heat of water at room temperature are p = 62.1 lom/ft* and ¢ = 1.00
Btu/lbm.°F (Table A-3E).

Analysis The amount of electricity used to heat the water and the net amount transferred to water are

Total cost of energy  $33/year
Unit cost of energy ~ $1.21/therm
Total energy transfer to water = Ein = (Efficiency)(Total energy used) = 0.58 x 27.27 therms/year

100,000 Btu lyear
1therm 52 weeks

Total energy used (gas) = = 27.27 therms/year

=15.82 therms/year = (15.82 therms/year)(

= 30,420 Btu/week
Then the mass and the volume of hot water used per week become

Eiy =me(Tyy -Tyy) — 1= in 30,420 Btu/week

= . . = 434.6 Ibm/week
(T —Tin) (1.0 Btu/lbm.°F)(130-60)°F

and

g _ i _ 434.6lbmiweek (7.0 ft3/week)(

water = e LI/ e =52.4 gal/week

7.4804 galj
3

Therefore, an average family uses about 52 gallons of hot water per week for washing clothes.
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6-153 [A4lso solved by EES on enclosed CD] A typical heat pump powered water heater costs about $800
more to install than a typical electric water heater. The number of years it will take for the heat pump water
heater to pay for its cost differential from the energy it saves is to be determined.

Assumptions 1 The price of electricity remains
constant. 2 Water is an incompressible substance
with constant properties at room temperature. 3
Time value of money (interest, inflation) is not
considered.

Properties The density and specific heat of water
at room temperature are p= 1.0 kg/L and ¢ = 4.18

kJ/kg.°C (Table A-3). Cold
water

Analysis The amount of electricity used to heat the
water and the net amount transferred to water are

Total cost of energy  $390/year

Unit cost of energy ~ $0.080/kWh

Total energy transfer to water = Ein = (Efficiency)(Total energy used) = 0.9 x 4875 kWh/year
= 4388 kWh/year

= 4875 kWh/year

Total energy used (electrical) =

The amount of electricity consumed by the heat pump and its cost are

Energy transfer to water 4388 kWh/year

Energy usage (of heat pump) = =1995 kWh/year
gy usage ( pump) coP,, 9 y
Energy cost (of heat pump) = (Energy usage)(Unit cost of energy) = (1995 kWh/year)($0.08/kWh)
= $159.6/year

Then the money saved per year by the heat pump and the simple payback period become

Money saved = (Energy cost of electric heater) - (Energy cost of heat pump)
= $390-$159.60 = $230.40
Additional installation cost _ $800

= = 3.5years
Money saved $230.40/year

Simple payback period =

Discussion The economics of heat pump water heater will be even better if the air in the house is used as
the heat source for the heat pump in summer, and thus also serving as an air-conditioner.
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6-154 EES Problem 6-153 is reconsidered. The effect of the heat pump COP on the yearly operation costs
and the number of years required to break even are to be considered.

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

"Energy supplied by the water heater to the water per year is E_ElecHeater"

"Cost per year to operate electric water heater for one year is:"
Cost_ElectHeater = 390 [$/year]

"Energy supplied to the water by electric heater is 90% of energy purchased"
E_ElectHeater = 0.9*Cost_ElectHeater /UnitCost "[kWh/year]"
UnitCost=0.08 [$/kWh]

"For the same amont of heated water and assuming that all the heat energy leaving
the heat pump goes into the water, then"

"Energy supplied by heat pump heater = Energy supplied by electric heater"
E_HeatPump = E_ElectHeater "[kWh/year]"

"Electrical Work enegy supplied to heat pump = Heat added to water/COP"
COP=2.2
W_HeatPump = E_HeatPump/COP "[kWh/year]"

"Cost per year to operate the heat pump is"
Cost_HeatPump=W_HeatPump*UnitCost

"Let N_BrkEven be the number of years to break even:"
"At the break even point, the total cost difference between the two water heaters is zero."
"Years to break even, neglecting the cost to borrow the extra $800 to install heat pump"

CostDiff_total = 0 [$]
CostDiff_total=AddCost+N_BrkEven*(Cost_HeatPump-Cost_ElectHeater)
AddCost=800 [$]

