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460 � CHAPTER ELEVEN POWER AND REFRIGERATION SYSTEMS—WITH PHASE CHANGE

CONCEPT-STUDY GUIDE PROBLEMS

11.1 Is a steam power plant running in a Carnot cycle?
Name the four processes.

11.2 Raising the boiler pressure in a Rankine cycle
for fixed superheat and condenser temperatures, in
what direction do these change: turbine work, pump
work and turbine exit T or x?

11.3 For other properties fixed in a Rankine cycle, rais-
ing the condenser temperature causes changes in
which work and heat transfer terms?

11.4 Mention two benefits of a reheat cycle.

11.5 What is the benefit of the moisture separator in the
power plant of Problem 6.106?

11.6 Instead of using the moisture separator in Problem
6.106, what could have been done to remove any
liquid in the flow?

11.7 Can the energy removed in a power plant condenser
be useful?

11.8 If the district heating system (see Fig. 1.1) should
supply hot water at 90◦C, what is the lowest possi-
ble condenser pressure with water as the working
substance?

11.9 What is the mass flow rate through the condensate
pump in Fig. 11.14?

11.10 A heat pump for a 20◦C house uses R-410a, and the
outside temperature is −5◦C. What is the minimum
high P and the maximum low P it can use?

11.11 A heat pump uses carbon dioxide, and it must con-
dense at a minimum of 22◦C and receives energy
from the outside on a winter day at −10◦C. What
restrictions does that place on the operating pres-
sures?

11.12 Since any heat transfer is driven by a temperature
difference, how does that affect all the real cycles
relative to the ideal cycles?

HOMEWORK PROBLEMS

Rankine Cycles, Power Plants

Simple Cycles

11.13 A steam power plant, as shown in Fig. 11.3,
operating in a Rankine cycle has saturated vapor
at 3 MPa leaving the boiler. The turbine exhausts
to the condenser, operating at 10 kPa. Find the
specific work and heat transfer in each of the ideal
components and the cycle efficiency.

11.14 Consider a solar-energy-powered ideal Rankine
cycle that uses water as the working fluid. Sat-
urated vapor leaves the solar collector at 175◦C,
and the condenser pressure is 10 kPa. Determine
the thermal efficiency of this cycle.

11.15 A power plant for a polar expedition uses ammo-
nia, which is heated to 80◦C at 1000 kPa in the
boiler, and the condenser is maintained at −15◦C.
Find the cycle efficiency.

11.16 A Rankine cycle with R-410a has the boiler at
3 MPa superheating to 180◦C, and the condenser
operates at 800 kPa. Find all four energy transfers
and the cycle efficiency.

11.17 A utility runs a Rankine cycle with a water boiler
at 3MPa, and the highest and lowest temperatures

of the cycle are 450◦C and 45◦C, respectively. Find
the plant efficiency and the efficiency of a Carnot
cycle with the same temperatures.

11.18 A steam power plant has a high pressure of 3 MPa,
and it maintains 60◦C in the condenser. A con-
densing turbine is used, but the quality should not
be lower than 90% at any state in the turbine. Find
the specific work and heat transfer in all compo-
nents and the cycle efficiency.

11.19 A low-temperature power plant operates with
R-410a maintaining a temperature of −20◦C in
the condenser and a high pressure of 3 MPa
with superheat. Find the temperature out of the
boiler/superheater so that the turbine exit temper-
ature is 60◦C, and find the overall cycle efficiency.

11.20 A steam power plant operating in an ideal Rankine
cycle has a high pressure of 5 MPa and a low pres-
sure of 15 kPa. The turbine exhaust state should
have a quality of at least 95%, and the turbine
power generated should be 7.5 MW. Find the nec-
essary boiler exit temperature and the total mass
flow rate.

11.21 A supply of geothermal hot water is to be used
as the energy source in an ideal Rankine cycle,
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with R-134a as the cycle working fluid. Satu-
rated vapor R-134a leaves the boiler at a tem-
perature of 85◦C, and the condenser temperature
is 40◦C. Calculate the thermal efficiency of this
cycle.

11.22 Do Problem 11.21 with R-410a as the working
fluid.

11.23 Do Problem 11.21 with ammonia as the working
fluid.

11.24 Consider the boiler in Problem 11.21, where
the geothermal hot water brings the R-134a to
saturated vapor. Assume a counterflowing heat
exchanger arrangement. The geothermal water
temperature should be equal to or greater than
the R-134a temperature at any location inside the
heat exchanger. The point with the smallest tem-
perature difference between the source and the
working fluid is called the pinch point, shown in
Fig. P11.24. If 2 kg/s of geothermal water is avail-
able at 95◦C, what is the maximum power out-
put of this cycle for R-134a as the working fluid?
(Hint: split the heat exchanger C.V. into two so
that the pinch point with �T = 0, T = 85◦C
appears.)

QAB
•

Liquid
heater

Pinch
point

D

C B A

2 3
Boiler

QBC
•

R-134a R-134a
85°C

H2O
95°C

FIGURE P11.24

11.25 Do the previous problem with ammonia as the
working fluid.

11.26 A low-temperature power plant operates with car-
bon dioxide maintaining −10◦C in the condenser
and a high pressure of 6 MPa, and it superheats to
100◦C. Find the turbine exit temperature and the
overall cycle efficiency.

11.27 Consider the ammonia Rankine-cycle power plant
shown in Fig. P11.27, a plant that was designed to
operate in a location where the ocean water tem-
perature is 25◦C near the surface and 5◦C at some

greater depth. The mass flow rate of the working
fluid is 1000 kg/s.
a. Determine the turbine power output and the

pump power input for the cycle.
b. Determine the mass flow rate of water through

each heat exchanger.
c. What is the thermal efficiency of this power

plant?

·

1

2

4

3

Turbine

Insulated heat
exchanger

Insulated heat
exchanger

Saturated
vapor NH3
T1 = 20°C

Surface
H2O

Saturated
liquid NH3
T3 = 10°C

7°C5°C deep H2O

NH3 CYCLEPump

23°C 25°C

P4 = P1

P2 = P3

–WP

·
WT

FIGURE P11.27

11.28 Do Problem 11.27 with carbon dioxide as the
working fluid.

11.29 A smaller power plant produces 25 kg/s steam at
3 MPa, 600◦C, in the boiler. It cools the condenser
with ocean water coming in at 12◦C and returned
at 15◦C, so the condenser exit is at 45◦C. Find the
net power output and the required mass flow rate
of ocean water.

11.30 The power plant in Problem 11.13 is modified to
have a superheater section following the boiler so
that the steam leaves the superheater at 3 MPa and
400◦C. Find the specific work and heat transfer in
each of the ideal components and the cycle effi-
ciency.

11.31 Consider an ideal Rankine cycle using water with
a high-pressure side of the cycle at a supercritical
pressure. Such a cycle has the potential advan-
tage of minimizing local temperature differences
between the fluids in the steam generator, such
as when the high-temperature energy source is
the hot exhaust gas from a gas-turbine engine.
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Calculate the thermal efficiency of the cycle if
the state entering the turbine is 30 MPa, 550◦C,
and the condenser pressure is 10 kPa. What is the
steam quality at the turbine exit?

11.32 Find the mass flow rate in Problem 11.26 so that
the turbine can produce 1 MW.

Reheat Cycles

11.33 A smaller power plant produces steam at 3 MPa,
600◦C, in the boiler. It keeps the condenser at 45◦C
by the transfer of 10 MW out as heat transfer. The
first turbine section expands to 500 kPa, and then
flow is reheated followed by the expansion in the
low-pressure turbine. Find the reheat temperature
so that the turbine output is saturated vapor. For
this reheat, find the total turbine power output and
the boiler heat transfer.

11.34 A smaller power plant produces 25 kg/s steam at
3 MPa, 600◦C, in the boiler. It cools the condenser
with ocean water so that the condenser exit is at
45◦C. A reheat is done at 500 kPa up to 400◦C, and
then expansion takes place in the low-pressure tur-
bine. Find the net power output and the total heat
transfer in the boiler.

11.35 Consider the supercritical cycle in Problem 11.31,
and assume that the turbine first expands to 3 MPa
and then a reheat to 500◦C, with a further expan-
sion in the low-pressure turbine to 10 kPa. Find
the combined specific turbine work and the total
specific heat transfer in the boiler.

11.36 Consider an ideal steam reheat cycle as shown in
Fig. 11.9, where steam enters the high-pressure
turbine at 3 MPa and 400◦C and then expands
to 0.8 MPa. It is then reheated at constant pres-
sure 0.8 MPa to 400◦C and expands to 10 kPa
in the low-pressure turbine. Calculate the thermal
efficiency and the moisture content of the steam
leaving the low-pressure turbine.

11.37 The reheat pressure affects the operating variables
and thus turbine performance. Repeat Problem
11.33 twice, using 0.6 and 1.0 MPa for the reheat
pressure.

11.38 The effect of several reheat stages on the ideal
steam reheat cycle is to be studied. Repeat Prob-
lem 11.33 using two reheat stages, one stage at
1.2 MPa and the second at 0.2 MPa, instead of the
single reheat stage at 0.8 MPa.

Open Feedwater Heaters

11.39 A power plant for a polar expedition uses am-
monia. The boiler exit is 80◦C, 1000 kPa, and
the condenser operates at −15◦C. A single open
feedwater heater operates at 400 kPa, with an exit
state of saturated liquid. Find the mass fraction
extracted in the turbine.

11.40 An open feedwater heater in a regenerative steam
power cycle receives 20 kg/s of water at 100◦C
and 2 MPa. The extraction steam from the turbine
enters the heater at 2 MPa and 275◦C, and all
the feedwater leaves as saturated liquid. What
is the required mass flow rate of the extraction
steam?

11.41 A low-temperature power plant operates with R-
410a maintaining −20◦C in the condenser and a
high pressure of 3 MPa with superheat to 180◦C.
There is one open feedwater heater operating at
800 kPa with an exit as saturated liquid at 0◦C.
Find the extraction fraction of the flow out of the
turbine and the turbine work per unit mass flowing
through the boiler.

11.42 A Rankine cycle operating with ammonia is
heated by a low-temperature source so that the
highest T is 120◦C at a pressure of 5000 kPa. Its
low pressure is 1003 kPa, and it operates with one
open feedwater heater at 2033 kPa. The total flow
rate is 5 kg/s. Find the extraction flow rate to the
feedwater heater, assuming its outlet state is sat-
urated liquid at 2033 kPa. Find the total power to
the two pumps.

11.43 A steam power plant has high and low pressures of
20 MPa and 10 kPa, and one open feedwater heater
operating at 1 MPa with the exit as saturated liq-
uid. The maximum temperature is 800◦C, and the
turbine has a total power output of 5 MW. Find the
fraction of the flow for extraction to the feedwater
and the total condenser heat transfer rate.

11.44 Find the cycle efficiency for the cycle in Problem
11.39.

11.45 A power plant with one open feedwater heater
has a condenser temperature of 45◦C, a maximum
pressure of 5 MPa, and a boiler exit temperature
of 900◦C. Extraction steam at 1 MPa to the feed-
water heater is mixed with the feedwater line so
that the exit is saturated liquid into the second
pump. Find the fraction of extraction steam flow
and the two specific pump work inputs.
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11.46 In one type of nuclear power plant, heat is trans-
ferred in the nuclear reactor to liquid sodium. The
liquid sodium is then pumped through a heat ex-
changer where heat is transferred to boiling water.
Saturated vapor steam at 5 MPa exits this heat ex-
changer and is then superheated to 600◦C in an
external gas-fired superheater. The steam enters
the turbine, which has one (open-type) feedwater
extraction at 0.4 MPa. The condenser pressure is
7.5 kPa. Determine the heat transfer in the reac-
tor and in the superheater to produce a net power
output of 1 MW.

11.47 Consider an ideal steam regenerative cycle in
which steam enters the turbine at 3 MPa and 400◦C
and exhausts to the condenser at 10 kPa. Steam
is extracted from the turbine at 0.8 MPa for an
open feedwater heater. The feedwater leaves the
heater as saturated liquid. The appropriate pumps
are used for the water leaving the condenser and
the feedwater heater. Calculate the thermal effi-
ciency of the cycle and the net work per kilogram
of steam.

11.48 A steam power plant operates with a boiler out-
put of 20 kg/s steam at 2 MPa and 600◦C. The
condenser operates at 50◦C, dumping energy into
a river that has an average temperature of 20◦C.
There is one open feedwater heater with extrac-
tion from the turbine at 600 kPa, and its exit is
saturated liquid. Find the mass flow rate of the
extraction flow. If the river water should not be
heated more than 5◦C, how much water should
be pumped from the river to the heat exchanger
(condenser)?

Closed Feedwater Heaters

11.49 Write the analysis (continuity and energy equa-
tions) for the closed feedwater heater with a drip
pump as shown in Fig. 11.13. Take the control
volume to have state 4 out, so that, it includes the
drip pump. Find the equation for the extraction
fraction.

11.50 A closed feedwater heater in a regenerative steam
power cycle, as shown in Fig. 11.13, heats 20 kg/s
of water from 100◦C and 20 MPa to 250◦C and
20 MPa. The extraction steam from the turbine
enters the heater at 4 MPa and 275◦C and leaves
as saturated liquid. What is the required mass flow
rate of the extraction steam?

11.51 A power plant with one closed feedwater heater
has a condenser temperature of 45◦C, a maximum
pressure of 5 MPa, and boiler exit temperature of
900◦C. Extraction steam at 1 MPa to the feed-
water heater condenses and is pumped up to the
5 MPa feedwater line, where all the water goes to
the boiler at 200◦C. Find the fraction of extraction
steam flow and the two specific pump work inputs.

11.52 A Rankine cycle feeds 5 kg/s ammonia at 2 MPa,
140◦C, to the turbine, which has an extraction
point at 800 kPa. The condenser is at −20◦C, and
a closed feedwater heater has an exit state (3) at
the temperature of the condensing extraction flow
and a drip pump. The source for the boiler is at
constant 180◦C. Find the extraction flow rate and
state 4 into the boiler.

11.53 Assume the power plant in Problem 11.42 has
one closed feedwater heater (FWH) instead of the
open FWH. The extraction flow out of the FWH
is saturated liquid at 2033 kPa being dumped into
the condenser, and the feedwater is heated to 50◦C.
Find the extraction flow rate and the total turbine
power output.

11.54 Do Problem 11.43 with a closed feedwater heater
instead of an open heater and a drip pump to add
the extraction flow to the feedwater line at 20 MPa.
Assume the temperature is 175◦C after the drip
pump flow is added to the line. One main pump
brings the water to 20 MPa from the condenser.

11.55 Repeat Problem 11.47, but assume a closed in-
stead of an open feedwater heater. A single pump
is used to pump the water leaving the condenser up
to the boiler pressure of 3 MPa. Condensate from
the feedwater heater is drained through a trap to
the condenser.

11.56 Repeat Problem 11.47, but assume a closed in-
stead of an open feedwater heater. A single pump
is used to pump the water leaving the condenser
up to the boiler pressure of 3.0 MPa. Condensate
from the feedwater heater is going through a drip
pump and is added to the feedwater line, so state
4 is at T6

Nonideal Cycles

11.57 A Rankine cycle with water superheats to 500◦C
at 3 MPa in the boiler, and the condenser oper-
ates at 100◦C. All components are ideal except
the turbine, which has an exit state measured to
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be saturated vapor at 100◦C. Find the cycle effi-
ciency with (a) an ideal turbine and (b) the actual
turbine.

11.58 Steam enters the turbine of a power plant at 5
MPa and 400◦C and exhausts to the condenser at
10 kPa. The turbine produces a power output of
20 000 kW with an isentropic efficiency of 85%.
What is the mass flow rate of steam around the
cycle and the rate of heat rejection in the con-
denser? Find the thermal efficiency of the power
plant. How does this compare with the efficiency
of a Carnot cycle?

11.59 A steam power cycle has a high pressure of 3 MPa
and a condenser exit temperature of 45◦C. The
turbine efficiency is 85%, and other cycle compo-
nents are ideal. If the boiler superheats to 800◦C,
find the cycle thermal efficiency.

11.60 For the steam power plant described in Problem
11.13, assume the isentropic efficiencies of the
turbine and pump are 85% and 80%, respectively.
Find the component specific work and heat trans-
fers and the cycle efficiency.

11.61 A steam power plant operates with a high pres-
sure of 5 MPa and has a boiler exit temperature of
600◦C receiving heat from a 700◦C source. The
ambient air at 20◦C provides cooling for the con-
denser so that it can maintain a temperature of
45◦C inside. All the components are ideal except
for the turbine, which has an exit state with a qual-
ity of 97%. Find the work and heat transfer in all
components per kilogram of water and the turbine
isentropic efficiency. Find the rate of entropy gen-
eration per kilogram of water in the boiler/heat
source setup.

11.62 Consider the power plant in Problem 11.39. As-
sume that the high-temperature source is a flow
of liquid water at 120◦C into a heat exchanger at
a constant pressure of 300 kPa and that the water
leaves at 90◦C. Assume that the condenser rejects
heat to the ambient which is at −20◦C. List all the
places that have entropy generation and find the
entropy generated in the boiler heat exchanger per
kilogram of ammonia flowing.

11.63 A small steam power plant has a boiler exit of 3
MPa and 400◦C, and it maintains 50 kPa in the
condenser. All the components are ideal except
the turbine, which has an isentropic efficiency of
80% and should deliver a shaft power of 9.0 MW

to an electric generator. Find the specific turbine
work, the needed flow rate of steam, and the cycle
efficiency.

11.64 A steam power plant has a high pressure of 5 MPa
and maintains 50◦C in the condenser. The boiler
exit temperature is 600◦C. All the components are
ideal except the turbine, which has an actual exit
state of saturated vapor at 50◦C. Find the cycle
efficiency with the actual turbine and the turbine
isentropic efficiency.

11.65 A steam power plant operates with a high pres-
sure of 4 MPa and has a boiler exit of 600◦C re-
ceiving heat from a 700◦C source. The ambient
air at 20◦C provides cooling to maintain the con-
denser at 60◦C. All components are ideal except
for the turbine, which has an isentropic efficiency
of 92%. Find the ideal and the actual turbine exit
qualities. Find the actual specific work and spe-
cific heat transfer in all four components.

11.66 For the previous problem, find the specific entropy
generation in the boiler heat source setup.

11.67 Repeat Problem 11.43, assuming the turbine has
an isentropic efficiency of 85%.

11.68 Steam leaves a power plant steam generator at 3.5
MPa, 400◦C, and enters the turbine at 3.4 MPa,
375◦C. The isentropic turbine efficiency is 88%,
and the turbine exhaust pressure is 10 kPa. Con-
densate leaves the condenser and enters the pump
at 35◦C, 10 kPa. The isentropic pump efficiency is
80%, and the discharge pressure is 3.7 MPa. The
feedwater enters the steam generator at 3.6 MPa,
30◦C. Calculate the thermal efficiency of the cy-
cle and the entropy generation for the process in
the line between the steam generator exit and the
turbine inlet, assuming an ambient temperature of
25◦C.

Cogeneration

11.69 A cogenerating steam power plant, as in Fig.
11.19, operates with a boiler output of 25 kg/s
steam at 7 MPa and 500◦C. The condenser op-
erates at 7.5 kPa. The process heat is extracted at
5 kg/s from the turbine at 500 kPa, state 6, and after
use is returned as saturated liquid at 100 kPa, state
8. Assume all components are ideal and find the
temperature after pump 1, the total turbine output,
and the total process heat transfer.
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11.70 A steam power plant has 4 MPa, 500◦C, into the
turbine. To have the condenser itself deliver the
process heat, it is run at 101 kPa. How much net
power as work is produced for a process heat of
10 MW?

11.71 A 10-kg/s steady supply of saturated-vapor steam
at 500 kPa is required for drying a wood pulp
slurry in a paper mill (see Fig. P11.71). It is de-
cided to supply this steam by cogeneration; that is,
the steam supply will be the exhaust from a steam
turbine. Water at 20◦C and 100 kPa is pumped to
a pressure of 5 MPa and then fed to a steam gener-
ator with an exit at 400◦C. What is the additional
heat-transfer rate to the steam generator beyond
what would have been required to produce only
the desired steam supply? What is the difference
in net power?

WT
·

–WP
·

QB
·

Sat. vapor
Steam
supply

10 kg/s

500 kPa

Water
100 kPa

20°C

FIGURE P11.71

11.72 A boiler delivers steam at 10 MPa, 550◦C, to a
two-stage turbine, as shown in Fig. 11.19. After
the first stage, 25% of the steam is extracted at
1.4 MPa for a process application and returned at
1 MPa, 90◦C, to the feedwater line. The remainder
of the steam continues through the low-pressure
turbine stage, which exhausts to the condenser at
10 kPa. One pump brings the feedwater to 1 MPa,
and a second pump brings it to 10 MPa. Assume
all components are ideal. If the process applica-
tion requires 5 MW of power, how much power
can then be cogenerated by the turbine?

11.73 In a cogenerating steam power plant, the tur-
bine receives steam from a high-pressure steam
drum and a low-pressure steam drum, as shown
in Fig. P11.73. The condenser consists of two
closed heat exchangers used to heat water run-
ning in a separate loop for district heating. The
high-temperature heater adds 30 MW, and the low-
temperature heater adds 31 MW to the district
heating water flow. Find the power cogenerated

by the turbine and the temperature in the return
line to the deaerator.

Steam
turbine

WT
·

95°C

To district
heating

22 kg/s

5 kg/s

500 kPa 
200°C

510°C
6 MPa

13 kg/s 200 kPa

50 kPa, 14 kg/s

60°C
415 kg/s

27 kg/s to
deaerator

31 MW30 MW

FIGURE P11.73

11.74 A smaller power plant produces 25 kg/s steam at
3 MPa, 600◦C, in the boiler. It cools the condenser
to an exit of 45◦C, and the cycle is shown in Fig.
P11.74. An extraction is done at 500 kPa to an
open feedwater heater; in addition, a steam supply
of 5 kg/s is taken out and not returned. The missing
5 kg/s water is added to the feedwater heater from
a 20◦C, 500 kPa source. Find the needed extrac-
tion flow rate to cover both the feedwater heater
and the steam supply. Find the total turbine power
output.

Boiler

Steam
supply

Water
resupply

T1

FWH

P2

P1

T2

Condenser

4

3

2

1

7
6

5

8

FIGURE P11.74
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Refrigeration Cycles

11.75 A refrigerator with R-134a as the working fluid
has a minimum temperature of −10◦C and a max-
imum pressure of 1 MPa. Assume an ideal refrig-
eration cycle as in Fig. 11.21. Find the specific
heat transfer from the cold space and that to the
hot space, and determine the COP.

11.76 Repeat the previous problem with R-410a as the
working fluid. Will that work in an ordinary
kitchen?

11.77 Consider an ideal refrigerstion cycle that has a
condenser temperature of 45◦C and an evapora-
tor temperature of −15◦C. Determine the COP of
this refrigerator for the working fluids R-134a and
R-410a.

11.78 The natural refrigerant carbon dioxide has a fairly
low critical temperature. Find the high tempera-
ture, the condensing temperature, and the COP if
it is used in a standard cycle with high and low
pressures of 6 and 3 MPa.

11.79 Do Problem 11.77 with ammonia as the working
fluid.

11.80 A refrigerator receives 500 W of electrical power
to the compressor driving the cycle flow of
R-134a. The refrigerator operates with a condens-
ing temperature of 40◦C and a low temperature of
−5◦C. Find the COP for the cycle.

11.81 A heat pump for heat upgrade uses ammonia with
a low temperature of 25◦C and a high pressure of
5000 kPa. If it receives 1 MW of shaft work, what
is the rate of heat transfer at the high temperature?

11.82 Reconsider the heat pump in the previous prob-
lem. Assume the compressor is split into two.
First, compress to 2000 kPa; then, take heat trans-
fer out at constant P to reach saturated vapor and
compress to 5000 kPa. Find the two rates of heat
transfer, at 2000 kPa and at 5000 kPa, for a total
of 1 MW shaft work input.

11.83 An air conditioner in the airport of Timbuktu runs
a cooling system using R-410a with a high pres-
sure of 1500 kPa and a low pressure of 200 kPa. It
should cool the desert air at 45◦C down to 15◦C.
Find the cycle COP. Will the system work?

11.84 Consider an ideal heat pump that has a condenser
temperature of 50◦C and an evaporator tempera-
ture of 0◦C. Determine the COP of this heat pump
for the working fluids R-134a, and ammonia.

11.85 A refrigerator with R-134a as the working fluid
has a minimum temperature of −10◦C and a maxi-
mum pressure of 1 MPa. The actual adiabatic com-
pressor exit temperature is 60◦C. Assume no pres-
sure loss in the heat exchangers. Find the specific
heat transfer from the cold space and that to the
hot space, the COP, and the isentropic efficiency
of the compressor.

11.86 A refrigerator in a meat warehouse must keep a
low temperature of −15◦C. It uses ammonia as
the refrigerant, which must remove 5 kW from
the cold space. Assume that the outside temper-
ature is 20◦C. Find the flow rate of the ammonia
needed, assuming a standard vapor-compression
refrigeration cycle with a condenser at 20◦C.

11.87 A refrigerator has a steady flow of R-410a as satu-
rated vapor at −20◦C into the adiabatic compres-
sor that brings it to 1400 kPa. After compression
the temperature is measured to be 60◦C. Find the
actual compressor work and the actual cycle COP.

11.88 A heat pump uses R-410a with a high pressure of
3000 kPa and an evaporator operating at 0◦C so
that it can absorb energy from underground water
layers at 8◦C. Find the COP and the temperature
at which it can deliver energy.

11.89 The air conditioner in a car uses R-134a and the
compressor power input is 1.5 kW, bringing the
R-134a from 201.7 kPa to 1200 kPa by compres-
sion. The cold space is a heat exchanger that cools
30◦C atmospheric air from the outside down to
10◦C and blows it into the car. What is the mass
flow rate of the R-134a, and what is the low-
temperature heat-transfer rate? What is the mass
flow rate of air at 10◦C?

11.90 A refrigerator using R-134a is located in a 20◦C
room. Consider the cycle to be ideal, except that
the compressor is neither adiabatic nor reversible.
Saturated vapor at −20◦C enters the compressor,
and the R-134a exits the compressor at 50◦C. The
condenser temperature is 40◦C. The mass flow rate
of refrigerant around the cycle is 0.2 kg/s, and
the COP is measured and found to be 2.3. Find
the power input to the compressor and the rate of
entropy generation in the compressor process.

11.91 A small heat pump unit is used to heat water for
a hot-water supply. Assume that the unit uses am-
monia and operates on the ideal refrigeration cy-
cle. The evaporator temperature is 15◦C, and the
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condenser temperature is 60◦C. If the amount of
hot water needed is 0.1 kg/s, determine the amount
of energy saved by using the heat pump instead of
directly heating the water from 15 to 60◦C.

11.92 The refrigerant R-134a is used as the working fluid
in a conventional heat pump cycle. Saturated va-
por enters the compressor of this unit at 10◦C; its
exit temperature from the compressor is measured
and found to be 85◦C. If the compressor exit is
2 MPa, what is the compressor isentropic effi-
ciency and the cycle COP?

11.93 A refrigerator in a laboratory uses R-134a as the
working substance. The high pressure is 1200 kPa,
the low pressure is 101.3 kPa, and the compressor
is reversible. It should remove 500 W from a spec-
imen currently at −20◦C (not equal to TL in the
cycle) that is inside the refrigerated space. Find
the cycle COP and the electrical power required.

11.94 Consider the previous problem, and find the two
rates of entropy generation in the process and
where they occur.

11.95 In an actual refrigeration cycle using R-134a as
the working fluid, the refrigerant flow rate is 0.05
kg/s. Vapor enters the compressor at 150 kPa and
−10◦C and leaves at 1.2 MPa and 75◦C. The power
input to the nonadiabatic compressor is measured
and found to be 2.4 kW. The refrigerant enters the
expansion valve at 1.15 MPa and 40◦C and leaves
the evaporator at 175 kPa and −15◦C. Determine
the entropy generation in the compression pro-
cess, the refrigeration capacity, and the COP for
this cycle.

Extended Refrigeration Cycles

11.96 One means of improving the performance of a re-
frigeration system that operates over a wide tem-
perature range is to use a two-stage compressor.
Consider an ideal refrigeration system of this type
that uses R-410a as the working fluid, as shown in
Fig. 11.23. Saturated liquid leaves the condenser at
40◦C and is throttled to −20◦C. The liquid and va-
por at this temperature are separated, and the liquid
is throttled to the evaporator temperature, −50◦C.
Vapor leaving the evaporator is compressed to the
saturation pressure corresponding to −20◦C, after
which it is mixed with the vapor leaving the flash
chamber. It may be assumed that both the flash
chamber and the mixing chamber are well insu-

lated to prevent heat transfer from the ambient air.
Vapor leaving the mixing chamber is compressed
in the second stage of the compressor to the sat-
uration pressure corresponding to the condenser
temperature, 40◦C. Determine the following:
a. The COP of the system.
b. The COP of a simple ideal refrigeration cycle

operating over the same condenser and evapo-
rator ranges as those of the two-stage compres-
sor unit studied in this problem.

11.97 A cascade system with one refrigeration cycle op-
erating with R-410a has an evaporator at −40◦C
and a high pressure of 1400 kPa. The high-
temperature cycle uses R-134a with an evaporator
at 0◦C and a high pressure of 1600 kPa. Find the
ratio of the two cycles’ mass flow rates and the
overall COP.

11.98 A cascade system is composed of two ideal re-
frigeration cycles, as shown in Fig. 11.25. The
high-temperature cycle uses R-410a. Saturated
liquid leaves the condenser at 40◦C, and saturated
vapor leaves the heat exchanger at −20◦C. The
low-temperature cycle uses a different refriger-
ant, R-23. Saturated vapor leaves the evaporator
at −80◦C with h = 330 kJ/kg, and saturated liquid
leaves the heat exchanger at −10◦C with h = 185
kJ/kg. R-23 out of the compressor has h = 405
kJ/kg. Calculate the ratio of the mass flow rates
through the two cycles and the COP of the total
system.

11.99 A split evaporator is used to cool the refriger-
ator section and separate cooling of the freezer
section, as shown in Fig. P11.99. Assume constant
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·
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pressure in the two evaporators. How does the
COP = (QL1 + QL2)/W compare to that of a re-
frigerator with a single evaporator at the lowest
temperature?

11.100 A refrigerator using R-410a is powered by a small
natural gas–fired heat engine with a thermal ef-
ficiency of 25%, as shown in Fig. P11.100. The
R-410a condenses at 40◦C, it evaporates at
−20◦C, and the cycle is standard. Find the two
specific heat transfers in the refrigeration cycle.
What is the overall COP as QL/Q1?

Q1

Q2

W
H.E.

Source

Cold space

QL

QH

REF.

FIGURE P11.100

Ammonia Absorption Cycles

11.101 Notice that in the configuration of Fig. 11.26, the
left-hand-side column of devices substitutes for
a compressor in the standard cycle. What is an
expression for the equivalent work output from
the left-hand-side devices, assuming they are re-
versible and the high and low temperatures are
constant, as a function of the pump work W and
the two temperatures?

11.102 As explained in the previous problem, the ammo-
nia absorption cycle is very similar to the setup
sketched in Problem 11.100. Assume the heat en-
gine has an efficiency of 30% and the COP of the
refrigeration cycle is 3.0. What is the ratio of the
cooling to the heating heat transfer QL/Q1?

11.103 Consider a small ammonia absorption refriger-
ation cycle that is powered by solar energy and
is to be used as an air conditioner. Saturated va-
por ammonia leaves the generator at 50◦C, and
saturated vapor leaves the evaporator at 10◦C. If
7000 kJ of heat is required in the generator (solar
collector) per kilogram of ammonia vapor gen-

erated, determine the overall performance of this
system.

11.104 The performance of an ammonia absorption cy-
cle refrigerator is to be compared with that of a
similar vapor-compression system. Consider an
absorption system having an evaporator temper-
ature of −10◦C and a condenser temperature of
50◦C. The generator temperature in this system is
150◦C. In this cycle 0.42 kJ is transferred to the
ammonia in the evaporator for each kilojoule
transferred from the high-temperature source to
the ammonia solution in the generator. To make
the comparison, assume that a reservoir is avail-
able at 150◦C and that heat is transferred from
this reservoir to a reversible engine that rejects
heat to the surroundings at 25◦C. This work is
then used to drive an ideal vapor-compression sys-
tem with ammonia as the refrigerant. Compare the
amount of refrigeration that can be achieved per
kilojoule from the high-temperature source with
the 0.42 kJ that can be achieved in the absorption
system.

Availability or Exergy Concepts

Rankine Cycles

11.105 Find the availability of the water at all four states
in the Rankine cycle described in Problem 11.30.
Assume that the high-temperature source is 500◦C
and the low-temperature reservoir is at 25◦C. De-
termine the flow of availability into or out of the
reservoirs per kilogram of steam flowing in the
cycle. What is the overall second-law efficiency
of the cycle?

11.106 If we neglect the external irreversibilties due to
the heat transfers over finite temperature differ-
ences in a power plant, how would you define its
second-law efficiency?

11.107 Find the flows and fluxes of exergy in the con-
denser of Problem 11.29. Use them to determine
the second-law efficiency.

11.108 Find the flows of exergy into and out of the feed-
water heater in Problem 11.42.

11.109 The power plant using ammonia in Problem 11.62
has a flow of liquid water at 120◦C, 300 kPa, as a
heat source; the water leaves the heat exchanger at
90◦C. Find the second-law efficiency of this heat
exchanger.
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11.110 For Problem 11.52, consider the boiler/superheater.
Find the exergy destruction in this setup and the
second-law efficiency for the boiler-source setup.

11.111 Steam is supplied in a line at 3 MPa, 700◦C. A
turbine with an isentropic efficiency of 85% is
connected to the line by a valve, and it exhausts to
the atmosphere at 100 kPa. If the steam is throttled
down to 2 MPa before entering the turbine, find
the actual turbine specific work. Find the change in
availability through the valve and the second-law
efficiency of the turbine.

11.112 A flow of steam at 10 MPa, 550◦C, goes through
a two-stage turbine. The pressure between the
stages is 2 MPa, and the second stage has an exit at
50 kPa. Assume both stages have an isentropic ef-
ficiency of 85%. Find the second-law efficiencies
for both stages of the turbine.

11.113 The simple steam power plant shown in Prob-
lem 6.103 has a turbine with given inlet and exit
states. Find the availability at the turbine exit, state
6. Find the second-law efficiency for the turbine,
neglecting kinetic energy at state 5.

11.114 Consider the high-pressure closed feedwater
heater in the nuclear power plant described in
Problem 6.106. Determine its second-law effi-
ciency.

11.115 Find the availability of the water at all the states in
the steam power plant described in Problem 11.60.
Assume the heat source in the boiler is at 600◦C
and the low-temperature reservoir is at 25◦C. Give
the second-law efficiency of all the components.

Refrigeration Cycles

11.116 Find two heat transfer rates, the total cycle exergy
destruction, and the second-law efficiency for the
refrigerator in Problem 11.80.

11.117 In a refrigerator, saturated vapor R-134a at −20◦C
from the evaporator goes into a compressor that
has a high pressure of 1000 kPa. After com-
pression the actual temperature is measured to
be 60◦C. Find the actual specific work and the
compressor’s second-law efficiency, using T0 =
298 K.

11.118 What is the second-law efficiency of the heat pump
in Problem 11.81?

11.119 The condenser in a refrigerator receives R-134a
at 700 kPa and 50◦C, and it exits as saturated

liquid at 25◦C. The flow rate is 0.1 kg/s, and the
condenser has air flowing in at an ambient tem-
perature of 15◦C and leaving at 35◦C. Find the
minimum flow rate of air and the heat exchanger
second-law efficiency.

Combined Cycles

See Section 12.12 for text and figures.

11.120 A binary system power plant uses mercury for
the high-temperature cycle and water for the low-
temperature cycle, as shown in Fig. 12.20. The
temperatures and pressures are shown in the cor-
responding T–s diagram. The maximum temper-
ature in the steam cycle is where the steam leaves
the superheater at point 4, where it is 500◦C. De-
termine the ratio of the mass flow rate of mercury
to the mass flow rate of water in the heat exchanger
that condenses mercury and boils the water and the
thermal efficiency of this ideal cycle.

The following saturation properties for mer-
cury are known:

P, T g , h f , hg , s f , kJ/ sg , kJ/
MPa ◦C kJ/kg kJ/kg kg-K kg-K

0.04 309 42.21 335.64 0.1034 0.6073

1.60 562 75.37 364.04 0.1498 0.4954

11.121 A Rankine steam power plant should operate with
a high pressure of 3 MPa, a low pressure of
10 kPa, and a boiler exit temperature of 500◦C.
The available high-temperature source is the ex-
haust of 175 kg/s air at 600◦C from a gas turbine.
If the boiler operates as a counterflowing heat ex-
changer where the temperature difference at the
pinch point is 20◦C, find the maximum water mass
flow rate possible and the air exit temperature.

11.122 Consider an ideal dual-loop heat-powered refrig-
eration cycle using R-134a as the working fluid, as
shown in Fig. P11.122. Saturated vapor at 90◦C
leaves the boiler and expands in the turbine to
the condenser pressure. Saturated vapor at −15◦C
leaves the evaporator and is compressed to the
condenser pressure. The ratio of the flows through
the two loops is such that the turbine produces just
enough power to drive the compressor. The two ex-
iting streams mix together and enter the condenser.
Saturated liquid leaving the condenser at 45◦C is
then separated into two streams in the necessary
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proportions. Determine the ratio of mass flow rate
through the power loop to that through the refriger-
ation loop. Find also the performance of the cycle
in terms of the ratio QL/QH .

·
QH

·
Wp

Boiler

Compressor

Pump

Expansion
valve

Evaporator

Refrigeration
loop

Power
loop

Condenser

Turbine

·
QL

FIGURE P11.122

11.123 For a cryogenic experiment, heat should be re-
moved from a space at 75 K to a reservoir at
180 K. A heat pump is designed to use nitro-
gen and methane in a cascade arrangement (see
Fig. 11.25), where the high temperature of the ni-
trogen condensation is at 10 K higher than the
low-temperature evaporation of the methane. The
two other phase changes take place at the listed
reservoir temperatures. Find the saturation tem-
peratures in the heat exchanger between the two
cycles that give the best COP for the overall
system.

11.124 For Problem 11.121, determine the change of
availability of the water flow and that of the air
flow. Use these to determine the second-law effi-
ciency for the boiler heat exchanger.

Review Problems

11.125 Do Problem 11.27 with R-134a as the working
fluid in the Rankine cycle.

11.126 A simple steam power plant is said to have the
four states as listed: (1) 20◦C, 100 kPa, (2) 25◦C,
1 MPa, (3) 1000◦C, 1 MPa, (4) 250◦C, 100 kPa,
with an energy source at 1100◦C, and it rejects

energy to a 0◦C ambient. Is this cycle possible?
Are any of the devices impossible?

11.127 Consider an ideal steam reheat cycle as shown in
Fig. 11.9, where steam enters the high-pressure
turbine at 4 MPa and 450◦C with a mass flow
rate of 20 kg/s. After expansion to 400 kPa, it is
reheated to T5 flowing through the low-pressure
turbine out to the condenser operating at 10 kPa.
Find T5 so that the turbine exit quality is at least
95%. For this reheat temperature, find also the
thermal efficiency of the cycle and the net power
output.

11.128 An ideal steam power plant is designed to operate
on the combined reheat and regenerative cycle and
to produce a net power output of 10 MW. Steam
enters the high-pressure turbine at 8 MPa, 550◦C,
and is expanded to 0.6 MPa. At this pressure, some
of the steam is fed to an open feedwater heater and
the remainder is reheated to 550◦C. The reheated
steam is then expanded in the low-pressure tur-
bine to 10 kPa. Determine the steam flow rate to
the high-pressure turbine and the power required
to drive each pump.

11.129 Steam enters the turbine of a power plant at
5 MPa and 400◦C and exhausts to the condenser
at 10 kPa. The turbine produces a power output of
20 000 kW with an isentropic efficiency of 85%.
What is the mass flow rate of steam around the cy-
cle and the rate of heat rejection in the condenser?
Find the thermal efficiency of the power plant.

11.130 In one type of nuclear power plant, heat is trans-
ferred in the nuclear reactor to liquid sodium. The
liquid sodium is then pumped through a heat ex-
changer where heat is transferred to boiling wa-
ter. Saturated vapor steam at 5 MPa exits this heat
exchanger and is then superheated to 600◦C in
an external gas-fired superheater. The steam en-
ters the reversible turbine, which has one (open-
type) feedwater extraction at 0.4 MPa, and the
condenser pressure is 7.5 kPa. Determine the heat
transfer in the reactor and in the superheater to
produce a net power output of 1 MW.

11.131 An industrial application has the following steam
requirement: one 10-kg/s stream at a pressure
of 0.5 MPa and one 5-kg/s stream at 1.4 MPa
(both saturated or slightly superheated vapor).
These are obtained by cogeneration, whereby a
high-pressure boiler supplies steam at 10 MPa
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and 500◦C to a reversible turbine. The required
amount is withdrawn at 1.4 MPa, and the remain-
der is expanded in the low-pressure end of the
turbine to 0.5 MPa, providing the second required
steam flow.
a. Determine the power output of the turbine and

the heat-transfer rate in the boiler.
b. Compute the rates needed if the steam were

generated in a low-pressure boiler without co-
generation. Assume that for each, 20◦C liquid
water is pumped to the required pressure and
fed to a boiler.

11.132 The effect of a number of open feedwater heaters
on the thermal efficiency of an ideal cycle is to
be studied. Steam leaves the steam generator at
20 MPa, 600◦C, and the cycle has a condenser
pressure of 10 kPa. Determine the thermal effi-
ciency for each of the following cases. A: No feed-
water heater. B: One feedwater heater operating at
1 MPa. C: Two feedwater heaters, one operating
at 3 MPa and the other at 0.2 MPa.

11.133 A jet ejector, a device with no moving parts,
functions as the equivalent of a coupled turbine-
compressor unit (see Problems 9.157 and 9.168).
Thus, the turbine-compressor in the dual-loop cy-
cle of Fig. P11.122 could be replaced by a jet
ejector. The primary stream of the jet ejector en-
ters from the boiler, the secondary stream enters
from the evaporator, and the discharge flows to
the condenser. Alternatively, a jet ejector may be
used with water as the working fluid. The pur-

pose of the device is to chill water, usually for
an air-conditioning system. In this application the
physical setup is as shown in Fig. P11.133. Using
the data given on the diagram, evaluate the perfor-
mance of this cycle in terms of the ratio QL/QH .
a. Assume an ideal cycle.
b. Assume an ejector efficiency of 20% (see Prob-

lem 9.168).
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Rankine Cycles

11.134E A steam power plant, as shown in Fig. 11.3, op-
erating in a Rankine cycle has saturated vapor at
600 lbf/in.2 leaving the boiler. The turbine ex-
hausts to the condenser operating at 2.23 psi.
Find the specific work and heat transfer in each
of the ideal components and the cycle efficiency.

11.135E Consider a solar-energy-powered ideal Rank-
ine cycle that uses water as the working
fluid. Saturated vapor leaves the solar collec-
tor at 350 F, and the condenser pressure is
0.95 psi. Determine the thermal efficiency of
this cycle.

11.136E A Rankine cycle with R-410a has the boiler at
600 psia superheating to 340 F, and the con-
denser operates at 100 psia. Find all four energy
transfers and the cycle efficiency.

11.137E A low-temperature power plant operates with
R-410a maintaining 60 psia in the condenser and
a high pressure of 400 psia with superheat. Find
the temperature out of the boiler/superheater so
that the turbine exit temperature is 20 F, and find
the overall cycle efficiency.

11.138E A supply of geothermal hot water is to be used as
the energy source in an ideal Rankine cycle, with
R-134a as the cycle working fluid. Saturated
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vapor R-134a leaves the boiler at a temperature
of 180 F, and the condenser temperature is 100
F. Calculate the thermal efficiency of this cycle.

11.139E Do Problem 11.138 with R-410a as the working
fluid.

11.140E A smaller power plant produces 50 lbm/s steam
at 400 psia, 1100 F, in the boiler. It cools the
condenser with ocean water coming in at 55 F
and returned at 60 F, so that the condenser exit
is at 110 F. Find the net power output and the
required mass flow rate of ocean water.

11.141E The power plant in Problem 11.134 is modified
to have a superheater section following the boiler
so that the steam leaves the superheater at 600
lbf/in.2, 700 F. Find the specific work and heat
transfer in each of the ideal components and the
cycle efficiency.

11.142E Consider a simple ideal Rankine cycle using
water at a supercritical pressure. Such a cycle
has the potential advantage of minimizing lo-
cal temperature differences between the fluids
in the steam generator, such as when the high-
temperature energy source is the hot exhaust gas
from a gas-turbine engine. Calculate the thermal
efficiency of the cycle if the state entering the tur-
bine is 3500 lbf/in.5, 1100 F, and the condenser
pressure is 1 lbf/in.2. What is the steam quality
at the turbine exit?

11.143E A Rankine cycle uses ammonia as the work-
ing substance and is powered by solar energy.
It heats the ammonia to 320 F at 800 psia in
the boiler/superheater. The condenser is water
cooled, and the exit is kept at 70 F. Find the cy-
cle efficiency.

11.144E Assume that the power plant in Problem 11.143
should deliver 1000 Btu/s. What is the mass flow
rate of ammonia?

11.145E Consider an ideal steam reheat cycle in which
the steam enters the high-pressure turbine at 600
lbf/in.2, 700 F, and then expands to 120 lbf/in.2.
It is then reheated to 700 F and expands to
2.23 psi in the low-pressure turbine. Calculate
the thermal efficiency of the cycle and the
moisture content of the steam leaving the low-
pressure turbine.

11.146E Consider an ideal steam regenerative cycle in
which steam enters the turbine at 600 lbf/in.2,

700 F, and exhausts to the condenser at 2.23
psi. Steam is extracted from the turbine at 120
lbf/in.2 for an open feedwater heater. The feed-
water leaves the heater as saturated liquid. The
appropriate pumps are used for the water leaving
the condenser and the feedwater heater. Calcu-
late the thermal efficiency of the cycle and the
net work per pound-mass of steam.

11.147E A closed feedwater heater in a regenerative
steam power cycle heats 40 lbm/s of water from
200 F, 2000 lbf/in.2, to 450 F, 2000 lbf/in.2.
The extraction steam from the turbine enters the
heater at 500 lbf/in.2, 550 F, and leaves as satu-
rated liquid. What is the required mass flow rate
of the extraction steam?

11.148E A Rankine cycle feeds 10 lbm/s ammonia at 300
psia, 280 F, to the turbine, which has an extrac-
tion point at 125 psia. The condenser is at 0 F,
and a closed feedwater heater has an exit state
(3) at the temperature of the condensing extrac-
tion flow and a drip pump. The source for the
boiler is at a constant 350 F. Find the extraction
flow rate and state 4 into the boiler.

11.149E A steam power cycle has a high pressure of
500 lbf/in.2 and a condenser exit temperature of
110 F. The turbine efficiency is 85%, and other
cycle components are ideal. If the boiler super-
heats to 1400 F, find the cycle thermal efficiency.

11.150E The steam power cycle in Problem 11.134 has
an isentropic efficiency of 85% for the turbine
and 80% for the pump. Find the cycle efficiency
and the specific work and heat transfer in the
components.