"The plot windows show the effect of heat pump COP on the yearly operation costs and the
number of years required to break even. The data for these plots were obtained by placing
‘{" and '} around the COP = 2.2 line, setting the COP values in the Parametric Table, and
pressing F3 or selecting Solve Table from the Calculate menu"

COP BBrkEven COStHeatPump COStEIektHeater
[years] [$/year] [$/year]
2 3.73 175.5 390
2.3 3.37 152.6 390
2.6 3.137 135 390
2.9 2.974 121 390
3.2 2.854 109.7 390
3.5 2.761 100.3 390
3.8 2.688 92.37 390
4.1 2.628 85.61 390
4.4 2.579 79.77 390
4.7 2.537 74.68 390
5 2.502 70.2 390
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6-155 A home owner is to choose between a high-efficiency natural gas furnace and a ground-source
heat pump. The system with the lower energy cost is to be determined.

Assumptions The two heater are comparable in all aspects other than the cost of energy.

Analysis The unit cost of each kJ of useful energy supplied to the house by each system is

Natural gas furnace: Unit cost of useful energy =

($1.42/therm) [ 1therm

=$13.8x107%/kJ
0.97 105,500 kJ

Heat Pump System: Unit cost of useful energy = (30.092/kwh) ( LkWh

=$7.3x107% / kJ
3.5 3600 kJ

The energy cost of ground-source heat pump system will be lower.

6-156 The ventilating fans of a house discharge a houseful of warmed air in one hour (ACH = 1). For an
average outdoor temperature of 5°C during the heating season, the cost of energy “vented out” by the fans
in 1 h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all
times. 3 The infiltrating air is heated to 22°C before it is vented out. 4 Air is an ideal gas with constant
specific heats at room temperature. 5 The volume occupied by the people, furniture, etc. is negligible.

Properties The gas constant of air is R = 0.287 kPa.m%kg-K (Table A-1). The
specific heat of air at room temperature is ¢, = 1.0 kJ/kg-°C (Table A-2a).

Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 50C
P

0

RT,  (0.287 kPa.m®/kg.K)(22 + 273 K)

92 kPa
92 kPa —1.087 kg/m®

p[) =
Bathroom T T

Noting that the interior volume of the house is 200 x 2.8 = 560 m®, the fan
mass flow rate of air vented out becomes

gy = PV, = (1.087 kg/m®)(560 m>/h) = 608.7 kg/h = 0.169 kg/s

Noting that the indoor air vented out at 22°C is replaced by infiltrating
outdoor air at 5°C, this corresponds to energy loss at a rate of
. ) 22°C
Qloss,fan = maircp (Tindoors - Toutdoors)
=(0.169 kg/s)(1.0 kd/kg.°C)(22 —5)°C = 2.874 kd/s = 2.874 KW

Then the amount and cost of the heat “vented out” per hour becomes

Fuel energy loss = Q',Ossyf(,ijt/nfurnace = (2.874 kW)(1h)/0.96 = 2.994 kWh
Money loss = (Fuel energy loss)(Unit cost of energy)

1therm

= (2.994 KWh)($1.20/therm =$0.123
( ) )[29.3 kWhj s

Discussion Note that the energy and money loss associated with ventilating fans can be very significant.
Therefore, ventilating fans should be used sparingly.
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6-157 The ventilating fans of a house discharge a houseful of air-conditioned air in one hour (ACH = 1).
For an average outdoor temperature of 28°C during the cooling season, the cost of energy “vented out” by
the fans in 1 h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all
times. 3 The infiltrating air is cooled to 22°C before it is vented out. 4 Air is an ideal gas with constant
specific heats at room temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 6
Latent heat load is negligible.

Properties The gas constant of air is R = 0.287 kPa.m*/kg-K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.0 kJ/kg-°C (Table A-2a).