11.151E Steam leaves a power plant steam generator at
500 lbf/in.2, 650 F, and enters the turbine at 490
lbf/in.2, 625 F. The isentropic turbine efficiency
is 88%, and the turbine exhaust pressure is 1.7
lb/in.2. Condensate leaves the condenser and en-
ters the pump at 110 F, 1.7 lbf/in.2. The isen-
tropic pump efficiency is 80%, and the discharge
pressure is 520 lbf/in.2. The feedwater enters the
steam generator at 510 lbf/in.2, 100 F. Calculate
the thermal efficiency of the cycle and the en-
tropy generation of the flow in the line between
the steam generator exit and the turbine inlet,
assuming an ambient temperature of 77 F.

11.152E A boiler delivers steam at 1500 lbf/in.2, 1000
F, to a reversible two-stage turbine, as shown in
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Fig. 11.11. After the first stage, 25% of the steam
is extracted at 200 lbf/in.2 for a process appli-
cation and returned at 150 lbf/in.2, 190 F, to the
feedwater line. The remainder of the steam con-
tinues through the low-pressure turbine stage,
which exhausts to the condenser at 2 lbf/in.2.
One pump brings the feedwater to 150 lbf/in.2

and a second pump brings it to 1500 lbf/in.2. If
the process application requires 5000 Btu/s of
power, how much power can be cogenerated by
the turbine?

Refrigeration Cycles

11.153E A car air conditioner (refrigerator) in 70 F am-
bient air uses R-134a, which should cool the air
to 20 F. What is the minimum high P and the
maximum low P it can use?

11.154E Consider an ideal refrigeration cycle that has a
condenser temperature of 110 F and an evapo-
rator temperature of 5 F. Determine the COP of
this refrigerator for the working fluids R-134a
and R-410a.

11.155E Find the high temperature, the condensing tem-
perature, and the COP if ammonia is used in a
standard refrigeration cycle with high and low
pressures of 800 psia and 300 psia, respectively.

11.156E A refrigerator receives 500 W of electrical power
to the compressor driving the cycle flow of
R-134a. The refrigerator operates with a con-
densing temperature of 100 F and a low tem-
perature of −10 F. Find the COP for the
cycle.

11.157E Consider an ideal heat pump that has a con-
denser temperature of 120 F and an evaporator
temperature of 30 F. Determine the COP of this
heat pump for the working fluids R-410a and
ammonia.

11.158E The refrigerant R-134a is used as the working
fluid in a conventional heat pump cycle. Satu-
rated vapor enters the compressor of this unit at
50 F; its exit temperature from the compressor
is measured and found to be 185 F. If the com-
pressor exit is 300 psia, what is the isentropic
efficiency of the compressor and the COP of the
heat pump?

Availability and Combined Cycles

11.159E (Advanced) Find the availability of the water at
all four states in the Rankine cycle described in

Problem 11.141E. Assume the high-temperature
source is 900 F and the low-temperature reser-
voir is at 65 F. Determine the flow of availability
in or out of the reservoirs per pound-mass of
steam flowing in the cycle. What is the overall
cycle second-law efficiency?

11.160E Find the flows and fluxes of exergy in the con-
denser of Problem 11.140E. Use them to deter-
mine the second-law efficiency.

11.161E Find the flows of exergy into and out of the feed-
water heater in Problem 11.140E.

11.162E For Problem 11.148E, consider the boiler/
superheater. Find the exergy destruction and
the second-law efficiency for the boiler-source
setup.

11.163E Find two heat transfer rates, the total cycle ex-
ergy destruction, and the second-law efficiency
for the refrigerator in Problem 11.156E.

11.164E Consider an ideal dual-loop heat-powered re-
frigeration cycle using R-134a as the working
fluid, as shown in Fig. P11.122. Saturated vapor
at 220 F leaves the boiler and expands in the tur-
bine to the condenser pressure. Saturated vapor
at 0 F leaves the evaporator and is compressed
to the condenser pressure. The ratio of the flows
through the two loops is such that the turbine
produces just enough power to drive the com-
pressor. The two exiting streams mix together
and enter the condenser. Saturated liquid leav-
ing the condenser at 110 F is then separated into
two streams in the necessary proportions. De-
termine the ratio of mass flow rate through the
power loop to that through the refrigeration loop.
Find also the performance of the cycle, in terms
of the ratio QL/QH .

11.165E The simple steam power plant in Problem
6.180E, shown in Fig. P6.103, has a turbine with
given inlet and exit states. Find the availability at
the turbine exit, state 6. Find the second-law effi-
ciency for the turbine, neglecting kinetic energy
at state 5.

11.166E Steam is supplied in a line at 400 lbf/in.2, 1200 F.
A turbine with an isentropic efficiency of 85% is
connected to the line by a valve, and it exhausts
to the atmosphere at 14.7 lbf/in.2. If the steam
is throttled down to 300 lbf/in.2 before entering
the turbine, find the actual turbine specific work.
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Find the change in availability through the valve
and the second law efficiency of the turbine.

Review Problems

11.167E Consider a small ammonia absorption refriger-
ation cycle that is powered by solar energy and
is to be used as an air conditioner. Saturated va-
por ammonia leaves the generator at 120 F, and
saturated vapor leaves the evaporator at 50 F. If
3000 Btu of heat is required in the generator
(solar collector) per pound-mass of ammonia
vapor generated, determine the overall perfor-
mance of this system.

11.168E Consider an ideal combined reheat and regen-
erative cycle in which steam enters the high-
pressure turbine at 500 lbf/in.2, 700 F, and is ex-
tracted to an open feedwater heater at 120 lbf/in.2

with exit as saturated liquid. The remainder of

the steam is reheated to 700 F at this pressure,
120 lbf/in.2, and is fed to the low-pressure tur-
bine. The condenser pressure is 2 lbf/in.2. Cal-
culate the thermal efficiency of the cycle and the
net work per pound-mass of steam.

11.169E In one type of nuclear power plant, heat is trans-
ferred in the nuclear reactor to liquid sodium.
The liquid sodium is then pumped through a heat
exchanger where heat is transferred to boiling
water. Saturated vapor steam at 700 lbf/in.2 ex-
its this heat exchanger and is then superheated
to 1100 F in an external gas-fired superheater.
The steam enters the turbine, which has one
(open-type) feedwater extraction at 60 lbf/in.2.
The isentropic turbine efficiency is 87%, and
the condenser pressure is 1 lbf/in.2. Determine
the heat transfer in the reactor and in the super-
heater to produce a net power output of 1000
Btu/s.

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS

11.170 The effect of turbine exhaust pressure on the per-
formance of the ideal steam Rankine cycle given
in Problem 11.30 is to be studied. Calculate the
thermal efficiency of the cycle and the moisture
content of the steam leaving the turbine for tur-
bine exhaust pressures of 5, 10, 50, and 100 kPa.
Plot the thermal efficiency versus turbine exhaust
pressure for the specified turbine inlet pressure
and temperature.

11.171 The effect of turbine inlet pressure on the per-
formance of the ideal steam Rankine cycle given
in Problem 11.30 is to be studied. Calculate
the thermal efficiency of the cycle and the mois-
ture content of the steam leaving the turbine
for turbine inlet pressures of 1, 3.5, 6, and 10
MPa. Plot the thermal efficiency versus turbine
inlet pressure for the specified turbine inlet tem-
perature and exhaust pressure.

11.172 A power plant is built to provide district heating
of buildings that requires 90◦C liquid water at 150
kPa. The district heating water is returned at 50◦C,
100 kPa, in a closed loop in an amount such that
20 MW of power is delivered. This hot water is
produced from a steam power cycle with a boiler
making steam at 5 MPa, 600◦C, delivered to the

steam turbine. The steam cycle could have its con-
denser operate at 90◦C, providing the power to the
district heating. It could also be done with extrac-
tion of steam from the turbine. Suggest a system
and evaluate its performance in terms of the co-
generated amount of turbine work.

11.173 Use the software for the properties to consider
the moisture separator in Problem 6.106. Steam
comes in at state 3 and leaves as liquid, state 9,
with the rest, at state 4, going to the low-pressure
turbine. Assume no heat transfer and find the total
entropy generation and irreversibility in the pro-
cess.

11.174 The effect of evaporator temperature on the COP
of a heat pump is to be studied. Consider an ideal
cycle with R-134a as the working fluid and a con-
denser temperature of 40◦C. Plot a curve for the
COP versus the evaporator temperature for tem-
peratures from +15 to −25◦C.

11.175 A hospital requires 2 kg/s steam at 200◦C,
125 kPa, for sterilization purposes, and space heat-
ing requires 15 kg/s hot water at 90◦C, 100 kPa.
Both of these requirements are provided by the
hospital’s steam power plant. Discuss some ar-
rangement that will accomplish this.
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11.176 Investigate the maximum power out of a steam
power plant with operating conditions as in Prob-
lem 11.30. The energy source is 100 kg/s com-
bustion products (air) at 125 kPa, 1200 K. Make
sure the air temperature is higher than the water
temperature throughout the boiler.

11.177 In Problem 11.121, a steam cycle was powered by
the exhaust from a gas turbine. With a single water
flow and air flow heat exchanger, the air is leaving
with a relatively high temperature. Analyze how
more of the energy in the air can be used before
the air flows out to the chimney. Can it be used in
a feedwater heater?

11.178 The condenser in Problem 6.103 uses cooling wa-
ter from a lake at 20◦C and it should not be heated

more than 5◦C, as it goes back to the lake. Assume
the heat transfer rate inside the condenser is Q̇ =
350 (W /m2 K) × A �T . Estimate the flow rate of
the cooling water and the needed interface area.
Discuss your estimates and the size of the pump
for the cooling water.

Assign only one of these, like, Problem 11.179 (c) (all
included in the Solution Manual).

11.179 Use the computer software to solve the following
problems with R-12 as the working substance: (a)
11.75, (b) 11.77, (c) 11.86, (d) 11.95, (e) 11.157.

11.180 Use the computer software to solve the following
problems with R-22 as the working substance: (a)
11.21, (b) 11.25, (c) 11.77, (d) 11.92, (e) 11.138.

Consider also, Problems 11.168 and 10.169.
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HOMEWORK PROBLEMS

Brayton Cycles, Gas Turbines

12.14 In a Brayton cycle the inlet is at 300 K, 100 kPa,
and the combustion adds 670 kJ/kg. The max-
imum temperature is 1200 K due to material
considerations. Find the maximum permissible
compression ratio and, for that ratio, the cycle
efficiency using cold-air properties.

12.15 A Brayton cycle has a compression ratio of 15:1
with a high temperature of 1600 K and the inlet at
290 K, 100 kPa. Use cold air properties and find
the specific heat transfer and specific net work
output.

12.16 A large stationary Brayton-cycle gas turbine
power plant delivers a power output of 100 MW to
an electric generator. The minimum temperature
in the cycle is 300 K, and the maximum tempera-
ture is 1600 K. The minimum pressure in the cycle
is 100 kPa, and the compressor pressure ratio is
14 to 1. Calculate the power output of the turbine.
What fraction of the turbine output is required to
drive the compressor? What is the thermal effi-
ciency of the cycle?

12.17 Consider an ideal air-standard Brayton cycle in
which the air into the compressor is at 100 kPa,
20◦C, and the pressure ratio across the compres-
sor is 12:1. The maximum temperature in the cy-
cle is 1100◦C, and the air flow rate is 10 kg/s.
Assume constant specific heat for the air (from
Table A.5). Determine the compressor work, the
turbine work, and the thermal efficiency of the
cycle.

12.18 Repeat Problem 12.17, but assume variable spe-
cific heat for the air (Table A.7).

12.19 A Brayton cycle has inlet at 290 K, 90 kPa, and
the combustion adds 1000 kJ/kg. How high can
the compression ratio be so the highest tempera-
ture is below 1700 K?

12.20 A Brayton cycle produces net 50 MW with an
inlet state of 17◦C, 100 kPa, and the pressure
ratio is 14:1. The highest cycle temperature is
1600 K. Find the thermal efficiency of the cy-
cle and the mass flow rate of air using cold air
properties.

12.21 A Brayton cycle produces 14 MW with an inlet
state of 17◦C, 100 kPa, and a compression ratio

of 16:1. The heat added in the combustion is 960
kJ/kg. What is the highest temperature and the
mass flow rate of air, assuming cold air proper-
ties?

12.22 Do the previous problem with properties from
Table A.7.1 instead of cold air properties.

12.23 Solve Problem 12.15 using the air tables A.7 in-
stead of cold air properties.

12.24 Solve Problem 12.14 with variable specific heats
using Table A.7.

Regenerators, Intercoolers, and
Nonideal Cycles

12.25 Would it be better to add an ideal regenerator to
the Brayton cycle in Problem 12.20?

12.26 A Brayton cycle with an ideal regenerator has in-
let at 290 K, 90 kPa, with the highest P, T as
1170 kPa, 1700 K. Find the specific heat trans-
fer and the cycle efficiency using cold air proper-
ties.

12.27 An ideal regenerator is incorporated into the ideal
air-standard Brayton cycle of Problem 12.17. Find
the thermal efficiency of the cycle with this mod-
ification.

12.28 Consider an ideal gas-turbine cycle with a pres-
sure ratio across the compressor of 12:1. The com-
pressor inlet is at 300 K, 100 kPa, and the cycle has
a maximum temperature of 1600 K with an ideal
regenerator. Find the thermal efficiency of the cy-
cle using cold air properties. If the compression
ratio is raised, T4 − T2 goes down. At what com-
pression ratio is T2 = T4 so that the regenerator
cannot be used?

12.29 A two-stage air compressor has an intercooler be-
tween the two stages, as shown in Fig. P12.29. The
inlet state is 100 kPa, 290 K, and the final exit
pressure is 1.6 MPa. Assume that the constant-
pressure intercooler cools the air to the inlet tem-
perature, T3 = T1. It can be shown that the op-
timal pressure is P2 = (P1P4)1/2, for minimum
total compressor work. Find the specific compres-
sor works and the intercooler heat transfer for the
optimal P2.
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12.30 Assume the compressor in Problem 12.21 has an
intercooler that cools the air to 330 K, operating
at 500 kPa, followed by a second-stage compres-
sion to 1600 kPa. Find the specific heat transfer
in the intercooler and the total compression work
required.

12.31 The gas-turbine cycle shown in Fig. P12.31 is
used as an automotive engine. In the first tur-
bine, the gas expands to pressure P5, just low
enough for this turbine to drive the compressor.
The gas is then expanded through the second tur-
bine connected to the drive wheels. The data for
the engine are shown in the figure, and assume
that all processes are ideal. Determine the inter-
mediate pressure P5, the net specific work out-
put of the engine, and the mass flow rate through
the engine. Find also the air temperature entering
the burner T3 and the thermal efficiency of the
engine.
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FIGURE P12.31

12.32 Repeat Problem 12.29 when the intercooler
brings the air to T3 = 320 K. The cor-
rected formula for the optimal pressure is P2 =
[P1P4(T3/T1)n/(n–1)]1/2. See Problem 9.241,
where n is the exponent in the assumed polytropic
process.

12.33 Repeat Problem 12.16, but include a regenerator
with 75% efficiency in the cycle.

12.34 An air compressor has inlet of 100 kPa, 290 K,
and brings it to 500 kPa, after which the air is
cooled in an intercooler to 340 K by heat transfer
to the ambient 290 K. Assume this first compres-
sor stage has an isentropic efficiency of 85% and
is adiabatic. Using constant specific heat, find the
compressor exit temperature and the specific en-
tropy generation in the process.

12.35 A two-stage compressor in a gas turbine brings
atmospheric air at 100 kPa, 17◦C, to 500 kPa and
then cools it in an intercooler to 27◦C at constant
P. The second stage brings the air to 1000 kPa. As-
sume that both stages are adiabatic and reversible.
Find the combined specific work to the compres-
sor stages. Compare that to the specific work for
the case of no intercooler (i.e., one compressor
from 100 to 1000 kPa).

12.36 Repeat Problem 12.16, but assume that the com-
pressor has an isentropic efficiency of 85% and
the turbine an isentropic efficiency of 88%.

12.37 A gas turbine with air as the working fluid has two
ideal turbine sections, as shown in Fig. P12.37, the
first of which drives the ideal compressor, with the
second producing the power output. The compres-
sor input is at 290 K, 100 kPa, and the exit is at



P1: KUF/OVY P2: OSO/OVY QC: SCF/OVY T1: SCF

GTBL057-12 GTBL057-Borgnakke-v7 June 11, 2008 16:25

Confirm Pages

512 � CHAPTER TWELVE POWER AND REFRIGERATION SYSTEMS—GASEOUS WORKING FLUIDS

450 kPa. A fraction of flow, x, bypasses the burner
and the rest (1 − x) goes through the burner, where
1200 kJ/kg is added by combustion. The two flows
then mix before entering the first turbine and con-
tinue through the second turbine, with exhaust at
100 kPa. If the mixing should result in a tem-
perature of 1000 K into the first turbine, find the
fraction x. Find the required pressure and temper-
ature into the second turbine and its specific power
output.

WT2
·

2 3

4

51

Burner

C T1

x

1 – x

T2

FIGURE P12.37

12.38 A gas turbine has two stages of compression,
with an intercooler between the stages (see Fig.
P12.29). Air enters the first stage at 100 kPa
and 300 K. The pressure ratio across each com-
pressor stage is 5:1, and each stage has an isen-
tropic efficiency of 82%. Air exits the intercooler
at 330 K. Calculate the exit temperature from
each compressor stage and the total specific work
required.

12.39 Repeat the questions in Problem 12.31 when we
assume that friction causes pressure drops in
the burner and on both sides of the regenerator.
In each case, the pressure drop is estimated to
be 2% of the inlet pressure to that component of
the system, so P3 = 588 kPa, P4 = 0.98 P3, and
P6 = 102 kPa.

Ericsson Cycles

12.40 Consider an ideal air-standard Ericsson cycle that
has an ideal regenerator, as shown in Fig. P12.40.
The high pressure is 1 MPa, and the cycle effi-
ciency is 70%. Heat is rejected in the cycle at a
temperature of 350 K, and the cycle pressure at
the beginning of the isothermal compression pro-
cess is 150 kPa. Determine the high temperature,

the compressor work, and the turbine work per
kilogram of air.
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FIGURE P12.40

12.41 An air-standard Ericsson cycle has an ideal re-
generator. Heat is supplied at 1000◦C, and heat
is rejected at 80◦C. Pressure at the beginning of
the isothermal compression process is 70 kPa.
The heat added is 700 kJ/kg. Find the compres-
sor work, the turbine work, and the cycle effi-
ciency.

Jet Engine Cycles

12.42 The Brayton cycle in Problem 12.16 is changed to
be a jet engine cycle. Find the exit velocity using
cold air properties.

12.43 Consider an ideal air-standard cycle for a gas
turbine, jet propulsion unit, such as that shown in
Fig. 12.9. The pressure and temperature entering
the compressor are 90 kPa and 290 K. The pres-
sure ratio across the compressor is 14:1, and the
turbine inlet temperature is 1500 K. When the air
leaves the turbine, it enters the nozzle and ex-
pands to 90 kPa. Determine the pressure at the
nozzle inlet and the velocity of the air leaving the
nozzle.

12.44 Solve the previous problem using the air tables.

12.45 The turbine section in a jet engine receives gas
(assumed to be air) at 1200 K and 800 kPa with
an ambient atmosphere at 80 kPa. The turbine is
followed by a nozzle open to the atmosphere, and
all the turbine work drives a compressor receiving
air at 85 kPa and 270 K with the same flow rate.
Find the turbine exit pressure so that the nozzle
has an exit velocity of 800 m/s.
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12.46 Given the conditions in the previous problem,
what pressure could an ideal compressor gener-
ate (not the 800 kPa but higher)?

12.47 Consider a turboprop engine where the turbine
powers the compressor and a propeller. Assume
the same cycle as in Problem 12.43 with a turbine
exit temperature of 900 K. Find the specific work
to the propeller and the exit velocity.

12.48 Consider an air-standard jet engine cycle operat-
ing in a 280-K, 100-kPa environment. The com-
pressor requires a shaft power input of 4000 kW.
Air enters the turbine state 3 at 1600 K and 2 MPa,
at the rate of 9 kg/s, and the isentropic efficiency
of the turbine is 85%. Determine the pressure and
temperature entering the nozzle.

12.49 Solve the previous problem using the air tables.

12.50 A jet aircraft is flying at an altitude of 4900 m,
where the ambient pressure is approximately
55 kPa and the ambient temperature is −18◦C.
The velocity of the aircraft is 280 m/s, the pressure
ratio across the compressor is 14:1, and the cycle
maximum temperature is 1450 K. Assume that
the inlet flow goes through a diffuser to zero rela-
tive velocity at state a, Fig. 12.9. Find the temper-
ature and pressure at state a and the velocity (rela-
tive to the aircraft) of the air leaving the engine at
55 kPa.

12.51 The turbine in a jet engine receives air at 1250 K
and 1.5 MPa. It exhausts to a nozzle at 250 kPa,
which in turn exhausts to the atmosphere at 100
kPa. The isentropic efficiency of the turbine is
85%, and the nozzle efficiency is 95%. Find the
nozzle inlet temperature and the nozzle exit ve-
locity. Assume negligible kinetic energy out of
the turbine.

12.52 Solve the previous problem using the air tables.

12.53 An afterburner in a jet engine adds fuel after the
turbine, thus raising the pressure and temperature
via the energy of combustion. Assume a standard
condition of 800 K and 250 kPa after the turbine
into the nozzle that exhausts at 95 kPa. Assume
the afterburner adds 450 kJ/kg to that state with
a rise in pressure for the same specific volume,
and neglect any upstream effects on the turbine.
Find the nozzle exit velocity before and after the
afterburner is turned on.
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nozzle

Combustors

Turbine

Fuel-spray bars

Air

in

Flame holder

FIGURE P12.53

Air-Standard Refrigeration Cycles

12.54 An air-standard refrigeration cycle has air into the
compressor at 100 kPa, 270 K, with a compression
ratio of 3:1. The temperature after heat rejection
is 300 K. Find the COP and the lowest cycle tem-
perature.

12.55 A standard air refrigeration cycle has −10◦C,
100 kPa, into the compressor, and the ambient
cools the air to down to 35◦C at 400 kPa. Find
the lowest T in the cycle, the low T specific heat
transfer, and the specific compressor work.

12.56 The formula for the COP assuming cold-air prop-
erties is given for the standard refrigeration cycle
in Eq. 12.5. Develop a similar formula for the
cycle variation with a heat exchanger as shown in
Fig. 12.12.

12.57 Assume a refrigeration cycle as shown in Fig.
12.12 with a reversible adiabatic compressor and
expander. For this cycle, the low pressure is
100 kPa and the high pressure is 1.4 MPa with
constant-pressure heat exchangers (see the T–s
diagram in Fig. 12.12). The temperatures are
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T4 = T6 = −50◦C and T1 = T3 = 15◦C. Find
the COP for this refrigeration cycle.

12.58 Repeat Problem 12.57, but assume that helium is
the cycle working fluid instead of air. Discuss the
significance of the results.

12.59 Repeat Problem 12.57, but assume an isentropic
efficiency of 75% for both the compressor and the
expander.

Otto Cycles, Gasoline Engines

12.60 A four-stroke gasoline engine runs at 1800 RPM
with a total displacement of 2.4 L and a com-
pression ratio of 10:1. The intake is at 290
K, 75 kPa, with a mean effective pressure of
600 kPa. Find the cycle efficiency and power
output.

12.61 A four-stroke gasoline 4.2-L engine running at
2000 RPM has an inlet state of 85 kPa, 280 K.
After combustion it is 2000 K, and the high-
est pressure is 5 MPa. Find the compression ra-
tio, the cycle efficiency, and the exhaust tempera-
ture.

12.62 Find the power from the engine in Problem 12.61.

12.63 Air flows into a gasoline engine at 95 kPa and
300 K. The air is then compressed with a vol-
umetric compression ratio of 8:1. The combus-
tion process releases 1300 kJ/kg of energy as the
fuel burns. Find the temperature and pressure after
combustion using cold air properties.

12.64 A 2.4-L gasoline engine runs at 2500 RPM with
a compression ratio of 9:1. The state before com-
pression is 40 kPa, 280 K, and after combustion
it is at 2000 K. Find the highest T and P in the
cycle, the specific heat transfer added, the cycle
efficiency, and the exhaust temperature.

12.65 Suppose we reconsider the previous problem, and
instead of the standard ideal cycle we assume the
expansion is a polytropic process with n = 1.5.
What are the exhaust temperature and the expan-
sion specific work?

12.66 A gasoline engine has a volumetric compression
ratio of 8 and before compression has air at 280 K
and 85 kPa. The combustion generates a peak
pressure of 6500 kPa. Find the peak temperature,
the energy added by the combustion process, and
the exhaust temperature.

12.67 To approximate an actual spark-ignition engine,
consider an air-standard Otto cycle that has a heat
addition of 1800 kJ/kg of air, a compression ratio
of 7, and a pressure and temperature at the begin-
ning of the compression process of 90 kPa and
10◦C. Assuming constant specific heat, with the
value from Table A.5, determine the maximum
pressure and temperature of the cycle, the ther-
mal efficiency of the cycle, and the mean effective
pressure.

Spark
plug

Inlet valve

Air–fuel mixture
Cylinder

FIGURE P12.67

12.68 A 3.3-L minivan engine runs at 2000 RPM
with a compression ratio of 10:1. The intake is
at 50 kPa, 280 K, and after expansion it is at 750
K. Find the highest T in the cycle, the specific
heat transfer added by combustion, and the mean
effective pressure.

12.69 A gasoline engine takes air in at 290 K and
90 kPa and then compresses it. The combustion
adds 1000 kJ/kg to the air, after which the tem-
perature is 2050 K. Use the cold air properties
(i.e., constant heat capacities at 300 K) and find
the compression ratio, the compression specific
work, and the highest pressure in the cycle.

12.70 Answer the same three questions for the pre-
vious problem, but use variable heat capacities
(use Table A.7).

12.71 A four-stroke gasoline engine has a compression
ratio of 10:1 with four cylinders of total displace-
ment 2.3 L. The inlet state is 280 K, 70 kPa,
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and the engine is running at 2100 RPM, with the
fuel adding 1800 kJ/kg in the combustion process.
What is the net work in the cycle, and how much
power is produced?

FIGURE P12.71

12.72 A gasoline engine receives air at 10◦C, 100 kPa,
having a compression ratio of 9:1. The heat ad-
dition by combustion gives the highest tempera-
ture as 2500 K. Use cold air properties to find the
highest cycle pressure, the specific energy added
by combustion, and the mean effective pressure.

12.73 A gasoline engine has a volumetric compression
ratio of 10 and before compression has air at
290 K, 85 kPa, in the cylinder. The combustion
peak pressure is 6000 kPa. Assume cold air prop-
erties. What is the highest temperature in the cy-
cle? Find the temperature at the beginning of the
exhaust (heat rejection) and the overall cycle effi-
ciency.

12.74 Repeat Problem 12.67, but assume variable spe-
cific heat. The ideal-gas air tables, Table A.7, are
recommended for this calculation (and the specific
heat from Fig. 5.10 at high temperature).

12.75 An Otto cycle has the lowest T as 290 K and the
lowest P as 85 kPa. The highest T is 2400 K,
and combustion adds 1200 kJ/kg as heat transfer.
Find the compression ratio and the mean effective
pressure.

12.76 The cycle in the previous problem is used in a
2.4-L engine running at 1800 RPM. How much
power does it produce?

12.77 When methanol produced from coal is considered
as an alternative fuel to gasoline for automotive
engines, it is recognized that the engine can be

designed with a higher compression ratio, say 10
instead of 7, but that the energy release with com-
bustion for a stoichiometric mixture with air is
slightly smaller, about 1700 kJ/kg. Repeat Prob-
lem 12.67 using these values.

12.78 A gasoline engine has a volumetric compression
ratio of 9. The state before compression is 290 K,
90 kPa, and the peak cycle temperature is
1800 K. Find the pressure after expansion, the cy-
cle net work, and the cycle efficiency using prop-
erties from Table A.7.2.

12.79 Solve Problem 12.63 using the Pr and vr functions
from Table A7.2.

12.80 Solve Problem 12.70 using the Pr and vr functions
from Table A7.2.

12.81 It is found experimentally that the power stroke
expansion in an internal combustion engine can
be approximated, with a polytropic process with
a value of the polytropic exponent n somewhat
larger than the specific heat ratio k. Repeat Prob-
lem 12.67, but assume that the expansion process
is reversible and polytropic (instead of the isen-
tropic expansion in the Otto cycle) with n equal
to 1.50.

12.82 In the Otto cycle, all the heat transfer qH occurs
at constant volume. It is more realistic to assume
that part of qH occurs after the piston has started its
downward motion in the expansion stroke. There-
fore, consider a cycle identical to the Otto cycle,
except that the first two-thirds of the total qH oc-
curs at constant volume and the last one-third oc-
curs at constant pressure. Assume that the total
qH is 2100 kJ/kg, that the state at the beginning
of the compression process is 90 kPa, 20◦C, and
that the compression ratio is 9. Calculate the max-
imum pressure and temperature and the thermal
efficiency of this cycle. Compare the results with
those of a conventional Otto cycle having the same
given variables.

Diesel Cycles

12.83 A diesel engine has an inlet at 95 kPa, 300 K,
and a compression ratio of 20:1. The combustion
releases 1300 kJ/kg. Find the temperature after
combustion using cold air properties.

12.84 A diesel engine has a state before compression
of 95 kPa, 290 K, a peak pressure of 6000 kPa,
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and a maximum temperature of 2400 K. Find
the volumetric compression ratio and the thermal
efficiency.

12.85 Find the cycle efficiency and mean effective pres-
sure for the cycle in Problem 12.83.

12.86 A diesel engine has a compression ratio of 20:1
with an inlet of 95 kPa and 290 K, state 1, with
volume 0.5 L. The maximum cycle temperature
is 1800 K. Find the maximum pressure, the net
specific work, and the thermal efficiency.

12.87 A diesel engine has a bore of 0.1 m, a stroke of
0.11 m, and a compression ratio of 19:1 running at
2000 RPM. Each cycle takes two revolutions and
has a mean effective pressure of 1400 kPa. With
a total of six cylinders, find the engine power in
kilowatts and horsepower.

Injection/autoignition

FIGURE P12.87

12.88 A supercharger is used for a diesel engine, so in-
take is 200 kPa, 320 K. The cycle has a compres-
sion ratio of 18:1, and the highest mean effective
pressure is 830 kPa. If the engine is 10 L running
at 200 RPM, find the power output.

12.89 At the beginning of compression in a diesel cycle,
T = 300 K and P = 200 kPa; after combustion
(heat addition) is complete, T = 1500 K and P =
7.0 MPa. Find the compression ratio, the thermal
efficiency, and the mean effective pressure.

12.90 Do Problem 12.84, but use the properties from
Table A.7 and not the cold air properties.

12.91 Solve Problem 12.84 using the Pr and vr functions
from Table A7.2.

12.92 The world’s largest diesel engine has displacement
of 25 m3 running at 200 RPM in a two-stroke cy-
cle producing 100 000 hp. Assume an inlet state of
200 kPa, 300 K, and a compression ratio of 20:1.
What is the mean effective pressure?

12.93 A diesel engine has air before compression at 280
K and 85 kPa. The highest temperature is 2200 K,
and the highest pressure is 6 MPa. Find the vol-
umetric compression ratio and the mean effective
pressure using cold air properties at 300 K.

12.94 Consider an ideal air-standard diesel cycle in
which the state before the compression process
is 95 kPa, 290 K, and the compression ratio is 20.
Find the thermal efficiency for a maximum tem-
perature of 2200 K.

Stirling and Carnot Cycles

12.95 Consider an ideal Stirling-cycle engine in which
the state at the beginning of the isothermal com-
pression process is 100 kPa, 25◦C, the compres-
sion ratio is 6, and the maximum temperature in
the cycle is 1100◦C. Calculate the maximum cy-
cle pressure and the thermal efficiency of the cycle
with and without regenerators.

12.96 An air-standard Stirling cycle uses helium as the
working fluid. The isothermal compression brings
helium from 100 kPa, 37◦C to 600 kPa. The ex-
pansion takes place at 1200 K, and there is no
regenerator. Find the work and heat transfer in all
of the four processes per kilogram of helium and
the thermal cycle efficiency.

12.97 Consider an ideal air-standard Stirling cycle with
an ideal regenerator. The minimum pressure and
temperature in the cycle are 100 kPa, 25◦C, the
compression ratio is 10, and the maximum tem-
perature in the cycle is 1000◦C. Analyze each of
the four processes in this cycle for work and heat
transfer, and determine the overall performance of
the engine.

12.98 The air-standard Carnot cycle was not shown in
the text; show the T–s diagram for this cycle. In
an air-standard Carnot cycle, the low temperature
is 280 K and the efficiency is 60%. If the pres-
sure before compression and after heat rejection is
100 kPa, find the high temperature and the pres-
sure just before heat addition.
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12.99 Air in a piston/cylinder setup goes through a
Carnot cycle in which TL = 26.8◦C and the to-
tal cycle efficiency is η = 2/3. Find TH , the spe-
cific work, and the volume ratio in the adiabatic
expansion for constant Cp, Cv.

12.100 Do the previous problem using Table A.7.1.

12.101 Do Problem 12.99 using the Pr and vr functions
in Table A.7.2.

Atkinson and Miller Cycles

12.102 An Atkinson cycle has state 1 as 150 kPa, 300 K, a
compression ratio of 9, and a heat release of 1000
kJ/kg. Find the needed expansion ratio.

12.103 An Atkinson cycle has state 1 as 150 kPa, 300 K,
a compression ratio of 9, and an expansion ratio
of 14. Find the needed heat release in the combus-
tion.

12.104 Assume we change the Otto cycle in Problem
12.63 to an Atkinson cycle by keeping the same
conditions and only increase the expansion to give
a different state 4. Find the expansion ratio and
the cycle efficiency.

12.105 Repeat Problem 12.67, assuming we change the
Otto cycle to an Atkinson cycle by keeping the
same conditions and only increase the expansion
to give a different state 4.

12.106 An Atkinson cycle has state 1 as 150 kPa, 300 K,
with a compression ratio of 9 and an expansion
ratio of 14. Find the mean effective pressure.

12.107 A Miller cycle has state 1 as 150 kPa, 300 K, with
a compression ratio of 9 and an expansion ratio of
14. If P4 is 250 kPa, find the heat release in the
combustion.

12.108 A Miller cycle has state 1 as 150 kPa, 300 K, a
compression ratio of 9, and a heat release of 1000
kJ/kg. Find the needed expansion ratio so that P4

is 250 kPa.

12.109 In a Miller cycle, assume we know state 1 (intake
state) compression ratios CR1 and CR. Find an ex-
pression for the minimum allowable heat release
so that P4 = P5, that is, it becomes an Atkinson
cycle.

Combined Cycles

12.110 A Rankine steam power plant should operate with
a high pressure of 3 MPa, a low pressure of
10 kPa, and a boiler exit temperature of 500◦C.

The available high-temperature source is the ex-
haust of 175 kg/s air at 600◦C from a gas turbine.
If the boiler operates as a counterflowing heat ex-
changer where the temperature difference at the
pinch point is 20◦C, find the maximum water mass
flow rate possible and the air exit temperature.

12.111 A simple Rankine cycle with R-410a as the work-
ing fluid is to be used as a bottoming cycle for an
electrical-generating facility driven by the exhaust
gas from a diesel engine as the high-temperature
energy source in the R-410a boiler. Diesel inlet
conditions are 100 kPa, 20◦C, the compression
ratio is 20, and the maximum temperature in the
cycle is 2800◦C. The R-410a leaves the bottom-
ing cycle boiler at 80◦C, 4 MPa, and the con-
denser pressure is 1800 kPa. The power output of
the diesel engine is 1 MW. Assuming ideal cycles
throughout, determine
a. The flow rate required in the diesel engine.
b. The power output of the bottoming cycle, as-

suming that the diesel exhaust is cooled to
200◦C in the R-410a boiler.

12.112 A small utility gasoline engine of 250 cc runs at
1500 RPM with a compression ratio of 7:1. The
inlet state is 75 kPa, 17◦C, and the combustion
adds 1500 kJ/kg to the charge. This engine runs a
heat pump using R-410a with a high pressure of
4 MPa and an evaporator operating at 0◦C. Find
the rate of heating the heat pump can deliver.

12.113 Can the combined cycles in the previous prob-
lem deliver more heat than what comes from the
R-410a? Find any amounts, if so, by assuming
some conditions.

12.114 The power plant shown in Fig. 12.21 combines a
gas-turbine cycle and a steam-turbine cycle. The
following data are known for the gas-turbine cy-
cle. Air enters the compressor at 100 kPa, 25◦C,
the compressor pressure ratio is 14, and the heater
input rate is 60 MW; the turbine inlet temperature
is 1250◦C, the exhaust pressure is 100 kPa, and
the cycle exhaust temperature from the heat ex-
changer is 200◦C. The following data are known
for the steam-turbine cycle. The pump inlet state
is saturated liquid at 10 kPa, the pump exit pres-
sure is 12.5 MPa, and the turbine inlet temper-
ature is 500◦C. Determine the mass flow rate in
both cycles and the overall thermal efficiency of
the combined cycle; all processes reversible.
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Availability or Exergy Concepts

12.115 Consider the Brayton cycle in Problem 12.21. Find
all the flows and fluxes of exergy, and find the over-
all cycle second-law efficiency. Assume the heat
transfers are internally reversible processes, and
neglect any external irreversibility.

12.116 A Brayton cycle has a compression ratio of 15:1
with a high temperature of 1600 K and an inlet
state of 290 K, 100 kPa. Use cold air properties to
find the specific net work output and the second-
law efficiency (neglect the “value” of the exhaust
flow).

12.117 Reconsider the previous problem and find the
second-law efficiency if you do consider the
“value” of the exhaust flow.

12.118 For Problem 12.110, determine the change of
availability of the water flow and that of the air-
flow. Use these to determine a second-law effi-
ciency for the boiler heat exchanger.

12.119 Determine the second-law efficiency of an ideal
regenerator in the Brayton cycle.

12.120 Assume a regenerator in a Brayton cycle has an
efficiency of 75%. Find an expression for the
second-law efficiency.

12.121 The Brayton cycle in Problem 12.14 had a heat
addition of 670 kJ/kg. What is the exergy increase
in the heat addition process?

12.122 The conversion efficiency of the Brayton cycle
in Eq. 12.1 was determined with cold-air prop-
erties. Find a similar formula for the second-law
efficiency, assuming the low T heat rejection is
assigned zero exergy value.

7
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FIGURE P12.126

12.123 Redo the previous problem for a large stationary
Brayton cycle where the low T heat rejection is
used in a process application and thus has nonzero
exergy.

Review Problems

12.124 Repeat Problem 12.31, but assume that the com-
pressor has an efficiency of 82%, that both turbines
have efficiencies of 87%, and that the regenerator
efficiency is 70%.

12.125 Consider a gas-turbine cycle with two stages of
compression and two stages of expansion. The
pressure ratio across each compressor stage and
each turbine stage is 8:1. The pressure at the en-
trance to the first compressor is 100 kPa, the tem-
perature entering each compressor is 20◦C, and
the temperature entering each turbine is 1100◦C.
A regenerator is also incorporated into the cycle,
and it has an efficiency of 70%. Determine the
compressor work, the turbine work, and the ther-
mal efficiency of the cycle.

12.126 A gas-turbine cycle has two stages of compres-
sion, with an intercooler between the stages. Air
enters the first stage at 100 kPa, 300 K. The pres-
sure ratio across each compressor stage is 5:1, and
each stage has an isentropic efficiency of 82%. Air
exits the intercooler at 330 K. The maximum cy-
cle temperature is 1500 K, and the cycle has a
single-turbine stage with an isentropic efficiency
of 86%. The cycle also includes a regenerator with
an efficiency of 80%. Calculate the temperature at
the exit of each compressor stage, the second-law
efficiency of the turbine, and the cycle thermal
efficiency.
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12.127 A gasoline engine has a volumetric compression
ratio of 9. The state before compression is 290 K,
90 kPa, and the peak cycle temperature is 1800
K. Find the pressure after expansion, the cycle net
work, and the cycle efficiency using properties
from Table A.7.

12.128 Consider an ideal air-standard diesel cycle in
which the state before the compression process
is 95 kPa, 290 K, and the compression ratio is 20.
Find the maximum temperature (by iteration) in
the cycle to have a thermal efficiency of 60%.

12.129 Find the temperature after combustion and the
specific energy release by combustion in Problem
12.92 using cold-air properties. This is a difficult
problem, and it requires iterations.

12.130 Reevaluate the combined Brayton and Rankine
cycles in Problem 12.114. For a more realistic
case, assume the air compressor, the air turbine,
the steam turbine, and the pump all have an isen-
tropic efficiency of 87%.

ENGLISH UNIT PROBLEMS

Brayton Cycles

12.131E In a Brayton cycle the inlet is at 540 R, 14 psia,
and the combustion adds 290 Btu/lbm. The max-
imum temperature is 2160 R due to material
considerations. Find the maximum permissible
compression ratio and, for that ratio, the cycle
efficiency using cold air properties.

12.132E A large stationary Brayton-cycle gas-turbine
power plant delivers a power output of 100 000
hp to an electric generator. The minimum tem-
perature in the cycle is 540 R, and the maximum
temperature is 2900 R. The minimum pressure
in the cycle is 1 atm, and the compressor pres-
sure ratio is 14:1. Calculate the power output of
the turbine, the fraction of the turbine output re-
quired to drive the compressor, and the thermal
efficiency of the cycle.

12.133E A Brayton cycle has a compression ratio of 15:1
with a high temperature of 2900 R and the inlet
at 520 R, 14 psia. Use cold air properties and
find the specific heat transfer and specific net
work output.

12.134E A Brayton cycle produces 14 000 Btu/s with an
inlet state of 60 F, 14.5 psia, and a compression
ratio of 16:1. The heat added in the combustion
is 400 Btu/lbm. What are the highest tempera-
ture and the mass flow rate of air assuming cold
air properties.

12.135E Do the previous problem using properties from
Table F.5.

12.136E Solve Problem 12.131 with variable specific
heats using Table F.5.

12.137E Solve Problem 12.133 using the air tables F.5
instead of cold air properties.

12.138E An ideal regenerator is incorporated into the
ideal air-standard Brayton cycle of Problem
12.132. Calculate the cycle thermal efficiency
with this modification.

12.139E An air-standard Ericsson cycle has an ideal re-
generator, as shown in Fig. P12.40. Heat is
supplied at 1800 F, and heat is rejected at 150 F.
Pressure at the beginning of the isothermal com-
pression process is 10 lbf/in.2. The heat added
is 300 But/lbm. Find the compressor work, the
turbine work, and the cycle efficiency.

12.140E The turbine in a jet engine receives air at 2200 R,
220 lbf/in.2. It exhausts to a nozzle at 35 lbf/in.2,
which in turn exhausts to the atmosphere at 14.7
lbf/in.2. Find the nozzle inlet temperature and the
nozzle exit velocity. Assume negligible kinetic
energy out of the turbine and reversible pro-
cesses.

12.141E An air standard refrigeration cycle has air into
the compressor at 14 psia, 500 R, with a com-
pression ratio of 3:1. The temperature after heat
rejection is 540 R. Find the COP and the lowest
cycle temperature.

Otto and Diesel Cycles

12.142E A four-stroke gasoline engine runs at 1800 RPM
with a total displacement of 150 in.3 and a com-
pression ratio of 10:1. The intake is at 520 R,
10 psia, with a mean effective pressure of 90
psia. Find the cycle efficiency and power output.
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12.143E Air flows into a gasoline engine at 14 lbf/in.2,
540 R. The air is then compressed with a volu-
metric compression ratio of 8:1. In the combus-
tion process, 560 Btu/lbm of energy is released
as the fuel burns. Find the temperature and pres-
sure after combustion.

12.144E To approximate an actual spark-ignition engine,
consider an air-standard Otto cycle that has a
heat addition of 800 Btu/lbm of air, a compres-
sion ratio of 7, and a pressure and temperature
at the beginning of the compression process of
13 lbf/in.2, 50 F. Assuming constant specific
heat, with the value from Table F.4, determine
the maximum pressure and temperature of the
cycle, the thermal efficiency of the cycle, and
the mean effective pressure.

12.145E A four-stroke gasoline engine has a compres-
sion ratio of 10:1 with four cylinders of total
displacement 75 in.3. The inlet state is 500 R,
10 psia, and the engine is running at 2100 RPM,
with the fuel adding 750 Btu/lbm in the combus-
tion process. What is the net work in the cycle,
and how much power is produced?

12.146E An Otto cycle has the lowest T as 520 R and the
lowest P as 12 psia. The highest T is 4500 R, and
combustion adds 500 Btu/lbm as heat transfer.
Find the compression ratio and the mean effec-
tive pressure.

12.147E A gasoline engine has a volumetric compres-
sion ratio of 10 and before compression has air
at 520 R, 12.2 psia, in the cylinder. The combus-
tion peak pressure is 900 psia. Assume cold air
properties. What is the highest temperature in
the cycle? Find the temperature at the beginning
of the exhaust (heat rejection) and the overall
cycle efficiency.

12.148E The cycle in Problem 12.146E is used in a
150-in.3 engine running at 1800 RPM. How
much power does it produce?

12.149E It is found experimentally that the power stroke
expansion in an internal combustion engine can
be approximated with a polytropic process with
a value of the polytropic exponent n somewhat
larger than the specific heat ratio k. Repeat Prob-
lem 12.144, but assume the expansion process
is reversible and polytropic (instead of the isen-
tropic expansion in the Otto cycle) with n equal
to 1.50.

12.150E In the Otto cycle, all the heat transfer qH oc-
curs at constant volume. It is more realistic to
assume that part of qH occurs after the piston
has started its downward motion in the expan-
sion stroke. Therefore, consider a cycle identical
to the Otto cycle, except that the first two-thirds
of the total qH occurs at constant volume and
the last one-third occurs at constant pressure.
Assume the total qH is 700 Btu/lbm, the state
at the beginning of the compression process is
13 lbf/in.2, 68 F, and the compression ratio is
9. Calculate the maximum pressure and tem-
perature and the thermal efficiency of this cy-
cle. Compare the results with those of a con-
ventional Otto cycle having the same given
variables.

12.151E A diesel engine has a bore of 4 in., a stroke of
4.3 in., and a compression ratio of 19:1 run-
ning at 2000 RPM. Each cycle takes two rev-
olutions and has a mean effective pressure of
200 lbf/in.2. With a total of six cylinders, find
the engine power in Btu/s and horsepower.

12.152E A supercharger is used for a diesel engine, so
intake is 30 psia, 580 R. The cycle has compres-
sion ratio of 18:1, and the mean effective pres-
sure is 120 psi. If the engine is 600 in.3 running at
200 RPM, find the power output.

12.153E At the beginning of compression in a diesel
cycle, T = 540 R, P = 30 lbf/in.2, and the state
after combustion (heat addition) is 2600 R and
1000 lbf/in.2. Find the compression ratio, the
thermal efficiency, and the mean effective
pressure.

12.154E A diesel cycle has state 1 as 14 psia, 63 F, and
a compression ratio of 20. For a maximum tem-
perature of 4000 R, find the cycle efficiency.

Stirling and Carnot Cycles

12.155E Consider an ideal Stirling-cycle engine in which
the pressure and temperature at the begin-
ning of the isothermal compression process are
14.7 lbf/in.2, 80 F, the compression ratio is 6,
and the maximum temperature in the cycle is
2000 F. Calculate the maximum pressure in the
cycle and the thermal efficiency of the cycle with
and without regenerators.

12.156E An ideal air-standard Stirling cycle uses helium
as working fluid. The isothermal compression
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brings the helium from 15 lbf/in.2, 70 F, to
90 lbf/in.2. The expansion takes place at 2100
R, and there is no regenerator. Find the work
and heat transfer in all four processes per lbm
helium and the cycle efficiency.