Analysis The density of air at the indoor conditions of 92 kPa and 22°C is

28°C
P
P, =—2= 22 kPa =1.087 kg/m® 92 kPa
RT,  (0.287 kPa.m®/kg.K)(22 +273K)
. L . 3 Bathroom
Noting that the interior volume of the house is 200 x 2.8 = 560 m®, the fan T T

mass flow rate of air vented out becomes

g, = pVy, = (1.087 kg/m*)(560 m*/h) = 608.7 kg/h = 0.169 kg/s

Noting that the indoor air vented out at 22°C is replaced by infiltrating
outdoor air at 28°C, this corresponds to energy loss at a rate of

Qloss,fan = maircp (Toutdoors — Tindoors ) 22°C
= (0.169 kg/s)(1.0 ki/kg.°C)(28 — 22)°C =1.014 kJ/s =1.014 kW

Then the amount and cost of the electric energy “vented out” per hour becomes

Electricenergy loss = Q'lossyfanAt/COP = (1.014 kW)(1h)/2.3 = 0.441kWh
Money loss = (Fuel energy loss)(Unit cost of energy)
= (0.441kWh)($0.10/ kWh) = $0.044

Discussion Note that the energy and money loss associated with ventilating fans can be very significant.
Therefore, ventilating fans should be used sparingly.
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6-158 A geothermal heat pump with R-134a as the working fluid is considered. The evaporator inlet and
exit states are specified. The mass flow rate of the refrigerant, the heating load, the COP, and the minimum
power input to the compressor are to be determined.

Assumptions 1 The heat pump operates steadily. 2 The kinetic and potential energy changes are zero. 3
Steam properties are used for geothermal water.

Properties The properties of R-134a and

water are (Steam and R-134a tables) ‘ O
-
T, = 20°C| h, =106.66 ki/kg Condenser
x; =015 | P, =572.1kPa
P, = P, =572.1kPa X Expansion Wi
x =1 h, =261.59 kJ/kg valve Compressor
T,, =50°C
’ h,,1 = 209.34 ki/kg
X1 = ’ = Evaporator i
A 4
T, ,=40°C 20°C
2 }hwyz —167.53 kilkg x=0.15 l \o Sat. vap.
xw,2 =
] Geo water
Analysis (a) The rate of heat transferred 50°C 40°C

from the water is the energy change of the
water from inlet to exit

O, =i, (1 — h,, ) = (0.065 kg/s)(209.34 — 167.53) ki/kg = 2.718 KW

The energy increase of the refrigerant is equal to the energy decrease of the water in the evaporator. That
is,

0, 2.718 KW
hy—h, (261.59—-106.66) ki/kg

O, =g (hy —hy) tig = ~0.0175kg/s

(b) The heating load is
0, =0, +W,, =2.718+1.2=3.92kW
(¢) The COP of the heat pump is determined from its definition,

cop = Qi _ 3.92kW

= =3.27
Wy  L2KW

(d) The COP of a reversible heat pump operating between the same temperature limits is

1 1

- ~12.92
1-T, /T, 1-(25+273)/(50+273)

COP, i =

Then, the minimum power input to the compressor for the same refrigeration load would be

W Oy  392kw
in,min — -
COPpax  12.92

=0.303 kW
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6-159 A heat pump is used as the heat source for a water heater. The rate of heat supplied to the water and
the minimum power supplied to the heat pump are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.

Properties The specific heat and specific volume of water at room temperature are ¢, = 4.18 kJ/kg.K and
v=0.001 m*/kg (Table A-3).

Analysis (@) An energy balance on the water heater gives the rate of heat supplied to the water

QH :mcp(TZ -1)

V' Water Water
:UCP (T2 _Tl) inket exit
Mm 18 kJ/kg.°C)(50 —10) °C b /’ -
0.001m*>/kg Water |5 — H— Surroundings
—55.73kW - \_f oc
(b) The COP of a reversible heat pump — T
operating between the specified temperature W,
limits is
COP, ., = 1 = 1 =10.1

1-7, /T, 1-(0+273)/(30+273)
Then, the minimum power input would be

g - On  _SSTSKW oo
M COP  10.1
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6-160 A heat pump receiving heat from a lake is used to heat a house. The minimum power supplied to the
heat pump and the mass flow rate of lake water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.

Properties The specific heat of water at room temperature is ¢, = 4.18 ki/kg.K (Table A-3).