12.157E Air in a piston/cylinder goes through a Carnot
cycle in which TL = 80.3 F and the total cycle
efficiency is η = 2/3. Find TH , the specific work
and volume ratio in the adiabatic expansion for
constant Cp, Cv.

12.158E Do the previous problem using Table F.5.

Atkinson and Miller Cycles

12.159E Assume we change the Otto cycle in Problem
11.93 to an Atkinson cycle by keeping the same
conditions and only increase the expansion to
give a different state 4. Find the expansion ratio
and the cycle efficiency.

12.160E An Atkinson cycle has state 1 as 20 psia, 540 R,
a compression ratio of 9, and an expansion ra-
tio of 14. Find the needed heat release in the
combustion.

12.161E An Atkinson cycle has state 1 as 20 psia, 540 R,
a compression ratio of 9, and an expansion ratio
of 14. Find the mean effective pressure.

12.162E A Miller cycle has state 1 as 20 psia, 540 R, a
compression ratio of 9, and an expansion ratio
of 14. If P4 is 30 psia, find the heat release in the
combustion.

12.163E A Miller cycle has state 1 as 20 psia, 540 R, a
compression ratio of 9, and a heat release of 430
Btu/lbm. Find the needed expansion ratio so that
P4 is 30 psia.

Availability and Review Problems

12.164E The Brayton cycle in Problem 12.131E has a
heat addition of 290 Btu/lbm. What is the ex-
ergy increase in this process?

12.165E Consider the Brayton cycle in Problem 12.135E.
Find all the flows and fluxes of exergy and
find the overall cycle second-law efficiency. As-
sume the heat transfers are internally reversible
processes and neglect any external irreversib-
ility.

12.166E Solve Problem 12.140E assuming an isentropic
turbine efficiency of 85% and a nozzle efficiency
of 95%.

12.167E Consider an ideal air-standard diesel cycle
where the state before the compression process
is 14 lbf/in.2, 63 F, and the compression ratio
is 20. Find the maximum temperature (by itera-
tion) in the cycle to have a thermal efficiency of
50%.

12.168E Consider an ideal gas-turbine cycle with two
stages of compression and two stages of expan-
sion. The pressure ratio across each compressor
stage and each turbine stage is 8:1. The pres-
sure at the entrance to the first compressor is
14 lbf/in.2, the temperature entering each com-
pressor is 70 F, and the temperature entering each
turbine is 2000 F. An ideal regenerator is also
incorporated into the cycle. Determine the com-
pressor work, the turbine work, and the thermal
efficiency of the cycle.

12.169E Repeat Problem 12.168E, but assume that each
compressor stage and each turbine stage has an
isentropic efficiency of 85%. Also assume that
the regenerator has an efficiency of 70%.

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS

12.170 Write a program to solve the following problem.
The effects of varying parameters on the perfor-
mance of an air-standard Brayton cycle are to be
determined. Consider a compressor inlet condi-
tion of 100 kPa, 20◦C, and assume constant spe-
cific heat. The thermal efficiency of the cycle
and the net specific work output should be de-

termined for the combinations of the following
variables.
a. Compressor pressure ratios of 6, 9, 12, and 15.
b. Maximum cycle temperatures of 900◦, 1100◦,

1300◦, and 1500◦C.
c. Compressor and turbine isentropic efficiencies

each 100, 90, 80, and 70%.
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12.171 The effect of adding a regenerator to the gas-
turbine cycle in the previous problem is to be
studied. Repeat this problem by including a re-
generator with various values of the regenerator
efficiency.

12.172 Write a program to simulate the Otto cycle us-
ing nitrogen as the working fluid. Use the variable

specific heat given in Table A.6. The beginning
of compression has a state of 100 kPa, 20◦C. De-
termine the net specific work output and the cy-
cle thermal efficiency for various combinations of
compression ratio and maximum cycle tempera-
ture. Compare the results with those found when
constant specific heat is assumed.
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HOMEWORK PROBLEMS

Mixture Composition and Properties

13.13 A 3-L liquid mixture consists of one-third water,
ammonia, and ethanol by volume. Find the mass
fractions and total mass of the mixture.

13.14 If oxygen is 21% by mole of air, what is the oxy-
gen state (P, T , v) in a room at 300 K, 100 kPa of
total volume 60 m3?

13.15 A gas mixture at 120◦C and 125 kPa is 50%
nitrogen, 30% water, and 20% oxygen on a mole
basis. Find the mass fractions, the mixture gas
constant, and the volume for 5 kg of mixture.

13.16 A mixture of 60% nitrogen, 30% argon, and 10%
oxygen on a mass basis is in a cylinder at 250 kPa
and 310 K with a volume of 0.5 m3. Find the mole
fractions and the mass of argon.

13.17 A mixture of 60% nitrogen, 30% argon, and 10%
oxygen on a mole basis is in a cylinder at 250 kPa
and 310 K with a volume of 0.5 m3. Find the mass
fractions and the mass of argon.

13.18 A flow of oxygen and one of nitrogen, both 300 K,
are mixed to produce 1 kg/s air at 300 K, 100 kPa.
What are the mass and volume flow rates of each
line?

13.19 A new refrigerant, R-407, is a mixture of 23% R-
32, 25% R-125, and 52% R-134a on a mass basis.
Find the mole fractions, the mixture gas constant,
and the mixture heat capacities for this refrigerant.

13.20 A 100-m3 storage tank with fuel gases is at 20◦C
and 100 kPa containing a mixture of acetylene
(C2H2), propane (C3H8), and butane (C4H10). A
test shows that the partial pressure of the C2H2

is 15 kPa and that of C3H8 is 65 kPa. How much
mass is there of each component?

13.21 A 2-kg mixture of 25% nitrogen, 50% oxygen,
and 25% carbon dioxide by mass is at 150 kPa
and 300 K. Find the mixture gas constant and the
total volume.

13.22 The refrigerant R-410a is a mixture of R-32 and
R-125 in a 1:1 mass ratio. What are the overall
molecular mass, the gas constant, and the ratio of
specific heats for such a mixture?

13.23 Do Problem 13.22 for R-507a, which is a 1:1 mass
ratio of R-125 and R-143a. The refrigerant R-143a
has a molecular mass of 84.041, and Cp = 0.929
kJ/kg K.

Simple Processes

13.24 A rigid container has 1 kg carbon dioxide at
300 K and 1 kg argon at 400 K, both at 150 kPa.
Now they are allowed to mix without any heat
transfer. What are the final T and P?

13.25 At a certain point in a coal gasification process,
a sample of the gas is taken and stored in a 1-L
cylinder. An analysis of the mixture yields the fol-
lowing results:

Carbon Carbon
Component Hydrogen Monoxide Dioxide Nitrogen

Percent by 2 45 28 25

mass

Determine the mole fractions and total mass in
the cylinder at 100 kPa and 20◦C. How much heat
must be transferred to heat the sample at constant
volume from the initial state to 100◦C?

13.26 The mixture in Problem 13.21 is heated to 500 K
with constant volume. Find the final pressure and
the total heat transfer needed using Table A.5.

13.27 The mixture in Problem 13.21 is heated up to
500 K in a constant-pressure process. Find the
final volume and the total heat transfer using
Table A.5.

13.28 A flow of 1 kg/s argon at 300 K mixes with another
flow of 1 kg/s carbon dioxide at 1600 K, both at
150 kPa, in an adiabatic mixing chamber. Find the
exit T and P, assuming constant specific heats.

13.29 Repeat the previous problem using variable spe-
cific heats.

13.30 A rigid insulated vessel contains 12 kg of oxy-
gen at 200 kPa and 280 K separated by a mem-
brane from 26 kg of carbon dioxide at 400 kPa and
360 K. The membrane is removed, and the mixture
comes to a uniform state. Find the final tempera-
ture and pressure of the mixture.

13.31 An insulated constant-pressure mixing chamber
receives a steady flow of 0.1 kg/s carbon diox-
ide at 1000 K in one line and 0.2 kg/s nitrogen at
400 K in another line, both at 100 kPa. Use con-
stant specific heats and find the exit temperature
of the mixing chamber.
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13.32 A pipe flows 1.5 kg/s of a mixture with mass frac-
tions of 40% carbon dioxide and 60% nitrogen at
400 kPa and 300 K, shown in Fig. P13.32. Heat-
ing tape is wrapped around a section of pipe with
insulation added, and 2 kW of electrical power is
heating the pipe flow. Find the mixture exit tem-
perature.

2 kW

i e

FIGURE P13.32

13.33 An insulated gas turbine receives a mixture of 10%
carbon dioxide, 10% water, and 80% nitrogen on
a mass basis at 1000 K and 500 kPa. The inlet
volume flow rate is 2 m3/s, and the exhaust is at
700 K and 100 kPa. Find the power output in kilo-
watts using constant specific heat from Table A.5
at 300 K.

13.34 Solve Problem 13.33 using values of enthalpy
from Table A.8.

13.35 Solve Problem 13.33 with the percentages on a
mole basis.

13.36 Solve Problem 13.33 with the percentages on a
mole basis and use Table A.9.

13.37 A mixture of 0.5 kg of nitrogen and 0.5 kg of oxy-
gen is at 100 kPa and 300 K in a piston/cylinder
keeping constant pressure. Now 800 kJ is added
by heating. Find the final temperature and the in-
crease in entropy of the mixture using Table A.5
values.

13.38 Repeat Problem 13.37, but solve using values
from Table A.8.

13.39 Natural gas as a mixture of 75% methane and 25%
ethane by mass is flowing to a compressor at 17◦C
and 100 kPa. The reversible adiabatic compressor
brings the flow to 250 kPa. Find the exit tempera-
ture and the needed work per kilogram of flow.

13.40 The refrigerant R-410a is a mixture of R-32 and
R-125 in a 1:1 mass ratio. A process brings 0.5 kg
R-410a from 270 K to 320 K at a constant pressure
of 250 kPa in a piston/cylinder. Find the work and
heat transfer.

13.41 A piston/cylinder device contains 0.1 kg of a mix-
ture of 40% methane and 60% propane by mass at
300 K and 100 kPa. The gas is now slowly com-
pressed in an isothermal (T = constant) process
to a final pressure of 250 kPa. Show the process
in a P–V diagram and find both the work and heat
transfer in the process.

13.42 The refrigerant R-410a (see Problem 13.40) is at
100 kPa and 290 K. It is now brought to 250 kPa
and 400 K in a reversible polytropic process. Find
the change in specific volume, specific enthalpy,
and specific entropy for the process.

13.43 A compressor brings R-410a (see Problem 13.40)
from −10◦C and 125 kPa up to 500 kPa in an
adiabatic reversible compression. Assume ideal-
gas behavior and find the exit temperature and the
specific work.

13.44 Two insulated tanks A and B are connected by a
valve, shown in Fig. P13.44. Tank A has a volume
of 1 m3 and initially contains argon at 300 kPa and
10◦C. Tank B has a volume of 2 m3 and initially
contains ethane at 200 kPa and 50◦C. The valve
is opened and remains open until the resulting gas
mixture comes to a uniform state. Determine the
final pressure and temperature.

A

Ar
C2H6

B

FIGURE P13.44

13.45 The exit flow in Problem 13.31 at 100 kPa is com-
pressed by a reversible adiabatic compressor to
500 kPa. Use constant specific heats and find the
needed power to the compressor.

13.46 A mixture of 2 kg of oxygen and 2 kg of argon
is in an insulated piston/cylinder arrangement at
100 kPa and 300 K. The piston now compresses
the mixture to half of its initial volume. Find the
final pressure, the final temperature, and the piston
work.

13.47 A piston/cylinder has a 0.1-kg mixture of 25%
argon, 25% nitrogen, and 50% carbon dioxide by
mass at a total pressure of 100 kPa and 290 K.
Now the piston compresses the gases to a volume
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seven times smaller in a polytropic process with
n = 1.3. Find the final T and P, the work, and the
heat transfer for the process.

13.48 The gas mixture from Problem 13.25 is com-
pressed in a reversible adiabatic process from the
initial state in the sample cylinder to a volume
of 0.2 L. Determine the final temperature of the
mixture and the work done during the process.

Entropy Generation

13.49 A flow of gas A and a flow of gas B are mixed
in a 1:1 mole ratio with the same T . What is the
entropy generation per kmole flow out?

13.50 A rigid container has 1 kg argon at 300 K and 1
kg argon at 400 K, both at 150 kPa. Now they are
allowed to mix without any external heat transfer.
What is the final T and P? Is any s generated?

13.51 What is the rate of entropy increase in Problem
13.24?

13.52 A flow of 2 kg/s mixture of 50% carbon dioxide
and 50% oxygen by mass is heated in a constant-
pressure heat exchanger from 400 K to 1000 K by
a radiation source at 1400 K. Find the rate of heat
transfer and the entropy generation in the process
shown in Fig. P13.52.

i

e

1400 K

QRAD

•

FIGURE P13.52

13.53 A flow of 1.8 kg/s steam at 400 kPa, 400◦C, is
mixed with 3.2 kg/s oxygen at 400 kPa, 400 K, in
a steady-flow mixing chamber without any heat
transfer. Find the exit temperature and the rate of
entropy generation.

13.54 Carbon dioxide gas at 320 K is mixed with nitro-
gen at 280 K in an insulated mixing chamber. Both
flows are at 100 kPa, and the mass ratio of carbon
dioxide to nitrogen is 2:1. Find the exit tempera-
ture and the total entropy generation per kilogram
of the exit mixture.

13.55 Carbon dioxide gas at 320 K is mixed with ni-
trogen at 280 K in an insulated mixing chamber.

Both flows are coming in at 100 kPa, and the mole
ratio of carbon dioxide to nitrogen is 2:1. Find the
exit temperature and the total entropy generation
per kmole of the exit mixture.

13.56 A flow of 1 kg/s carbon dioxide at 1600 K, 100 kPa
is mixed with a flow of 2 kg/s water at 800 K,
100 kPa. After the mixing it goes through a heat
exchanger, where it is cooled to 500 K by a 400
K ambient. How much heat transfer is taken out
in the heat exchanger? What is the entropy gener-
ation rate for the whole process?

CO2
2

1

3 4

H2O

Qout
•

FIGURE P13.56

13.57 The only known sources of helium are the atmo-
sphere (mole fraction approximately 5 × 10−6)
and natural gas. A large unit is being constructed
to separate 100 m3/s of natural gas, assumed to be
0.001 helium mole fraction and 0.999 methane.
The gas enters the unit at 150 kPa, 10◦C. Pure
helium exits at 100 kPa, 20◦C, and pure methane
exits at 150 kPa, 30◦C. Any heat transfer is with
the surroundings at 20◦C. Is an electrical power
input of 3000 kW sufficient to drive this unit?

13.58 Repeat Problem 13.39 for an isentropic compres-
sor efficiency of 82%.

13.59 A steady flow of 0.3 kg/s of 50% carbon dioxide
and 50% water mixture by mass at 1200 K and
200 kPa is used in a constant-pressure heat ex-
changer where 300 kW is extracted from the flow.
Find the exit temperature and rate of change in
entropy using Table A.5.

13.60 Solve the previous problem using Table A.8.

13.61 A mixture of 60% helium and 40% nitrogen by
mass enters a turbine at 1 MPa and 800 K at a
rate of 2 kg/s. The adiabatic turbine has an exit
pressure of 100 kPa and an isentropic efficiency
of 85%. Find the turbine work.

13.62 Three steady flows are mixed in an adiabatic
chamber at 150 kPa. Flow one is 2 kg/s of oxygen
at 340 K, flow two is 4 kg/s of nitrogen at 280 K,
and flow three is 3 kg/s of carbon dioxide at
310 K. All flows are at 150 kPa, the same as the



P1: KUF/OVY P2: OSO/OVY QC: SCF/OVY T1: SCF

GTBL057-13 GTBL057-Borgnakke-v7 May 23, 2008 13:23

Confirm Pages

552 � CHAPTER THIRTEEN GAS MIXTURES

total exit pressure. Find the exit temperature and
the rate of entropy generation in the process.

13.63 A tank has two sides initially separated by a di-
aphragm, shown in Fig. P13.63. Side A contains
1 kg of water and side B contains 1.2 kg of air,
both at 20◦C and 100 kPa. The diaphragm is now
broken, and the whole tank is heated to 600◦C by a
700◦C reservoir. Find the final total pressure, heat
transfer, and total entropy generation.

A B
1Q2

700° C

FIGURE P13.63

13.64 Reconsider Problem 13.44, but let the tanks have a
small amount of heat transfer so that the final mix-
ture is at 400 K. Find the final pressure, the heat
transfer, and the entropy change for the process.

Air–Water Vapor Mixtures

13.65 Atmospheric air is at 100 kPa and 25◦C with a rel-
ative humidity of 75%. Find the absolute humidity
and the dew point of the mixture. If the mixture is
heated to 30◦C, what is the new relative humidity?

13.66 A 1-kg/s flow of saturated moist air (relative hu-
midity 100%) at 100 kPa and 10◦C goes through
a heat exchanger and comes out at 25◦C. What is
the exit relative humidity and how much power is
needed?

13.67 If air is at 100 kPa and (a) –10◦C, (b) 45◦C, and
(c) 110◦C, what is the maximum humidity ratio
the air can have?

13.68 A new high-efficiency home heating system in-
cludes an air-to-air heat exchanger, which uses
energy from outgoing stale air to heat the fresh
incoming air. If the outside ambient temperature
is −10◦C and the relative humidity is 30%, how
much water will have to be added to the incoming
air if it flows in at the rate of 1 m3/s and must
eventually be conditioned to 20◦C and 40% rela-
tive humidity?

13.69 Consider 100 m3 of atmospheric air, which is an
air–water vapor mixture at 100 kPa, 15◦C, and

40% relative humidity. Find the mass of water and
the humidity ratio. What is the dew point of the
mixture?

13.70 A 2-kg/s flow of completely dry air at T1 and 100
kPa is cooled down to 10◦C by spraying liquid
water at 10◦C and 100 kPa into it so that it be-
comes saturated moist air at 10◦C. The process
is steady state with no external heat transfer or
work. Find the exit moist air humidity ratio and
the flow rate of liquid water. Find also the dry air
inlet temperature T1.

13.71 The products of combustion are flowing through
a heat exchanger with 12% carbon dioxide, 13%
water, and 75% nitrogen on a volume basis at the
rate 0.1 kg/s and 100 kPa. What is the dew-point
temperature? If the mixture is cooled 10◦C below
the dew-point temperature, how long will it take
to collect 10 kg of liquid water?

13.72 Consider a 1 m3/s flow of atmospheric air at 100
kPa, 25◦C, and 80% relative humidity. Assume
this flows into a basement room, where it cools
to 15◦C at 100 kPa. How much liquid water will
condense out?

13.73 Ambient moist air enters a steady-flow air-
conditioning unit at 102 kPa and 30◦C with 60%
relative humidity. The volume flow rate entering
the unit is 100 L/s. The moist air leaves the unit
at 95 kPa and 15◦C with a relative humidity of
100%. Liquid condensate also leaves the unit at
15◦C. Determine the rate of heat transfer for this
process.

13.74 A room with 50 kg of dry air at 40% relative hu-
midity, 20◦C, is moistened by boiling water to a
final state of 20◦C and 100% humidity. How much
water was added to the air?

13.75 Consider a 500-L rigid tank containing an air–
water vapor mixture at 100 kPa and 35◦C with
70% relative humidity. The system is cooled until
the water just begins to condense. Determine the
final temperature in the tank and the heat transfer
for the process.

13.76 A saturated air–water vapor mixture at 20◦C,
100 kPa, is contained in a 5-m3 closed tank in
equilibrium with 1 kg of liquid water. The tank
is heated to 80◦C. Is there any liquid water at the
final state? Find the heat transfer for the process.

13.77 A flow of 0.2 kg/s liquid water at 80◦C is sprayed
into a chamber together with 16 kg/s dry air at
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80◦C. All the water evaporates, and the moist air
leaves at a temperature of 40◦C. Find the exit rel-
ative humidity and the heat transfer.

13.78 A rigid container, 10 m3 in volume, contains moist
air at 45◦C and 100 kPa with � = 40%. The con-
tainer is now cooled to 5◦C. Neglect the volume
of any liquid that might be present and find the
final mass of water vapor, the final total pressure,
and the heat transfer.

13.79 A water-filled reactor of 1 m3 is at 20 MPa, 360◦C
and is located inside an insulated containment
room of 100 m3 that contains air at 100 kPa and
25◦C. Due to a failure, the reactor ruptures and
the water fills the containment room. Find the
final quality and pressure by iterations.

Tables and Formulas or Psychrometric Chart

13.80 I want to bring air at 35◦C, � = 40% to a state
of 25◦C, ω = 0.01. Do I need to add or subtract
water?

13.81 A flow of moist air at 100 kPa, 40◦C, and 40%
relative humidity is cooled to 15◦C in a constant-
pressure device. Find the humidity ratio of the
inlet and the exit flow and the heat transfer in the
device per kilogram of dry air.

13.82 Use the formulas and the steam tables to find the
missing property of �, ω, and Tdry for a total pres-
sure of 100 kPa; find the answers again using the
psychrometric chart.
a. � = 50%, ω = 0.010
b. Tdry = 25◦C, Twet = 21◦C

13.83 The discharge moist air from a clothes dryer is at
35◦C, 80% relative humidity. The flow is guided
through a pipe up through the roof and a vent
to the atmosphere shown in Fig. P13.83. Due to

1

2

FIGURE P13.83

heat transfer in the pipe, the flow is cooled to 24◦C
by the time it reaches the vent. Find the humidity
ratio in the flow out of the clothes dryer and at
the vent. Find the heat transfer and any amount of
liquid that may be forming per kilogram of dry air
for the flow.

13.84 A flow, 0.2 kg/s dry air, of moist air at 40◦C and
50% relative humidity flows from the outside state
1 down into a basement, where it cools to 16◦C,
state 2. Then it flows up to the living room, where
it is heated to 25◦C, state 3. Find the dew point for
state 1, any amount of liquid that may appear, the
heat transfer that takes place in the basement, and
the relative humidity in the living room at state 3.

13.85 A steady supply of 1.0 m3/s air at 25◦C, 100 kPa,
and 50% relative humidity is needed to heat a
building in the winter. The ambient outdoor air
is at 10◦C, 100 kPa, and 50% relative humidity.
What are the required liquid water input and heat
transfer rates for this purpose?

13.86 In a ventilation system, inside air at 34◦C and
70% relative humidity is blown through a channel,
where it cools to 25◦C with a flow rate of 0.75 kg/s
dry air. Find the dew point of the inside air, the
relative humidity at the end of the channel, and
the heat transfer in the channel.

13.87 Two moist air streams with 85% relative humid-
ity, both flowing at a rate of 0.1 kg/s of dry air, are
mixed in a steady-flow setup. One inlet stream is
at 32.5◦C and the other is at 16◦C. Find the exit
relative humidity.

13.88 A combination air cooler and dehumidification
unit receives outside ambient air at 35◦C, 100
kPa, and 90% relative humidity. The moist air is
first cooled to a low temperature T2 to condense
the proper amount of water; assume all the liquid
leaves at T2. The moist air is then heated and leaves
the unit at 20◦C, 100 kPa, and 30% relative humid-
ity with a volume flow rate of 0.01 m3/s. Find the
temperature T2, the mass of liquid per kilogram
of dry air, and the overall heat transfer rate.

13.89 To make dry coffee powder, we spray 0.2 kg/s
coffee (assume liquid water) at 80◦C into a cham-
ber, where we add 8 kg/s dry air at T . All the
water should evaporate, and the air should leave
with a minimum temperature of 40◦C; we ne-
glect the powder. Determine the T in the inlet air
flow.
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13.90 An insulated tank has an air inlet, ω1 = 0.0084,
and an outlet, T2 = 22◦C, �2 = 90%, both at
100 kPa. A third line sprays 0.25 kg/s of water at
80◦C and 100 kPa, as shown in Fig. P13.90. For
steady operation, find the outlet specific humidity,
the mass flow rate of air needed, and the required
air inlet temperature, T1.

1

3

2

FIGURE P13.90

13.91 A water-cooling tower for a power plant cools
45◦C liquid water by evaporation. The tower re-
ceives air at 19.5◦C, � = 30%, and 100 kPa that
is blown through/over the water such that it leaves
the tower at 25◦C and � = 70%. The remaining
liquid water flows back to the condenser at 30◦C,
having given off 1 MW. Find the mass flow rate
of air, and determine the amount of water that
evaporates.

13.92 Moist air at 31◦C and 50% relative humidity flows
over a large surface of liquid water. Find the adi-
abatic saturation temperature by trial and error.
(Hint: it is around 22.5◦C.)

13.93 A flow of air at 5◦C, � = 90%, is brought into
a house, where it is conditioned to 25◦C, 60%
relative humidity. This is done with a combined
heater-evaporator where any liquid water is at
10◦C. Find any flow of liquid and the necessary
heat transfer, both per kilogram of dry air flowing.
Find the dew point for the final mixture.

13.94 An air conditioner for an airport receives desert air
at 45◦C, 10% relative humidity, and must deliver
it to the buildings at 20◦C, 50% relative humid-
ity. The airport has a cooling system with R-410a
running with high pressure of 3000 kPa and low
pressure of 1000 kPa; the tap water is 18◦C. What
should be done to the air? Find the needed heating/
cooling per kilogram of dry air.

13.95 A flow of moist air from a domestic furnace, state
1, is at 45◦C, 10% relative humidity with a flow
rate of 0.05 kg/s dry air. A small electric heater
adds steam at 100◦C, 100 kPa, generated from tap
water at 15◦C shown in Fig. P13.95. Up in the
living room, the flow comes out at state 4: 30◦C,
60% relative humidity. Find the power needed for
the electric heater and the heat transfer to the flow
from state 1 to state 4.

1

3
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FIGURE P13.95

13.96 One means of air-conditioning hot summer air is
by evaporative cooling, which is a process similar
to the adiabatic saturation process. Consider out-
door ambient air at 35◦C, 100 kPa, 30% relative
humidity. What is the maximum amount of cool-
ing that can be achieved by this technique? What
disadvantage is there to this approach? Solve the
problem using a first-law analysis and repeat it
using the psychrometric chart, Fig. E.4.

13.97 A flow out of a clothes dryer of 0.05 kg/s dry
air is at 40◦C and 60% relative humidity. It flows
through a heat exchanger, where it exits at 20◦C.
Then the flow combines with another flow of 0.03
kg/s dry air at 30◦C and relative humidity 30%.
Find the dew point of state 1 (see Fig. P13.97),
the heat transfer per kilogram of dry air, and the
humidity ratio and relative humidity of the exit
state.

1 2

3

4

FIGURE P13.97
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13.98 Atmospheric air at 35◦C with a relative humidity
of 10%, is too warm and too dry. An air condi-
tioner should deliver air at 21◦C and 50% relative
humidity in the amount of 3600 m3/h. Sketch a
setup to accomplish this. Find any amount of liq-
uid (at 20◦C) that is needed or discarded and any
heat transfer.

13.99 In a car’s defrost/defog system, atmospheric air at
21◦C and 80% relative humidity is taken in and
cooled such that liquid water drips out. The now
dryer air is heated to 41◦C and then blown onto
the windshield, where it should have a maximum
of 10% relative humidity to remove water from
the windshield. Find the dew point of the atmo-
spheric air, the specific humidity of air onto the
windshield, the lowest temperature, and the spe-
cific heat transfer in the cooler.

13.100 A flow of moist air at 45◦C, 10% relative humidity
with a flow rate of 0.2 kg/s dry air is mixed with
a flow of moist air at 25◦C and absolute humidity
of ω = 0.018 with a rate of 0.3 kg/s dry air. The
mixing takes place in an air duct at 100 kPa, and
there is no significant heat transfer. After the mix-
ing, there is heat transfer to a final temperature of
40◦C. Find the temperature and relative humidity
after mixing. Find the heat transfer and the final
exit relative humidity.

13.101 An indoor pool evaporates 1.512 kg/h of water,
which is removed by a dehumidifier to maintain
21◦C, � = 70% in the room. The dehumidifier,
shown in Fig. P13.101, is a refrigeration cycle in
which air flowing over the evaporator cools such
that liquid water drops out, and the air continues
flowing over the condenser. For an air flow rate of
0.1 kg/s, the unit requires 1.4 kW input to a mo-
tor driving a fan and the compressor, and it has a

Air in
Air back
to room

1 2 3

mliq
·

Evaporator Valve Condenser

Compressor

FIGURE P13.101

COP, of β = Q̇1/Ẇc = 2.0. Find the state of the
air as it returns to the room and the compressor
work input.

13.102 A moist air flow of 5 kg/min at 30◦C, � = 60%,
100 kPa goes through a dehumidifier in the setup
shown in Problem 13.101. The air is cooled down
to 15◦C and then blown over the condenser. The
refrigeration cycle runs with R-134a, with a low
pressure of 200 kPa and a high pressure of 1000
kPa. Find the COP of the refrigeration cycle, the
ratio ṁR-134a/ṁair, and the outgoing T3 and �3.

Psychrometric Chart Only

13.103 Use the psychrometric chart to find the missing
property of: �, ω, Twet, and Tdry.
a. Tdry = 25◦C, � = 80%
b. Tdry = 15◦C, � = 100%
c. Tdry = 20◦C, ω = 0.008
d. Tdry = 25◦C, Twet = 23◦C

13.104 Use the psychrometric chart to find the missing
property of: �, ω, Twet, and Tdry.
a. � = 50%, ω = 0.012
b. Twet = 15◦C, � = 60%
c. ω = 0.008, Twet = 17◦C
d. Tdry = 10◦C, ω = 0.006

13.105 For each of the states in Problem 13.104, find the
dew-point temperature.

13.106 Use the formulas and the steam tables to find the
missing property of �, ω, and Tdry; total pressure
is 100 kPa. Repeat the answers using the psychro-
metric chart.
a. � = 50%, ω = 0.010
b. Twet = 15◦C, � = 50%
c. Tdry = 25◦C, Twet = 21◦C

13.107 An air conditioner should cool a flow of ambi-
ent moist air at 40◦C, 40% relative humidity hav-
ing 0.2 kg/s flow of dry air. The exit temperature
should be 25◦C, and the pressure is 100 kPa. Find
the rate of heat transfer needed and check for the
formation of liquid water.

13.108 A flow of moist air at 21◦C with 60% relative
humidity should be produced from mixing two
different moist air flows. Flow 1 is at 10◦C and
80% relative humidity; flow 2 is at 32◦C and has
Twet = 27◦C. The mixing chamber can be followed
by a heater or a cooler, as shown in Fig. P13.108.
No liquid water is added, and P = 100 kPa. Find
the two controls; one is the ratio of the two mass
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flow rates ṁa1/ṁa2 and the other is the heat trans-
fer in the heater/cooler per kilogram of dry air.

Q

4
3

1

2

·

FIGURE P13.108

13.109 In a hot and dry climate, air enters an air-
conditioner unit at 100 kPa, 40◦C, and 5% relative
humidity at a steady rate of 1.0 m3/s. Liquid water
at 20◦C is sprayed into the air in the unit at the rate
of 20 kg/h, and heat is rejected from the unit at the
rate 20 kW. The exit pressure is 100 kPa. What are
the exit temperature and relative humidity?

13.110 Compare the weather in two places where it is
cloudy and breezy. At beach A the temperature is
20◦C, the pressure is 103.5 kPa, and the relative
humidity is 90%; beach B has 25◦C, 99 kPa, and
20% relative humidity. Suppose you just took a
swim and came out of the water. Where would
you feel more comfortable, and why?

13.111 Ambient air at 100 kPa, 30◦C, and 40% relative
humidity goes through a constant-pressure heat
exchanger as a steady flow. In one case it is heated
to 45◦C, and in another case it is cooled until it
reaches saturation. For both cases, find the exit
relative humidity and the amount of heat transfer
per kilogram of dry air.

13.112 A flow of moist air at 100 kPa, 35◦C, 40% relative
humidity is cooled by adiabatic evaporation of liq-
uid 20◦C water to reach a saturated state. Find the
amount of water added per kilogram of dry air and
the exit temperature.

13.113 Consider two states of atmospheric air: (1) 35◦C,
Twet = 18◦C and (2) 26.5◦C, � = 60%. Suggest
a system of devices that will allow air in a steady
flow to change from (1) to (2) and from (2) to (1).
Heaters, coolers, (de)humidifiers, liquid traps, and
the like are available, and any liquid/solid flowing
is assumed to be at the lowest temperature seen
in the process. Find the specific and relative hu-
midity for state 1, the dew point for state 2, and

the heat transfer per kilogram of dry air in each
component in the systems.

13.114 To refresh air in a room, a counterflow heat ex-
changer (see Fig. P13.114), is mounted in the wall,
drawing in outside air at 0.5◦C, 80% relative hu-
midity and pushing out room air at 40◦C, 50%
relative humidity. Assume an exchange of 3 kg/
min dry air in a steady flow, and also assume that
the room air exits the heat exchanger to the at-
mosphere at 23◦C. Find the net amount of water
removed from the room, any liquid flow in the heat
exchanger, and (T , �) for the fresh air entering the
room.

Room
air3

4

1

2

Outside
air

Wall

FIGURE P13.114

Availability (Exergy) in Mixtures

13.115 Find the second-law efficiency of the heat ex-
changer in Problem 13.52.

13.116 Consider the mixing of a steam flow with an oxy-
gen flow in Problem 13.53. Find the rate of total
inflowing availability and the rate of exergy de-
struction in the process.

13.117 A mixture of 75% carbon dioxide and 25% wa-
ter by mol is flowing at 1600 K, 100 kPa, into
a heat exchanger, where it is used to deliver en-
ergy to a heat engine. The mixture leaves the
heat exchanger at 500 K with a mass flow rate of
2 kg/min. Find the rate of energy and the rate of
exergy delivered to the heat engine.

Review Problems

13.118 Weighing of masses gives a mixture at 60◦C, 225
kPa with 0.5 kg oxygen, 1.5 kg nitrogen, and 0.5 kg
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methane. Find the partial pressures of each com-
ponent, the mixture specific volume (mass basis),
mixture molecular mass, and the total volume.

13.119 A carbureted internal-combustion engine is con-
verted to run on methane gas (natural gas). The
air–fuel ratio in the cylinder is to be 20:1 on a
mass basis. How many moles of oxygen per mole
of methane are there in the cylinder?

13.120 A mixture of 50% carbon dioxide and 50% wa-
ter by mass is brought from 1500 K and 1 MPa
to 500 K and 200 kPa in a polytropic process
through a steady-state device. Find the necessary
heat transfer and work involved using values from
Table A.5.

13.121 Solve Problem 13.120 using specific heats Cp =
�h/�T from Table A.8 at 1000 K.

13.122 A large air separation plant takes in ambient air
(79% nitrogen, 21% oxygen by mole) at 100 kPa
and 20◦C at a rate of 25 kg/s. It discharges a stream
of pure oxygen gas at 200 kPa and 100◦C and a
stream of pure nitrogen gas at 100 kPa and 20◦C.
The plant operates on an electrical power input of
2000 kW, shown in Fig. P13.122. Calculate the net
rate of entropy change for the process.

Air
1

3

2
O2

N2

2000 kW

FIGURE P13.122

13.123 Repeat Problem 13.55 with an inlet temperature
of 1400 K for the carbon dioxide and 300 K for
the nitrogen. First, estimate the exit temperature
with the specific heats from Table A.5 and use this
to start iterations with values from A.9.

13.124 A piston/cylinder has 100 kg of saturated moist
air at 100 kPa and 5◦C. If it is heated to 45◦C in
an isobaric process, find 1q2 and the final relative
humidity. If it is compressed from the initial state
to 200 kPa in an isothermal process, find the mass
of water condensing.

13.125 A piston/cylinder contains helium at 110 kPa at
an ambient temperature 20◦C, and an initial vol-
ume of 20 L, as shown in Fig. P13.125. The stops
are mounted to give a maximum volume of 25 L,
and the nitrogen line conditions are 300 kPa, 30◦C.
The valve is now opened, which allows nitrogen
to flow in and mix with the helium. The valve is
closed when the pressure inside reaches 200 kPa,
at which point the temperature inside is 40◦C. Is
this process consistent with the second law of ther-
modynamics?

He N2
line

FIGURE P13.125

13.126 A spherical balloon has an initial diameter of 1 m
and contains argon gas at 200 kPa, 40◦C. The bal-
loon is connected by a valve to a 500-L rigid tank
containing carbon dioxide at 100 kPa, 100◦C. The
valve is opened, and eventually the balloon and
tank reach a uniform state in which the pressure is
185 kPa. The balloon pressure is directly propor-
tional to its diameter. Take the balloon and tank
as a control volume, and calculate the final tem-
perature and the heat transfer for the process.

13.127 An insulated rigid 2-m3 tank A contains carbon
dioxide gas at 200◦C, 1 MPa. An uninsulated rigid
1-m3 tank B contains ethane (C2H6), gas at 200
kPa, room temperature 20◦C. The two are con-
nected by a one-way check valve that will allow
gas from A to B but not from B to A, as shown in
Fig. P13.127. The valve is opened, and gas flows
from A to B until the pressure in B reaches 500
kPa when the valve is closed. The mixture in B
is kept at room temperature due to heat transfer.
Find the total number of moles and the ethane
mole fraction at the final state in B. Find the final
temperature and pressure in tank A and the heat
transfer, to/from tank B.
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A B

T0

FIGURE P13.127

13.128 You have just washed your hair and now blow dry
it in a room with 23◦C, � = 60%, (1). The dryer,
500 W, heats the air to 49◦C (2), blows it through
your hair, where the air becomes saturated (3),
and then flows on to hit a window, where it cools
to 15◦C (4). Find the relative humidity at state 2,
the heat transfer per kilogram of dry air in the
dryer, the air flow rate, and the amount of water
condensed on the window, if any.

13.129 A 0.2-m3 insulated, rigid vessel is divided into two
equal parts A and B by an insulated partition, as
shown in Fig. P.13.129. The partition will support
a pressure difference of 400 kPa before breaking.
Side A contains methane and side B contains car-
bon dioxide. Both sides are initially at 1 MPa,
30◦C. A valve on side B is opened, and carbon
dioxide flows out. The carbon dioxide that remains
in B is assumed to undergo a reversible adiabatic
expansion while there is flow out. Eventually the
partition breaks, and the valve is closed. Calculate
the net entropy change for the process that begins
when the valve is closed.

A

CH4

B

CO2

FIGURE P13.129

13.130 Ambient air is at 100 kPa, 35◦C, 50% relative hu-
midity. A steady stream of air at 100 kPa, 23◦C,
70% relative humidity is to be produced by first
cooling one stream to an appropriate temperature
to condense out the proper amount of water and
then mix this stream adiabatically with the second
one at ambient conditions. What is the ratio of the
two flow rates? To what temperature must the first
stream be cooled?

13.131 An air–water vapor mixture enters a steady-flow
heater humidifier unit at state 1: 10◦C, 10% rel-

ative humidity, at the rate of 1 m3/s. A second
air–vapor stream enters the unit at state 2: 20◦C,
20% relative humidity, at the rate of 2 m3/s. Liq-
uid water enters at state 3: 10◦C, at the rate of
400 kg/hr. A single air–vapor flow exits the unit at
state 4: 40◦C, as shown in Fig. P13.131. Calculate
the relative humidity of the exit flow and the rate
of heat transfer to the unit.

Q

4

2

1

·

3

FIGURE P13.131

13.132 A semipermeable membrane is used for the partial
removal of oxygen from air that is blown through a
grain elevator storage facility. Ambient air (79%
nitrogen, 21% oxygen on a mole basis) is com-
pressed to an appropriate pressure, cooled to am-
bient temperature 25◦C, and then fed through a
bundle of hollow polymer fibers that selectively
absorb oxygen, so the mixture leaving at 120 kPa,
25◦C, contains only 5% oxygen, as shown in Fig.
P13.132. The absorbed oxygen is bled off through
the fiber walls at 40 kPa, 25◦C, to a vacuum pump.
Assume the process to be reversible and adiabatic
and determine the minimum inlet air pressure to
the fiber bundle.

1

3

0.79 N2
+0.21 O2

0.79 N2
+ ? O2

2

O2

FIGURE P13.132

13.133 A dehumidifier receives a flow of 0.25 kg/s dry
air at 35◦C, 90% relative humidity, as shown in
Fig. P13.101. It is cooled down to 15◦C as it flows
over the evaporator and is then heated up again
as it flows over the condenser. The standard re-
frigeration cycle uses R-410a with an evaporator
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temperature of –5◦C and a condensation pressure
of 3000 kPa. Find the amount of liquid water re-
moved and the heat transfer in the cooling process.
How much compressor work is needed? What
is the final air exit temperature and relative hu-
midity?

13.134 The air conditioning by evaporative cooling in
Problem 13.96 is modified by adding a dehu-
midification process before the water spray cool-
ing process. This dehumidification is achieved, as

shown in Fig. P13.134, by using a desiccant mate-
rial, which absorbs water on one side of a rotating
drum heat exchanger. The desiccant is regenerated
by heating on the other side of the drum to drive
the water out. The pressure is 100 kPa everywhere,
and other properties are on the diagram. Calculate
the relative humidity of the cool air supplied to
the room at state 4 and the heat transfer per unit
mass of air that needs to be supplied to the heater
unit.

·
Q

T1 = 35°C

1

9

Ambient
air

Exhaust

Rotary-drum
dehumidifier

Evaporative
cooler

= 0.30φ 1

8

Heater

Air
to room

Return
air

4

5

Evaporative
cooler

2

7

3

6

H2O in

T2 = 60°C
= ω 2

H2O in

ω 1
1
–
2

T8 = 80°C

T3 = 25°C
T6 = 20°C

T4 = 20°C
T5 = 25°C

= ω 5 ω 4

Insulated
heat exchanger

FIGURE P13.134

ENGLISH UNIT PROBLEMS

13.135E If oxygen is 21% by mole of air, what is the oxy-
gen state (P, T , v) in a room at 540 R, 15 psia,
of a total volume of 2000 ft3?

13.136E A gas mixture at 250 F, 18 lbf/in.2 is 50% ni-
trogen, 30% water, and 20% oxygen on a mole
basis. Find the mass fractions, the mixture gas
constant, and the volume for 10 lbm of mixture.

13.137E A flow of oxygen and one of nitrogen, both
540 R, are mixed to produce 1 lbm/s air at
540 R, 15 psia. What is the mass and volume
flow rate of each line?

13.138E A new refrigerant, R-410a, is a mixture of
R-32 and R-125 in a 1:1 mass ratio. What

is the overall molecular mass, the gas con-
stant, and the ratio of specific heats for such a
mixture?

13.139E Do the previous problem for R-507a, which is
1:1 mass ratio of R-125 and R-143a. The refrig-
erant R-143a has molecular mass of 84.041, and
Cp = 0.222 Btu/lbmR.

13.140E A rigid container has 1 lbm carbon dioxide at
540 R and 1 lbm argon at 720 R, both at 20 psia.
Now they are allowed to mix without any heat
transfer. What is the final T , and P?

13.141E A flow of 1 lbm/s argon at 540 R and another
flow of 1 lbm/s carbon dioxide at 2800 R, both
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at 20 psia, are mixed without any heat transfer.
Find the exit T , P, assuming constant specific
heats.

13.142E Repeat the previous problem using variable spe-
cific heats.

13.143E A pipe flows 1.5 lbm/s of a mixture with mass
fractions of 40% carbon dioxide and 60% nitro-
gen at 60 lbf/in.2, 540 R. Heating tape is wrapped
around a section of pipe with insulation added,
and 2 Btu/s electrical power is heating the pipe
flow. Find the mixture exit temperature.

13.144E An insulated gas turbine receives a mixture of
10% carbon dioxide, 10% water, and 80% nitro-
gen on a mass basis at 1800 R, 75 lbf/in.2. The
inlet volume flow rate is 70 ft3/s, and the exhaust
is at 1300 R, 15 lbf/in.2. Find the power output
in Btu/s using constant specific heat from F4 at
540 R.

13.145E Solve Problem 13.144 using the values of en-
thalpy from Table F.6.

13.146E A piston/cylinder device contains 0.3 lbm of a
mixture of 40% methane and 60% propane by
mass at 540 R and 15 psia. The gas is now slowly
compressed in an isothermal (T = constant) pro-
cess to a final pressure of 40 psia. Show the pro-
cess in a P–v diagram, and find both the work
and heat transfer in the process.

13.147E Two insulated tanks A and B are connected by
a valve. Tank A has a volume of 30 ft3 and ini-
tially contains argon at 50 lbf/in.2, 50 F. Tank
B has a volume of 60 ft3 and initially contains
ethane at 30 lbf/in.2, 120 F. The valve is opened
and remains open until the resulting gas mixture
comes to a uniform state. Find the final pressure
and temperature.

13.148E A mixture of 4 lbm oxygen and 4 lbm argon is
in an insulated piston/cylinder arrangement at
14.7 lbf/in.2, 540 R. The piston now compresses
the mixture to half of its initial volume. Find the
final pressure, temperature, and piston work.

13.149E A flow of gas A and a flow of gas B are mixed
in a 1:1 mole ratio with the same T . What is the
entropy generation per lbmole flow out?

13.150E A rigid container has 1 lbm argon at 540 R and
1 lbm argon at 720 R, both at 20 psia. Now they
are allowed to mix without any external heat

transfer. What is the final T , and P? Is any s
generated?

13.151E A steady flow 0.6 lbm/s of 50% carbon diox-
ide and 50% water mixture by mass at 2200 R
and 30 psia is used in a constant-pressure heat
exchanger, where 300 Btu/s is extracted from
the flow. Find the exit temperature and rate of
change in entropy using Table F.4.

13.152E Solve the previous problem using Table F.6.

13.153E What is the rate of entropy increase in Problem
13.142E?

13.154E Find the entropy generation for the process in
Problem 13.147E.

13.155E Carbon dioxide gas at 580 R is mixed with ni-
trogen at 500 R in an insulated mixing chamber.
Both flows are at 14.7 lbf/in.2, and the mole ratio
of carbon dioxide to nitrogen is 2:1. Find the exit
temperature and the total entropy generation per
mole of the exit mixture.

13.156E A mixture of 60% helium and 40% nitrogen
by mole enters a turbine at 150 lbf/in.2, 1500
R at a rate of 4 lbm/s. The adiabatic tur-
bine has an exit pressure of 15 lbf/in.2 and an
isentropic efficiency of 85%. Find the turbine
work.

13.157E A tank has two sides initially separated by a di-
aphragm. Side A contains 2 lbm of water, and
side B contains 2.4 lbm of air, both at 68 F,
14.7 lbf/in.2. The diaphragm is now broken,
and the whole tank is heated to 1100 F by
a 1300 F reservoir. Find the final total pres-
sure, heat transfer, and total entropy genera-
tion.

13.158E A 1 lbm/s flow of saturated moist air (relative hu-
midity 100%) at 14.7 psia and 50 F goes through
a heat exchanger and comes out at 80 F. What is
the exit relative humidity, and how much power
is needed?

13.159E If I have air at 14.7 psia and (a) 15 F, (b) 115
F, and (c) 230 F, what is the maximum absolute
humidity I can have?

13.160E Consider a volume of 2000 ft3 that contains an
air–water vapor mixture at 14.7 lbf/in.2, 60 F,
and 40% relative humidity. Find the mass of
water and the humidity ratio. What is the dew
point of the mixture?
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13.161E Consider at 35 ft3/s flow of atmospheric air at
14.7 psia, 80 F, and 80% relative humidity. As-
sume this flows into a basement room, where it
cools to 60 F at 14.7 psia. How much liquid will
condense out?