Lake water
. inlet Lake water
i} Lake water 1IN
W e to HP heat %, purnp
exchangsr Y J

Analysis (@) The COP of a reversible heat pump operating between the specified temperature limits is

COP ok = ! ! 14.29

X T, 1T, 1-(6+273)/(27+273)

Then, the minimum power input would be

Oy (64,000/3600) kW
COP, . 14.29

=1.244 kW

Win,min =

(b) The rate of heat absorbed from the lake is
0, =0y ~Winmin =17.78-1.244 =16.53 kW
An energy balance on the heat exchanger gives the mass flow rate of lake water

0, 16.53kJ/s
¢, AT (4.18KkJ/kg.°C)(5°C)

=0.791kg/s

M\yater =
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6-161 A heat pump is used to heat a house. The maximum money saved by using the lake water instead of
outside air as the heat source is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.

Analysis When outside air is used as the heat source, the cost of energy is calculated considering a
reversible heat pump as follows:

1 1

COP, oy = = =11.9
1-T, /T, 1—(0+273)/(25+273)

O, (140,000/3600) KW

W= =3.262 kW
N COP, 11.92

Cost ;, = (3.262 KW)(100 h)($0.085/kWh) = $27.73

Repeating calculations for lake water,

1 1

COP,,, = = =19.87
1-T, IT, 1-(10+273)/(25+273)
_ O, (140,000/3600) kW 1657 KW
N COP, 19.87 '

COSt 1, = (1.957 KW)(100 h)($0.085/kWh) = $16.63

Then the money saved becomes
Money Saved = Cost ,;, — Cost . =$27.73—-$16.63=$11.10
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Fundamentals of Engineering (FE) Exam Problems

6-162 The label on a washing machine indicates that the washer will use $85 worth of hot water if the
water is heated by a 90% efficiency electric heater at an electricity rate of $0.09/kWh. If the water is heated
from 15°C to 55°C, the amount of hot water an average family uses per year, in metric tons, is

(a) 10.5 tons (b) 20.3 tons (c) 18.3 tons (d) 22.6 tons (e) 24.8 tons
Answer (C) 18.3 tons

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).

Eff=0.90

C=4.18 "kJ/kg-C"
T1=15"C"

T2=55"C"

Cost=85"$"

Price=0.09 "$/kwh"
Ein=(Cost/Price)*3600 "kJ"
Ein=m*C*(T2-T1)/Eff "kJ"

"Some Wrong Solutions with Common Mistakes:"
Ein=W1_m*C*(T2-T21)*Eff "Multiplying by Eff instead of dividing"
Ein=W2_m*C*(T2-T1) "Ignoring efficiency"
Ein=W3_m*(T2-T1)/Eff "Not using specific heat"
Ein=W4_m*C*(T2+T1)/Eff "Adding temperatures”
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6-163 A 2.4-m high 200-m? house is maintained at 22°C by an air-conditioning system whose COP is 3.2.
It is estimated that the kitchen, bath, and other ventilating fans of the house discharge a houseful of
conditioned air once every hour. If the average outdoor temperature is 32°C, the density of air is 1.20
kg/m?, and the unit cost of electricity is $0.10/kWh, the amount of money “vented out” by the fans in 10
hours is

(a) $0.50 (b) $1.60 (c) $5.00 (d) $11.00 (e) $16.00
Answer (a) $0.50

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).

COP=3.2

T1=22"C"

T2=32"C"

Price=0.10 "$/kWh"
Cp=1.005 "kJ/kg-C"
rho=1.20 "kg/m"3"
V=2.4*200 "m"3"
m=rho*V
m_total=m*10
Ein=m_total*Cp*(T2-T1)/COP "kJ"
Cost=(Ein/3600)*Price

"Some Wrong Solutions with Common Mistakes:"

W1 _ Cost=(Price/3600)*m_total*Cp*(T2-T1)*COP "Multiplying by Eff instead of dividing"
W2_Cost=(Price/3600)*m_total*Cp*(T2-T1) "lgnoring efficiency"
W3_Cost=(Price/3600)*m*Cp*(T2-T1)/COP "Using m instead of m_total"
W4_Cost=(Price/3600)*m_total*Cp*(T2+T1)/COP "Adding temperatures"
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6-164 The drinking water needs of an office are met by cooling tab water in a refrigerated water fountain
from 23°C to 6°C at an average rate of 10 kg/h. If the COP of this refrigerator is 3.1, the required power
input to this refrigerator is

(@) 197 W (b) 612 W (c) 64 W (d) 109 W (e) 403 W
Answer (C) 64 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).