13.162E Consider a 10-ft3 rigid tank containing an air–
water vapor mixture at 14.7 lbf/in.2, 90 F, with
70% relative humidity. The system is cooled un-
til the water just begins to condense. Determine
the final temperature in the tank and the heat
transfer for the process.

13.163E A water-filled reactor of 50 ft3 is at 2000 lbf/in.2,
550 F, and located inside an insulated contain-
ment room of 5000 ft3 that has air at 1 atm and
77 F. Due to a failure, the reactor ruptures and
the water fills the containment room. Find the
final quality and pressure by iterations.

13.164E Two moist air streams with 85% relative humid-
ity, both flowing at a rate of 0.2 lbm/s of dry
air, are mixed in a steady-flow setup. One inlet
flowstream is at 90 F, and the other is at 61 F.
Find the exit relative humidity.

13.165E A flow of moist air from a domestic furnace,
state 1 in Fig. P13.95 is at 120 F, 10% relative
humidity with a flow rate of 0.1 lbm/s dry air. A
small electric heater adds steam at 212 F, 14.7
psia, generated from tap water at 60 F. Up in the
living room, the flow comes out at state 4: 90 F,
60% relative humidity. Find the power needed
for the electric heater and the heat transfer to the
flow from state 1 to state 4.

13.166E Atmospheric air at 95 F, relative humidity 10%,
is too warm and too dry. An air conditioner
should deliver air at 70 F, 50% relative humidity
in the amount of 3600 ft3/hr. Sketch a setup to
accomplish this; find any amount of liquid (at
68 F) that is needed or discarded and any heat
transfer.

13.167E An indoor pool evaporates 3 lbm/h of water,
which is removed by a dehumidifier to maintain
70 F, � = 70% in the room. The dehumidifier
is a refrigeration cycle in which air flowing over
the evaporator cools such that liquid water drops
out, and the air continues flowing over the con-
denser, as shown in Fig. P13.101. For an air flow
rate of 0.2 lbm/s, the unit requires 1.2 Btu/s in-
put to a motor driving a fan and the compressor,

and it has a COP, β = Q̇L/Ẇc = 2.0. Find the
state of the air after evaporation, T2, ω2, �2, and
the heat rejected. Find the state of the air as it
returns to the room and the compressor work
input.

13.168E To refresh air in a room, a counterflow heat ex-
changer is mounted in the wall, as shown in
Fig. P13.114. It draws in outside air at 33 F, 80%
relative humidity, and draws room air, at 104 F,
50% relative humidity, out. Assume an exchange
of 6 lbm/min dry air in a steady-flow device, and
also that the room air exits the heat exchanger to
the atmosphere at 72 F. Find the net amount of
water removed from the room, any liquid flow
in the heat exchanger, and (T , �) for the fresh
air entering the room.

13.169E Weighing of masses gives a mixture at 80 F,
35 lbf/in.2 with 1 lbm oxygen, 3 lbm nitrogen,
and 1 lbm methane. Find the partial pressures
of each component, the mixture specific volume
(mass basis), the mixture molecular mass, and
the total volume.

13.170E A mixture of 50% carbon dioxide and 50% water
by mass is brought from 2800 R, 150 lbf/in.2 to
900 R, 30 lbf/in.2 in a polytropic process through
a steady-flow device. Find the necessary heat
transfer and work involved using values from
Table F.4.

13.171E A large air separation plant (see Fig. P13.122),
takes in ambient air (79% nitrogen, 21% oxy-
gen by volume) at 14.7 lbf/in.2, 70 F, at a rate of
2 lb mol/s. It discharges a stream of pure oxy-
gen gas at 30 lbf/in.2, 200 F, and a stream of pure
nitrogen gas at 14.7 lbf/in.2, 70 F. The plant op-
erates on an electrical power input of 2000 kW.
Calculate the net rate of entropy change for the
process.

13.172E Ambient air is at 14.7 lbf/in.2, 95 F, 50% relative
humidity. A steady stream of air at 14.7 lbf/in.2,
73 F, 70% relative humidity is to be produced by
first cooling one stream to an appropriate tem-
perature to condense out the proper amount of
water and then mixing this stream adiabatically
with the second one at ambient conditions. What
is the ratio of the two flow rates? To what tem-
perature must the first stream be cooled?
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13.173 Write a program to solve the general case of Prob-
lems 13.44/64 in which the two volumes and the
initial state properties of the argon and the ethane
are input variables. Use constant specific heat
from Table A.5.

13.174 Mixing of carbon dioxide and nitrogen in a steady-
flow setup was given in Problem 13.55. If the
temperatures are very different, an assumption of
constant specific heat is inappropriate. Study the
problem assuming that the carbon dioxide enters
at 300 K, 100 kPa, as a function of the nitrogen
inlet temperature using specific heat from Table
A.7 or the formula in Table A.6. Give the ni-
trogen inlet temperature for which the constant
specific heat assumption starts to be more than
1%, 5%, and 10% wrong for the exit mixture
temperature.

13.175 The setup in Problem 13.90 is similar to a process
that can be used to produce dry powder from a
slurry of water and dry material as coffee or milk.
The water flow at state 3 is a mixture of 80% liquid
water and 20% dry material on a mass basis with
Cdry = 0.4 kJ/kg K. After the water is evaporated,
the dry material falls to the bottom and is removed
in an additional line, ṁdry exit at state 4. Assume
a reasonable T4 and that state 1 is heated atmo-
spheric air. Investigate the inlet flow temperature
as a function of state 1 humidity ratio.

13.176 A dehumidifier for household applications is sim-
ilar to the system shown in Fig. P13.101. Study the
requirements to the refrigeration cycle as a func-
tion of the atmospheric conditions and include a
worst case estimation.

13.177 A clothes dryer has a 60◦C, � = 90% air flow
out at a rate of 3 kg/min. The atmospheric con-
ditions are 20◦C, relative humidity of 50%. How
much water is carried away and how much power is
needed? To increase the efficiency, a counterflow
heat exchanger is installed to preheat the incom-
ing atmospheric air with the hot exit flow. Esti-
mate suitable exit temperatures from the heat ex-
changer and investigate the design changes to the
clothes dryer. (What happens to the condensed
water?) How much energy can be saved this
way?

13.178 Addition of steam to combustors in gas turbines
and to internal-combustion engines reduces the
peak temperatures and lowers emission of NOx.
Consider a modification to a gas turbine, as shown
in Fig. P13.178, where the modified cycle is called
the Cheng cycle. In this example, it is used for
a cogenerating power plant. Assume 12 kg/s air
with state 2 at 1.25 MPa, unknown temperature,
is mixed with 2.5 kg/s water at 450◦C at constant
pressure before the inlet to the turbine. The turbine
exit temperature is T4 = 500◦C, and the pressure
is 125 kPa. For a reasonable turbine efficiency,
estimate the required air temperature at state 2.
Compare the result to the case where no steam is
added to the mixing chamber and only air runs
through the turbine.

FIGURE P13.178

13.179 Consider the district water heater acting as the
condenser for part of the water between states 5
and 6 in Fig. P13.178. If the temperature of the
mixture (12 kg/s air, 2.5 kg/s steam) at state 5 is
135◦C, study the district heating load, Q̇1, as a
function of the exit temperature T6. Study also
the sensitivity of the results with respect to the
assumption that state 6 is saturated moist air.

13.180 The cogeneration gas-turbine cycle can be aug-
mented with a heat pump to extract more energy
from the turbine exhaust gas, as shown in Fig.
P13.180. The heat pump upgrades the energy to
be delivered at the 70◦C line for district heating. In



P1: KUF/OVY P2: OSO/OVY QC: SCF/OVY T1: SCF

GTBL057-13 GTBL057-Borgnakke-v7 May 23, 2008 13:23

Confirm Pages

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS � 563

70°C

Heat
pump W

·

Q2
·

HP

Q3
·

40°C

5 6a

7a 7b7

6b

135°C

Sat. air
to chimney

FIGURE P13.180

the modified application, the first heat exchanger
has exit temperature T6a = T7a = 45◦C, and the
second one has T6b = T7b = 36◦C. Assume the
district heating line has the same exit temperature
as before, so this arrangement allows for a higher
flow rate. Estimate the increase in the district heat-
ing load that can be obtained and the necessary
work input to the heat pump.

13.181 Several applications of dehumidification do not
rely on water condensation by cooling. A desic-
cant with a greater affinity to water can absorb
water directly from the air accompanied by a heat
release. The desiccant is then regenerated by heat-
ing, driving the water out. Make a list of several
materials such as liquids, gels, and solids and show
examples of their use.
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CONCEPT-STUDY GUIDE PROBLEMS

15.1 Is mass conserved in combustion? Is the number of
moles constant?

15.2 Does all combustion take place with air?

15.3 Why would I sometimes need an air–fuel ratio on
a mole basis? on a mass basis?

15.4 Why is there no significant difference between the
number of moles of reactants and the number of
products in combustion of hydrocarbon fuels with
air?

15.5 Why are products measured on a dry basis?

15.6 What is the dew point of hydrogen burned with
stoichiometric pure oxygen? With air?

15.7 How does the dew point change as equivalence ratio
goes from 0.9 to 1 to 1.1?

15.8 Why does combustion contribute to global warm-
ing?

15.9 What is the enthalpy of formation for oxygen as
O2? If O? For carbon dioxide?

15.10 If the nitrogen content of air can be lowered, will the
adiabatic flame temperature increase or decrease?

15.11 Does the enthalpy of combustion depend on the
air–fuel ratio?

15.12 Why do some fuels not have entries for liquid fuel
in Table 15.3?

15.13 Is a heating value a fixed number for a fuel?

15.14 Is an adiabatic flame temperature a fixed number
for a fuel?

15.15 Does it make a difference for the enthalpy of com-
bustion whether I burn with pure oxygen or air?
What about the adiabatic flame temperature?

15.16 A welder uses a bottle with acetylene and a bottle
with oxygen. Why should he use the oxygen bottle
instead of air?

15.17 Some gas welding is done using bottles of fuel, oxy-
gen, and argon. Why do you think argon is used?

15.18 Is combustion a reversible process?

HOMEWORK PROBLEMS

Fuels and the Combustion Process

15.19 In a picnic grill, gaseous propane is fed to a burner
together with stoichiometric air. Find the air–fuel
ratio on a mass basis and the total reactant mass
for 1 kg of propane burned.

15.20 Calculate the theoretical air–fuel ratio on a mass
and mole basis for the combustion of ethanol,
C2H5OH.

15.21 A certain fuel oil has the composition C10H22. If
this fuel is burned with 150% theoretical air, what
is the composition of the products of combustion?

15.22 Methane is burned with 200% theoretical air. Find
the composition and the dew point of the products.

15.23 Natural gas B from Table 15.2 is burned with 20%
excess air. Determine the composition of the prod-
ucts.

15.24 For complete stoichiometric combustion of gaso-
line, C7H17, determine the fuel molecular weight,
the combustion products, and the mass of carbon
dioxide produced per kilogram of fuel burned.

15.25 A Pennsylvania coal contains 74.2% C, 5.1% H,
6.7% O (dry basis, mass percent) plus ash and

small percentages of N and S. This coal is fed into
a gasifier along with oxygen and steam, as shown
in Fig. P15.25. The exiting product gas composi-
tion is measured on a mole basis to: 39.9% CO,
30.8% H2, 11.4% CO2, 16.4% H2O plus small
percentages of CH4, N2, and H2S. How many kilo-
grams of coal are required to produce 100 kmol
of product gas? How much oxygen and steam are
required?

Product gas
Steam

Oxygen

Coal

Gasifier

FIGURE P15.25

15.26 Liquid propane is burned with dry air. A volumet-
ric analysis of the products of combustion yields
the following volume percent composition on a
dry basis: 8.6% CO2, 0.6% CO, 7.2% O2, and
83.6% N2. Determine the percent of theoretical
air used in this combustion process.
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15.27 In a combustion process with decane, C10H22, and
air, the dry product mole fractions are 83.61% N2,
4.91% O2, 10.56% CO2, and 0.92% CO. Find the
equivalence ratio and the percent theoretical air of
the reactants.

15.28 A sample of pine bark has the following ultimate
analysis on a dry basis, percent by mass: 5.6% H,
53.4% C, 0.1% S, 0.1% N, 37.9% O, and 2.9%
ash. This bark will be used as a fuel by burning it
with 100% theoretical air in a furnace. Determine
the air–fuel ratio on a mass basis.

15.29 Methanol, CH3OH, is burned with 200% theoret-
ical air in an engine, and the products are brought
to 100 kPa, 30◦C. How much water is condensed
per kilogram of fuel?

15.30 The coal gasifier in an integrated gasification com-
bined cycle (IGCC) power plant produces a gas
mixture with the following volumetric percent
composition:

Product CH4 H2 CO CO2 N2 H2O H2S NH3

% vol. 0.3 29.6 41.0 10.0 0.8 17.0 1.1 0.2

This gas is cooled to 40◦C, 3 MPa, and the H2S
and NH3 are removed in water scrubbers. Assum-
ing that the resulting mixture, which is sent to the
combustors, is saturated with water, determine the
mixture composition and the theoretical air–fuel
ratio in the combustors.

15.31 Butane is burned with dry air at 40◦C, 100 kPa,
with AF = 26 on a mass basis. For complete com-
bustion, find the equivalence ratio, the percentage
of theoretical air, and the dew point of the prod-
ucts. How much water (kg/kg fuel) is condensed
out, if any, when the products are cooled down to
ambient temperature, 40◦C?

15.32 The output gas mixture of a certain air-blown coal
gasifier has the composition of producer gas as
listed in Table 15.2. Consider the combustion of
this gas with 120% theoretical air at 100 kPa pres-
sure. Determine the dew point of the products and
find how many kilograms of water will be con-
densed per kilogram of fuel if the products are
cooled 10◦C below the dew-point temperature.

15.33 The hot exhaust gas from an internal-combustion
engine is analyzed and found to have the follow-
ing percent composition on a volumetric basis at

the engine exhaust manifold: 10% CO2, 2% CO,
13% H2O, 3% O2, and 72% N2. This gas is fed to
an exhaust gas reactor and mixed with a certain
amount of air to eliminate the CO, as shown in
Fig. P15.33. It has been determined that a mole
fraction of 10% O2 in the mixture at state 3 will
ensure that no CO remains. What must be the ratio
of flows entering the reactor?

Exhaust out

Exhaust gas

Air
3

1

2

Reactor

FIGURE P15.33

Energy Equation, Enthalpy of Formation

15.34 Hydrogen is burned with stoichiometric air in a
steady-flow process where the reactants are sup-
plied at 100 kPa, 298 K. The products are cooled
to 800 K in a heat exchanger. Find the heat transfer
per kmol hydrogen.

15.35 Butane gas and 200% theoretical air, both at 25◦C,
enter a steady-flow combustor. The products of
combustion exit at 1000 K. Calculate the heat
transfer from the combustor per kmol of butane
burned.

15.36 One alternative to using petroleum or natural gas
as fuels is ethanol (C2H5OH), which is commonly
produced from grain by fermentation. Consider
a combustion process in which liquid ethanol is
burned with 120% theoretical air in a steady-flow
process. The reactants enter the combustion cham-
ber at 25◦C, and the products exit at 60◦C, 100
kPa. Calculate the heat transfer per kilomole of
ethanol.

15.37 Do the previous problem with the ethanol fuel de-
livered as a vapor.

15.38 Liquid methanol is burned with stoichiometric air,
both supplied at P0, T0 in a constant-pressure pro-
cess, and the products exit a heat exchanger at 900
K. Find the heat transfer per kmol fuel.

15.39 Another alternative fuel to be seriously consid-
ered is hydrogen. It can be produced from water by
various techniques that are under extensive study.
Its biggest problems at the present time are cost,
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storage, and safety. Repeat Problem 15.36 using
hydrogen gas as the fuel instead of ethanol.

15.40 The combustion of heptane, C7H16, takes place in
a steady-flow burner where fuel and air are added
as gases at P0, T0. The mixture has 125% theo-
retical air, and the products pass through a heat
exchanger, where they are cooled to 600 K. Find
the heat transfer from the heat exchanger per kmol
of heptane burned.

15.41 In a new high-efficiency furnace, natural gas, as-
sumed to be 90% methane and 10% ethane (by
volume) and 110% theoretical air each enter at
25◦C, 100 kPa, and the products (assumed to be
100% gaseous) exit the furnace at 40◦C, 100 kPa.
What is the heat transfer for this process? Com-
pare this to the performance of an older furnace
where the products exit at 250◦C, 100 kPa.

15.42 Repeat the previous problem but take into account
the actual phase behavior of the products exiting
the furnace.

15.43 Pentene, C5H10, is burned with pure O2 in a
steady-flow process. The products at one point are
brought to 700 K and used in a heat exchanger,
where they are cooled to 25◦C. Find the specific
heat transfer in the heat exchanger.

15.44 A rigid container has a 1:1 mole ratio of propane
and butane gas together with a stoichiometric ra-
tio of air at P0, T0. The charge burns, and there
is heat transfer to a final temperature of 1000 K.
Find the final pressure and the heat transfer per
kmol of fuel mixture.

15.45 A rigid vessel initially contains 2 kmol of C and
2 kmol of O2 at 25◦C, 200 kPa. Combustion oc-
curs, and the resulting products consist of 1 kmol
of CO2, 1 kmol of CO, and excess O2 at a tem-
perature of 1000 K. Determine the final pressure
in the vessel and the heat transfer from the vessel
during the process.

15.46 A closed, insulated container is charged with a
stoichiometric ratio of O2 and H2 at 25◦C and
150 kPa. After combustion, liquid water at 25◦C
is sprayed in such that the final temperature is
1200 K. What is the final pressure?

15.47 In a gas turbine, natural gas (methane) and stoi-
chiometric air flow into the combustion cham-
ber at 1000 kPa, 500 K. Secondary air (see Fig.
P15.84), also at 1000 kPa, 500 K, is added right

after the combustion to result in a product mix-
ture temperature of 1500 K. Find the air–fuel ratio
mass basis for the primary reactant flow and the
ratio of the secondary air to the primary air (mass
flow rates ratio).

15.48 Methane, CH4, is burned in a steady-flow adia-
batic process with two different oxidizers: Case A:
Pure O2, and case B: A mixture of O2 + xAr. The
reactants are supplied at T0, P0 and the products
for both cases should be at 1800 K. Find the re-
quired equivalence ratio in case A and the amount
of argon, x, for a stoichiometric ratio in case B.

15.49 Gaseous propane mixes with air, both supplied at
500 K, 0.1 MPa. The mixture goes into a combus-
tion chamber, and products of combustion exit at
1300 K, 0.1 MPa. The products analyzed on a dry
basis are 11.42% CO2, 0.79% CO, 2.68% O2, and
85.11% N2 on a volume basis. Find the equiva-
lence ratio and the heat transfer per kmol of fuel.

Enthalpy of Combustion and Heating Value

15.50 Find the enthalpy of combustion and the heating
value for pure carbon.

15.51 Phenol has an entry in Table 15.3, but it does not
have a corresponding value of the enthalpy of for-
mation in Table A.10. Can you calculate it?

15.52 Some type of wood can be characterized as
C1H1.5O0.7 with a lower heating value of 19 500
kJ/kg. Find its formation enthalpy.

15.53 Do Problem 15.36 using Table 15.3 instead of
Table A.10 for the solution.

15.54 Liquid pentane is burned with dry air, and the
products are measured on a dry basis as 10.1%
CO2, 0.2% CO, 5.9% O2, and remainder N2. Find
the enthalpy of formation for the fuel and the ac-
tual equivalence ratio.

15.55 Agriculturally derived butanol, C4H10O, with a
molecular mass of 74.12, also called biobutanol,
has a lower heating value LHV = 33 075 kJ/kg for
liquid fuel. Find its formation enthalpy.

15.56 Do Problem 15.38 using Table 15.3 instead of
Table A.10 for the solution.

15.57 Wet biomass waste from a food-processing plant
is fed to a catalytic reactor, where in a steady-flow
process it is converted into a low-energy fuel gas
suitable for firing the processing plant boilers. The
fuel gas has a composition of 50% CH4, 45% CO2,
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and 5% H2 on a volumetric basis. Determine the
lower heating value of this fuel gas mixture per
unit volume.

15.58 Determine the lower heating value of the gas gen-
erated from coal, as described in Problem 15.30.
Do not include the components removed by the
water scrubbers.

15.59 In a picnic grill, gaseous propane and stoichio-
metric air are mixed and fed to a burner, both at
P0, T0. After combustion, the products cool down
and exit at 500 K. How much heat transfer was
given out for 1 kg propane?

15.60 Do Problem 15.40 using Table 15.3 instead of
Table A.10 for the solution.

15.61 Propylbenzene, C9H12, is listed in Table 15.3 but
not in Table A.9. No molecular mass is listed in
the book. Find the molecular mass, the enthalpy
of formation for the liquid fuel, and the enthalpy
of evaporation.

15.62 Consider natural gas A in Table 15.2. Calculate the
enthalpy of combustion at 25◦C, assuming that the
products include vapor water. Repeat the answer
for liquid water in the products.

15.63 Redo the previous problem for natural gas D in
Table 15.3.

15.64 Gaseous propane and stoichiometric air are mixed
and fed to a burner, both at P0, T0. After combus-
tion, the products eventually cool down to T0. How
much heat was transferred for 1 kg propane?

15.65 Blast furnace gas in a steel mill is available at
250◦C to be burned for the generation of steam.
The composition of this gas is as follows on a
volumetric basis:

Component CH4 H2 CO CO2 N2 H2O

Percent by volume 0.1 2.4 23.3 14.4 56.4 3.4

Find the lower heating value (kJ/m3) of this gas at
250◦C and ambient pressure.

15.66 A burner receives a mixture of two fuels with mass
fraction 40% n-butane and 60% methanol, both
vapor. The fuel is burned with stoichiometric air.
Find the product composition and the lower heat-
ing value of this fuel mixture (kJ/kg fuel mix).

15.67 In an experiment, a 1:1 mole ratio propane and
butane is burned in a steady-flow with stoichio-

metric air. Both fuels and air are supplied as gases
at 298 K and 100 kPa. The products are cooled to
1000 K as they give heat to some application. Find
the lower heating value (per kg fuel mixture) and
the total heat transfer for 1 kmol of fuel mixture
used.

15.68 Liquid nitromethane is added to the air in a carbu-
retor to make a stoichiometric mixture where both
fuel and air are added at 298 K, 100 kPa. After
combustion, a constant-pressure heat exchanger
brings the products to 600 K before being ex-
hausted. Assume the nitrogen in the fuel becomes
N2 gas. Find the total heat transfer per kmol fuel
in the whole process.

15.69 Natural gas, we assume methane, is burned with
200% theoretical air, shown in Fig. P15.69, and
the reactants are supplied as gases at the refer-
ence temperature and pressure. The products are
flowing through a heat exchanger, where they give
off energy to some water flowing in at 20◦C, 500
kPa, and out at 700◦C, 500 kPa. The products exit
at 400 K to the chimney. How much energy per
kmole fuel can the products deliver, and how many
kilograms of water per kilogram of fuel can they
heat?

H2O

Air

Fuel

H2O

Chimney

FIGURE P15.69

15.70 An isobaric combustion process receives gaseous
benzene, C6H6, and air in a stoichiometric ratio at
P0, T0. To limit the product temperature to 2000
K, liquid water is sprayed in after the combustion.
Find the number of kmol of liquid water added per
kmol of fuel and the dew point of the combined
products.

15.71 Gasoline, C7H17, is burned in a steady-state
burner with stoichiometric air at P0, T0, shown
in Fig. P15.71. The gasoline is flowing as a liq-
uid at T0 to a carburetor, where it is mixed with
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air to produce a fuel air–gas mixture at T0. The
carburetor takes some heat transfer from the hot
products to do the heating. After the combustion,
the products go through a heat exchanger, which
they leave at 600 K. The gasoline consumption is
10 kg/h. How much power is given out in the heat
exchanger, and how much power does the carbu-
retor need?