COP=3.1

Cp=4.18 "kJ/kg-C"

T1=23"C"

T2=6"C"

m_dot=10/3600 "kg/s"
Q_L=m_dot*Cp*(T1-T2) "kKW"
W_in=Q_L*1000/COP "W"

"Some Wrong Solutions with Common Mistakes:"

W1 Win=m_dot*Cp*(T1-T2) *1000*COP "Multiplying by COP instead of dividing"
W2_Win=m_dot*Cp*(T1-T2) *1000 "Not using COP"

W3_Win=m_dot*(T1-T2) *1000/COP "Not using specific heat"
W4_Win=m_dot*Cp*(T1+T2) *1000/COP "Adding temperatures"

6-165 A heat pump is absorbing heat from the cold outdoors at 5°C and supplying heat to a house at 22°C
at a rate of 18,000 kJ/h. If the power consumed by the heat pump is 2.5 kW, the coefficient of performance
of the heat pump is

(@) 0.5 (b) 1.0 (c) 2.0 (d) 5.0 (e)17.3
Answer (c) 2.0

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=5"C"
TH=22"C"
QH=18000/3600 "kJ/s"
Win=2.5 "kW"
COP=QH/Win

"Some Wrong Solutions with Common Mistakes:"

W1 _COP=Win/QH "Doing it backwards"

W2_COP=TH/(TH-TL) "Using temperatures in C"

W3_COP=(TH+273)/(TH-TL) "Using temperatures in K"
W4_COP=(TL+273)/(TH-TL) "Finding COP of refrigerator using temperatures in K"
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6-166 A heat engine cycle is executed with steam in the saturation dome. The pressure of steam is 1 MPa
during heat addition, and 0.4 MPa during heat rejection. The highest possible efficiency of this heat engine
is

(a) 8.0% (b) 15.6% (c) 20.2% (d) 79.8% (e) 100%
Answer (a) 8.0%

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).

PH=1000 "kPa"

PL=400 "kPa"
TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH)
TL=TEMPERATURE(Steam_IAPWS x=0,P=PL)
Eta_Carnot=1-(TL+273)/(TH+273)

"Some Wrong Solutions with Common Mistakes:"
W1 _Eta Carnot=1-PL/PH "Using pressures"
W2_Eta_Carnot=1-TL/TH "Using temperatures in C"
W3_Eta_Carnot=TL/TH "Using temperatures ratio"

6-167 A heat engine receives heat from a source at 1000°C and rejects the waste heat to a sink at 50°C. If
heat is supplied to this engine at a rate of 100 kJ/s, the maximum power this heat engine can produce is

(@) 25.4 kwW (b) 55.4 kW (c) 74.6 kW (d) 95.0 kW (e) 100.0 kW
Answer (C) 74.6 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).

TH=1000 "C"

TL=50"C"

Q_in=100 "kW"
Eta=1-(TL+273)/(TH+273)
W_out=Eta*Q_in

"Some Wrong Solutions with Common Mistakes:"
W1_W_out=(1-TL/TH)*Q_in  "Using temperatures in C"

W2_ W out=Q _in "Setting work equal to heat input"
W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying'
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio"
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6-168 A heat pump cycle is executed with R-134a under the saturation dome between the pressure limits of
1.8 MPa and 0.2 MPa. The maximum coefficient of performance of this heat pump is

@11 (b) 3.6 (c)5.0 (d) 4.6 (e) 2.6
Answer (d) 4.6

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).

PH=1800 "kPa"

PL=200 "kPa"

TH=TEMPERATURE(R134a,x=0,P=PH) "C"
TL=TEMPERATURE(R134a,x=0,P=PL) "C"

COP_HP=(TH+273)/(TH-TL)

"Some Wrong Solutions with Common Mistakes:"

W1_COP=PH/(PH-PL) "Using pressures"

W2_COP=TH/(TH-TL) "Using temperatures in C"

W3_COP=TL/(TH-TL) "Refrigeration COP using temperatures in C"
W4_COP=(TL+273)/(TH-TL) "Refrigeration COP using temperatures in K"

6-169 A refrigeration cycle is executed with R-134a under the saturation dome between the pressure limits
of 1.6 MPa and 0.2 MPa. If the power consumption of the refrigerator is 3 kW, the maximum rate of heat
removal from the cooled space of this refrigerator is

(2) 0.45 kJ/s (b) 0.78 kd/s (c) 3.0 kdis (d) 11.6 kd/s (e) 14.6 kJ/s
Answer (d) 11.6 kl/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).

PH=1600 "kPa"
PL=200 "kPa"

W_in=3 "kW"
TH=TEMPERATURE(R134a,x=0,P=PH) "C"
TL=TEMPERATURE(R134a,x=0,P=PL) "C"
COP=(TL+273)/(TH-TL)

QL=W_in*COP "kW"

"Some Wrong Solutions with Common Mistakes:"
W1_QL=W_in*TL/(TH-TL)  "Using temperatures in C"

W2_QL=W_in "Setting heat removal equal to power input"”
W3_QL=W_in/COP "Dividing by COP instead of multiplying"
W4_QL=W_in*(TH+273)/(TH-TL) "Using COP definition for Heat pump"
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6-170 A heat pump with a COP of 3.2 is used to heat a perfectly sealed house (no air leaks). The entire
mass within the house (air, furniture, etc.) is equivalent to 1200 kg of air. When running, the heat pump
consumes electric power at a rate of 5 kW. The temperature of the house was 7°C when the heat pump was
turned on. If heat transfer through the envelope of the house (walls, roof, etc.) is negligible, the length of
time the heat pump must run to raise the temperature of the entire contents of the house to 22°C is

(a) 13.5 min (b) 43.1 min (c) 138 min (d) 18.8 min (e) 808 min
Answer (a) 13.5 min

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).

COP=3.2
Cv=0.718 "kJ/kg.C"
m=1200 "kg"
T1=7"C"

T2=22"C"
QH=m*Cv*(T2-T1)
Win=5 "KW"
Win*time=QH/COP/60

"Some Wrong Solutions with Common Mistakes:"

Win*W1_time*60=m*Cv*(T2-T1) *COP "Multiplying by COP instead of dividing"
Win*W2_time*60=m*Cv*(T2-T1) "Ignoring COP"
Win*W3_time=m*Cv*(T2-T1) /COP "Finding time in seconds instead of minutes"
Win*W4_time*60=m*Cp*(T2-T1) /COP "Using Cp instead of Cv"

Cp=1.005 "kJ/kg.K"
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6-171 A heat engine cycle is executed with steam in the saturation dome between the pressure limits of 5
MPa and 2 MPa. If heat is supplied to the heat engine at a rate of 380 kJ/s, the maximum power output of
this heat engine is

(a) 36.5 kW (b) 74.2 kW (c) 186.2 kW (d) 343.5 kW (e) 380.0 kW
Answer (a) 36.5 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).

PH=5000 "kPa"

PL=2000 "kPa"

Q_in=380 "kW"
TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) "C"
TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) "C"
Eta=1-(TL+273)/(TH+273)

W_out=Eta*Q_in

"Some Wrong Solutions with Common Mistakes:"

W1 W_out=(1-TL/TH)*Q_in  "Using temperatures in C"
W2_W_out=(1-PL/PH)*Q_in  "Using pressures”
W3_W_out=Q_in/Eta  "Dividing by efficiency instead of multiplying"
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio"

6-172 An air-conditioning system operating on the reversed Carnot cycle is required to remove heat
from the house at a rate of 32 kJ/s to maintain its temperature constant at 20°C. If the temperature of
the outdoors is 35°C, the power required to operate this air-conditioning system is

(a) 0.58 kw (b) 3.20 kW (c) 1.56 kW (d) 2.26 kW (e) 1.64 kW
Answer (e) 1.64 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).

TL=20"C"
TH=35 "C"

QL=32 "kJ/s"
COP=(TL+273)/(TH-TL)
COP=QL/Win

"Some Wrong Solutions with Common Mistakes:"
QL=W1_Win*TL/(TH-TL) "Using temperaturesin C"
QL=W2_Win "Setting work equal to heat input"
QL=W3_Win/COP "Dividing by COP instead of multiplying"
QL=W4_Win*(TH+273)/(TH-TL)  "Using COP of HP"
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6-173 A refrigerator is removing heat from a cold medium at 3°C at a rate of 7200 kJ/h and rejecting the
waste heat to a medium at 30°C. If the coefficient of performance of the refrigerator is 2, the power
consumed by the refrigerator is

(@) 0.1 kw (b) 0.5 kW (c) 1.0kw (d) 2.0 kW (e) 5.0 kW
Answer (c) 1.0 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).

TL=3"C"
TH=30 "C"
QL=7200/3600 "kJ/s"
COP=2
QL=Win*COP

"Some Wrong Solutions with Common Mistakes:"
QL=W1_Win*(TL+273)/(TH-TL) "Using Carnot COP"

QL=W2_Win "Setting work equal to heat input"
QL=W3_Win/COP "Dividing by COP instead of multiplying"
QL=W4_Win*TL/(TH-TL) "Using Carnot COP using C"

6-174 Two Carnot heat engines are operating in series such that the heat sink of the first engine serves as
the heat source of the second one. If the source temperature of the first engine is 1600 K and the sink
temperature of the second engine is 300 K and the thermal efficiencies of both engines are the same, the
temperature of the intermediate reservoir is

() 950 K (b) 693 K (c) 860 K (d) 473K (e) 758 K
Answer (b) 693 K

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=1600 "K"

TL=300 "K"

"Setting thermal efficiencies equal to each other:"
1-Tmid/TH=1-TL/Tmid

"Some Wrong Solutions with Common Mistakes:"
W1_Tmid=(TL+TH)/2 "Using average temperature”
W2_Tmid=SQRT(TL*TH) "Using average temperature"
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6-175 Consider a Carnot refrigerator and a Carnot heat pump operating between the same two thermal
energy reservoirs. If the COP of the refrigerator is 3.4, the COP of the heat pump is

(@ 1.7 (b) 2.4 (c) 3.4 (d) 4.4 (e) 5.0
Answer (d) 4.4

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).

COP_R=3.4
COP_HP=COP_R+1

"Some Wrong Solutions with Common Mistakes:"
W1_COP=COP_R-1 "Subtracting 1 instead of adding 1"
W2_COP=COP_R "Setting COPs equal to each other"

6-176 A typical new household refrigerator consumes about 680 kWh of electricity per year, and has a
coefficient of performance of 1.4. The amount of heat removed by this refrigerator from the
refrigerated space per year is

(@) 952 MJ/yr (b) 1749 MJlyr (c) 2448 MJlyr (d) 3427 MJlyr (e) 4048 MJlyr
Answer (d) 3427 MJlyr

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).

W_in=680*3.6 "MJ"
COP_R=1.4
QL=W_in*COP_R "MJ"

"Some Wrong Solutions with Common Mistakes:"

W1 QL=W_in*COP_R/3.6 "Not using the conversion factor"
W2_QL=W_in "Ignoring COP"

W3_QL=W_in/COP_R "Dividing by COP instead of multiplying"
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6-177 A window air conditioner that consumes 1 kW of electricity when running and has a coefficient of
performance of 4 is placed in the middle of a room, and is plugged in. The rate of cooling or heating this
air conditioner will provide to the air in the room when running is

(@) 4 kJ/s, cooling (h) 1 kJIs, cooling  (c) 0.25 kJ/s, heating (d) 1 kJ/s, heating
(e) 4 kJIs, heating

Answer (d) 1 kd/s, heating

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).

W_in=1 "kw"

COP=4

"From energy balance, heat supplied to the room is equal to electricity consumed,"
E_supplied=W_in "kJ/s, heating"

"Some Wrong Solutions with Common Mistakes:"
W1 _E=-W_in "kJ/s, cooling"

W2_E=-COP*W_.in "kJ/s, cooling"
W3_E=W_in/COP "kJ/s, heating"
W4_E=COP*W _in "kJ/s, heating"

6-178 --- 6-183 Design and Essay Problems

C
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