Fuel

Air
T0

R

Q
•

Carb.

H. Exch.
600 K

Combustor

FIGURE P15.71

Adiabatic Flame Temperature

15.72 In a rocket, hydrogen is burned with air, both
reactants supplied as gases at P0, T0. The com-
bustion is adiabatic, and the mixture is stoichio-
metric (100% theoretical air). Find the products’
dew point and the adiabatic flame temperature
(∼2500 K).

15.73 Hydrogen gas is burned with pure O2 in a steady-
flow burner, shown in Fig. P15.73, where both
reactants are supplied in a stoichiometric ratio at
the reference pressure and temperature. What is
the adiabatic flame temperature?

O2

H2

FIGURE P15.73

15.74 Some type of wood can be characterized as
C1H1.5O0.7 with a lower heating value of 19 500
kJ/kg. Find its adiabatic flame temperature when
burned with stoichiometric air at 100 kPa, 298 K.

15.75 Carbon is burned with air in a furnace with 150%
theoretical air, and both reactants are supplied at
the reference pressure and temperature. What is
the adiabatic flame temperature?

15.76 Hydrogen gas is burned with 200% theoretical air
in a steady-flow burner where both reactants are
supplied at the reference pressure and tempera-
ture. What is the adiabatic flame temperature?

15.77 What is the adiabatic flame temperature before the
secondary air is added in Problem 15.47?

15.78 Butane gas at 25◦C is mixed with 150% theoret-
ical air at 600 K and is burned in an adiabatic
steady-flow combustor. What is the temperature
of the products exiting the combustor?

15.79 A gas turbine burns methane with 200% theoreti-
cal air. The air and fuel come in through two sep-
arate compressors bringing them from 100 kPa,
298 K, to 1400 kPa, and after mixing they enter
the combustion chamber at 600 K. Find the adi-
abatic flame temperature using constant specific
heat for the �HP terms.

15.80 Extend the solution to the previous problem by
using Table A.9 for the �HP terms.

15.81 A stoichiometric mixture of benzene, C6H6, and
air is mixed from the reactants flowing at 25◦C,
100 kPa. Find the adiabatic flame temperature.
What is the error if constant-specific heat at T0

for the products from Table A.5 is used?

15.82 A gas turbine burns natural gas (assume methane)
where the air is supplied to the combustor at 1000
kPa, 500 K, and the fuel is at 298 K, 1000 kPa.
What is the equivalence ratio and the percent
theoretical air if the adiabatic flame temperature
should be limited to 1800 K?

15.83 Acetylene gas at 25◦C, 100 kPa, is fed to the head
of a cutting torch. Calculate the adiabatic flame
temperature if the acetylene is burned with
a. 100% theoretical air at 25◦C.
b. 100% theoretical oxygen at 25◦C.

15.84 Liquid n-butane at T0, is sprayed into a gas tur-
bine, as in Fig. P15.84, with primary air flowing
at 1.0 MPa, 400 K, in a stoichiometric ratio. Af-
ter complete combustion, the products are at the

Fuel

Air1

Air2

TAD 1400 K

Combustor

FIGURE P15.84
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adiabatic flame temperature, which is too high, so
secondary air at 1.0 MPa, 400 K, is added, with
the resulting mixture being at 1400 K. Show that
Tad > 1400 K and find the ratio of secondary to
primary airflow.

15.85 Ethene, C2H4, burns with 150% theoretical air in
a steady-flow, constant-pressure process with re-
actants entering at P0, T0. Find the adiabatic flame
temperature.

15.86 Natural gas, we assume methane, is burned with
200% theoretical air, and the reactants are sup-
plied as gases at the reference temperature and
pressure. The products are flowing through a heat
exchanger and then out the exhaust, as in Fig.
P15.86. What is the adiabatic flame temperature
right after combustion before the heat exchanger?

Air

Exhaust

CH4

TAD

FIGURE P15.86

15.87 Solid carbon is burned with stoichiometric air in
a steady-flow process. The reactants at T0, P0 are
heated in a preheater to T2 = 500 K, as shown in
Fig. P15.87, with the energy given by the product
gases before flowing to a second heat exchanger,
which they leave at T0. Find the temperature of
the products T4 and the heat transfer per kmol of
fuel (4 to 5) in the second heat exchanger.

5

T0

Reactants

1T0,P0 2

4

Combustion
chamber

– Q
·

3

FIGURE P15.87

15.88 Liquid butane at 25◦C is mixed with 150% theo-
retical air at 600 K and is burned in a steady-flow
burner. Use the enthalpy of combustion from Ta-
ble 15.3 to find the adiabatic flame temperature
out of the burner.

15.89 Gaseous ethanol, C2H5OH, is burned with pure
oxygen in a constant-volume combustion bomb.
The reactants are charged in a stoichiometric ratio
at the reference condition. Assume no heat trans-
fer and find the final temperature (>5000 K).

15.90 The enthalpy of formation of magnesium oxide,
MgO(s), is −601 827 kJ/kmol at 25◦C. The melt-
ing point of magnesium oxide is approximately
3000 K, and the increase in enthalpy between 298
and 3000 K is 128 449 kJ/kmol. The enthalpy of
sublimation at 3000 K is estimated at 418 000
kJ/kmol, and the specific heat of magnesium ox-
ide vapor above 3000 K is estimated at 37.24
kJ/kmol K.
a. Determine the enthalpy of combustion per kilo-

gram of magnesium.
b. Estimate the adiabatic flame temperature when

magnesium is burned with theoretical oxygen.

Second Law for the Combustion Process

15.91 Consider the combustion of hydrogen with pure
O2 in a stoichiometric ratio under steady-flow adi-
abatic conditions. The reactants enter separately
at 298 K, 100 kPa, and the product(s) exit at a
pressure of 100 kPa. What is the exit temperature,
and what is the irreversibility?

15.92 Consider the combustion of methanol, CH3OH,
with 25% excess air. The combustion products
are passed through a heat exchanger and exit at
200 kPa, 400 K. Calculate the absolute entropy of
the products exiting the heat exchanger assuming
all the water is vapor.

15.93 Two kilomoles of ammonia are burned in a steady-
flow process with x kmol of oxygen. The products,
consisting of H2O, N2, and the excess O2, exit at
200◦C, 7 MPa.
a. Calculate x if half the H2O in the products is

condensed.
b. Calculate the absolute entropy of the products

at the exit conditions.

15.94 Propene, C3H6, is burned with air in a steady-flow
burner with reactants at P0, T0. The mixture is
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lean, so the adiabatic flame temperature is 1800 K.
Find the entropy generation per kmol fuel, neglect-
ing all the partial-pressure corrections.

15.95 A flow of hydrogen gas is mixed with a flow of
oxygen in a stoichiometric ratio, both at 298 K
and 50 kPa. The mixture burns without any heat
transfer in complete combustion. Find the adia-
batic flame temperature and the amount of entropy
generated per kmole hydrogen in the process.

15.96 Calculate the irreversibility for the process de-
scribed in Problem 15.45.

15.97 Consider the combustion of methanol, CH3OH,
with 25% excess air. The combustion products
are passed through a heat exchanger and exit at
200 kPa, 40◦C. Calculate the absolute entropy of
the products exiting the heat exchanger per kilo-
mole of methanol burned, using proper amounts
of liquid and vapor water.

15.98 Graphite, C, at P0, T0 is burned with air coming in
at P0, 500 K, in a ratio so that the products exit at
P0, 1200 K. Find the equivalence ratio, the percent
theoretical air, and the total irreversibility.

15.99 An inventor claims to have built a device that will
take 0.001 kg/s of water from the faucet at 10◦C,
100 kPa, and produce separate streams of hydro-
gen and oxygen gas, each at 400 K, 175 kPa. It is
stated that this device operates in a 25◦C room on
10-kW electrical power input. How do you evalu-
ate this claim?

15.100 Hydrogen peroxide, H2O2, enters a gas gener-
ator at 25◦C, 500 kPa, at the rate of 0.1 kg/s
and is decomposed to steam and oxygen exiting
at 800 K, 500 kPa. The resulting mixture is ex-
panded through a turbine to atmospheric pressure,
100 kPa, as shown in Fig. P15.100. Determine the

H2O2

1

Wt
·

3

2

Q
·

Turbine

Gas
generator

FIGURE P15.100

power output of the turbine and the heat transfer
rate in the gas generator. The enthalpy of forma-
tion of liquid H2O2 is −187 583 kJ/kmol.

15.101 Methane is burned with air, both of which are sup-
plied at the reference conditions. There is enough
excess air to give a flame temperature of 1800 K.
What are the percent theoretical air and the irre-
versibility in the process?

15.102 Pentane gas at 25◦C, 150 kPa, enters an insulated
steady-flow combustion chamber. Sufficient ex-
cess air to hold the combustion products tem-
perature to 1800 K enters separately at 500 K,
150 kPa. Calculate the percent theoretical air re-
quired and the irreversibility of the process per
kmol of pentane burned.

15.103 A closed, rigid container is charged with propene,
C3H6, and 150% theoretical air at 100 kPa, 298
K. The mixture is ignited and burns with complete
combustion. Heat is transferred to a reservoir at
500 K so the final temperature of the products is
700 K. Find the final pressure, the heat transfer
per kmol fuel, and the total entropy generated per
kmol fuel in the process.

Problems Involving Generalized Charts
or Real Mixtures

15.104 A gas mixture of 50% ethane and 50% propane
by volume enters a combustion chamber at 350
K, 10 MPa. Determine the enthalpy per kmole of
this mixture relative to the thermochemical base
of enthalpy using Kay’s rule.

15.105 Liquid butane at 25◦C is mixed with 150% the-
oretical air at 600 K and is burned in an adia-
batic steady-state combustor. Use the generalized
charts for the liquid fuel and find the temperature
of the products exiting the combustor.

15.106 Repeat Problem 15.135, but assume that
saturated-liquid oxygen at 90 K is used instead of
25◦C oxygen gas in the combustion process. Use
the generalized charts to determine the properties
of liquid oxygen.

15.107 A mixture of 80% ethane and 20% methane on
a mole basis is throttled from 10 MPa, 65◦C,
to 100 kPa and is fed to a combustion chamber,
where it undergoes complete combustion with air,
which enters at 100 kPa, 600 K. The amount of
air is such that the products of combustion exit at
100 kPa, 1200 K. Assume that the combustion
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process is adiabatic and that all components be-
have as ideal gases except the fuel mixture, which
behaves according to the generalized charts, with
Kay’s rule for the pseudocritical constants. De-
termine the percentage of theoretical air used in
the process and the dew-point temperature of the
products.

15.108 Saturated liquid butane enters an insulated
constant-pressure combustion chamber at 25◦C,
and x times theoretical oxygen gas enters at the
same P and T . The combustion products exit at
3400 K. With complete combustion, find x. What
is the pressure at the chamber exit? What is the
irreversibility of the process?

15.109 Liquid hexane enters a combustion chamber at
31◦C, 200 kPa, at the rate of 1 kmol/s; 200% the-
oretical air enters separately at 500 K, 200 kPa.
The combustion products exit at 1000 K, 200 kPa.
The specific heat of ideal-gas hexane is Cp0 = 143
kJ/kmol K. Calculate the rate of irreversibility of
the process.

Fuel Cells

15.110 In Example 15.16, a basic hydrogen–oxygen fuel
cell reaction was analyzed at 25◦C, 100 kPa. Re-
peat this calculation, assuming that the fuel cell
operates on air at 25◦C, 100 kPa, instead of on
pure oxygen at this state.

15.111 Assume that the basic hydrogen–oxygen fuel cell
operates at 600 K instead of 298 K, as in Example
15.16. Find the change in the Gibbs function and
the reversible EMF it can generate.

15.112 For a PEC fuel cell operating at 350 K, the
constants in Eq.15.29 are: ileak = 0.01, iL = 2,
i0 = 0.013 all A/cm2, b = 0.08 V, c = 0.1 V,
ASR = 0.01 � cm2, and EMF = 1.22 V. Find
the voltage and the power density for the current
density i = 0.25, 0.75 and 1.0 A/cm2.

15.113 Assume the PEC fuel cell in the previous prob-
lem. How large an area does the fuel cell have to
deliver 1 kW with a current density of 1 A/cm2?

15.114 Consider a methane–oxygen fuel cell in which the
reaction at the anode is

CH4 + 2 H2O → CO2 + 8 e− + 8 H+

The electrons produced by the reaction flow
through the external load, and the positive ions mi-
grate through the electrolyte to the cathode, where

the reaction is

8 e− + 8 H+ + 2 O2 → 4 H2O

Calculate the reversible work and the reversible
EMF for the fuel cell operating at 25◦C, 100 kPa.

15.115 Redo the previous problem, but assume that the
fuel cell operates at 1200 K instead of at room
temperature.

15.116 A SOC fuel cell at 900 K can be described by
EMF = 1.06 V and the constants in Eq. 15.29
as : b = 0 V, c = 0.1 V, ASR = 0.04 � cm2,
ileak = 0.01, iL = 2, i0 = 0.13 all A/cm2. Find
the voltage and the power density for the current
density i = 0.25, 0.75 and 1.0 A/cm2.

15.117 Assume the SOC fuel cell in the previous prob-
lem. How large an area does the fuel cell have to
deliver 1 kW with a current density of 1 A/cm2?

15.118 A PEC fuel cell operating at 25◦C generates
1.0 V that also account for losses. For a total power
of 1 kW, what is the hydrogen mass flow rate?

15.119 A basic hydrogen-oxygen fuel cell operates at 600
K, instead of 298 K, as in Example 15.15. For a
total power of 5 kW, find the hydrogen mass flow
rate and the exergy in the exhaust flow.

Combustion Applications and Efficiency

15.120 For the combustion of methane, 150% theoretical
air is used at 25◦C, 100 kPa, and relative humidity
of 70%. Find the composition and dew point of
the products.

15.121 Pentane is burned with 120% theoretical air in a
constant-pressure process at 100 kPa. The prod-
ucts are cooled to ambient temperature, 20◦C.
How much mass of water is condensed per kilo-
gram of fuel? Repeat the answer, assuming that the
air used in the combustion has a relative humidity
of 90%.

15.122 A gas turbine burns methane with 150% theoreti-
cal air. Assume the air is 25◦C, 100 kPa, and has a
relative humidity of 80%. How large a fraction of
the product mixture water comes from the moist
inlet air?

15.123 In an engine, a mixture of liquid octane and
ethanol, mole ratio 9:1, and stoichiometric air are
taken in at T0, P0. In the engine, the enthalpy of
combustion is used so that 30% goes out as work,
30% goes out as heat loss, and the rest goes out
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the exhaust. Find the work and heat transfer per
kilogram of fuel mixture and also the exhaust tem-
perature.

15.124 The gas turbine cycle in Problem 12.21 has qH

= 960 kJ/kg air added by combustion. Assume
the fuel is methane gas and qH is from the heating
value at T0. Find the air–fuel ratio on a mass basis.

15.125 A gas turbine burns methane with 200% theoreti-
cal air. The air and fuel come in through two sep-
arate compressors bringing them from 100 kPa,
298 K, to 1400 kPa and enter a mixing chamber
and a combustion chamber. What are the specific
compressor work and qH to be used in Brayton
cycle calculation? Use constant specific heat to
solve the problem.

15.126 Find the equivalent heat transfer qH to be used in
a cycle calculation for constant- pressure combus-
tion when the fuel is (a) methane and (b) gaseous
octane. In both cases, use water vapor in the prod-
ucts and a stoichiometric mixture.

15.127 Consider the steady-state combustion of propane
at 25◦C with air at 400 K. The products exit
the combustion chamber at 1200 K. Assume that
the combustion efficiency is 90% and that 95%
of the carbon in the propane burns to form CO2;
the remaining 5% forms CO. Determine the ideal
fuel–air ratio and the heat transfer from the com-
bustion chamber.

15.128 A gasoline engine is converted to run on propane
as shown in Fig. P15.128. Assume the propane
enters the engine at 25◦C, at the rate of 40 kg/h.
Only 90% theoretical air enters at 25◦C, so 90%
of the C burns to form CO2 and 10% of the C
burns to form CO. The combustion products, also
including H2O, H2, and N2, exit the exhaust pipe
at 1000 K. Heat loss from the engine (primarily to
the cooling water) is 120 kW. What is the power
output of the engine? What is the thermal effi-
ciency?

Internal
combustion

engine

C3H8 gas

90% thea air

Combustion

products out

Wnet
·

·
–Qloss

FIGURE P15.128

15.129 A small air-cooled gasoline engine is tested, and
the output is found to be 1.0 kW. The temperature
of the products is measured as 600 K. The prod-
ucts are analyzed on a dry volumetric basis, with
the following result: 11.4% CO2, 2.9% CO, 1.6%
O2, and 84.1% N2. The fuel may be considered to
be liquid octane. The fuel and air enter the engine
at 25◦C, and the flow rate of fuel to the engine is
1.5 × 10−4 kg/s. Determine the rate of heat trans-
fer from the engine and its thermal efficiency.

15.130 A gasoline engine uses liquid octane and air, both
supplied at P0, T0, in a stoichiometric ratio. The
products (complete combustion) flow out of the
exhaust valve at 1100 K. Assume that the heat
loss carried away by the cooling water, at 100◦C,
is equal to the work output. Find the efficiency
of the engine expressed as (work/lower heating
value) and the second-law efficiency.

Review Problems

15.131 Repeat Problem 15.25 for a certain Utah coal that
contains, according to the coal analysis, 68.2% C,
4.8% H, and 15.7% O on a mass basis. The ex-
iting product gas contains 30.9% CO, 26.7% H2,
15.9% CO2, and 25.7% H2O on a mole basis.

15.132 Many coals from the western United States have
a high moisture content. Consider the following
sample of Wyoming coal, for which the ultimate
analysis on an as-received basis is, by mass:

Component Moisture H C S N O Ash

% mass 28.9 3.5 48.6 0.5 0.7 12.0 5.8

This coal is burned in the steam generator of a
large power plant with 150% theoretical air. De-
termine the air–fuel ratio on a mass basis.

15.133 A fuel, CxHy, is burned with dry air, and the prod-
uct composition is measured on a dry mole basis
to be 9.6% CO2, 7.3% O2, and 83.1% N2. Find the
fuel composition (x/y) and the percent theoretical
air used.

15.134 In an engine, liquid octane and ethanol, mole ratio
9:1, and stoichiometric air are taken in at 298 K,
100 kPa. After complete combustion, the prod-
ucts run out of the exhaust system, where they are
cooled to 10◦C. Find the dew point of the products
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and the mass of water condensed per kilogram of
fuel mixture.

15.135 In a test of rocket propellant performance, liquid
hydrazine (N2H4) at 100 kPa, 25◦C, and O2 gas
at 100 kPa, 25◦C, are fed to a combustion cham-
ber in the ratio of 0.5 kg O2/kg N2H4. The heat
transfer from the chamber to the surroundings is
estimated to be 100 kJ/kg N2H4. Determine the
temperature of the products exiting the chamber.
Assume that only H2O, H2, and N2 are present.
The enthalpy of formation of liquid hydrazine is
+50 417 kJ/kmol.

15.136 Find the lower heating value for the fuel blend in
Problem 15.134 with scaling as in Table 15.3.

15.137 E85 is a liquid mixture of 85% ethanol and 15%
gasoline (assume octane) by mass. Find the lower
heating value for this blend.

15.138 Determine the higher heating value of the sample
Wyoming coal as specified in Problem 15.132.

15.139 Ethene, C2H4, and propane, C3H8, in a 1:1 mole
ratio as gases are burned with 120% theoretical
air in a gas turbine. Fuel is added at 25◦C, 1 MPa,
and the air comes from the atmosphere, at 25◦C,
100 kPa, through a compressor to 1 MPa and is
mixed with the fuel. The turbine work is such that
the exit temperature is 800 K with an exit pressure
of 100 kPa. Find the mixture temperature before
combustion and the work, assuming an adiabatic
turbine.

15.140 A study is to be made using liquid ammonia as
the fuel in a gas-turbine engine. Consider the
compression and combustion processes of this
engine.
a. Air enters the compressor at 100 kPa, 25◦C, and

is compressed to 1600 kPa, where the isentropic
compressor efficiency is 87%. Determine the
exit temperature and the work input per kmole.

b. Two kilomoles of liquid ammonia at 25◦C and
x times theoretical air from the compressor en-
ter the combustion chamber. What is x if the
adiabatic flame temperature is to be fixed at
1600 K?

15.141 Consider the gas mixture fed to the combustors in
the integrated gasification combined cycle power
plant, as described in Problem 15.30. If the adia-
batic flame temperature should be limited to 1500
K, what percent theoretical air should be used in
the combustors?

15.142 Carbon monoxide, CO, is burned with 150% theo-
retical air, and both gases are supplied ˙at 150 kPa
and 600 K. Find the reference enthalpy of reaction
and the adiabatic flame temperature.

15.143 A rigid container is charged with butene, C4H8,
and air in a stoichiometric ratio at P0, T0. The
charge burns in a short time with no heat trans-
fer to state 2. The products then cool with time
to 1200 K, state 3. Find the final pressure, P3,
the total heat transfer, 1Q3, and the temperature
immediately after combustion, T2.

15.144 Natural gas (approximate it as methane) at a rate
of 0.3 kg/s is burned with 250% theoretical air in
a combustor at 1 MPa where the reactants are sup-
plied at T0. Steam at 1 MPa, 450◦C, at a rate of
2.5 kg/s is added to the products before they en-
ter an adiabatic turbine with an exhaust pressure
of 150 kPa. Determine the turbine inlet tempera-
ture and the turbine work, assuming the turbine is
reversible.

15.145 The turbine in Problem 15.139 is adiabatic. Is it
reversible, irreversible, or impossible?

15.146 Consider the combustion process described in
Problem 15.107.
a. Calculate the absolute entropy of the fuel mix-

ture before it is throttled into the combustion
chamber.

b. Calculate the irreversibility for the overall
process.

15.147 Consider one cylinder of a spark-ignition,
internal-combustion engine. Before the compres-
sion stroke, the cylinder is filled with a mixture of
air and methane. Assume that 110% theoretical
air has been used and that the state before com-
pression is 100 kPa, 25◦C. The compression ratio
of the engine is 9:1.
a. Determine the pressure and temperature after

compression, assuming a reversible adiabatic
process.

b. Assume that complete combustion takes place
while the piston is at top dead center (at min-
imum volume) in an adiabatic process. Deter-
mine the temperature and pressure after com-
bustion and the increase in entropy during the
combustion process.

c. What is the irreversibility for this process?

15.148 Liquid acetylene, C2H2, is stored in a high-
pressure storage tank at ambient temperature,
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FIGURE P15.148

25◦C. The liquid is fed to an insulated combustor/
steam boiler at a steady rate of 1 kg/s, along with
140% theoretical oxygen, O2, which enters at 500
K, as shown in Fig. P15.148. The combustion
products exit the unit at 500 kPa, 350 K. Liq-
uid water enters the boiler at 10◦C, at the rate of
15 kg/s, and superheated steam exits at 200 kPa.
a. Calculate the absolute entropy, per kmol, of

liquid acetylene at the storage tank state.
b. Determine the phase(s) of the combustion

products exiting the combustor boiler unit and
the amount of each if more than one.

c. Determine the temperature of the steam at the
boiler exit.

ENGLISH UNIT PROBLEMS

15.149E The output gas mixture of a certain air-blown
coal gasifier has the composition of producer
gas as listed in Table 15.2. Consider the com-
bustion of this gas with 120% theoretical air at
15.7 lbf/in.2 pressure. Find the dew point of the
products and the mass of water condensed per
pound-mass of fuel if the products are cooled
20 F below the dew-point temperature.

Energy and Enthalpy of Formation

15.150E What is the enthalpy of formation for oxygen as
O2? If O? For carbon dioxide?

15.151E One alternative to using petroleum or natural gas
as fuels is ethanol (C2H5OH), which is com-
monly produced from grain by fermentation.
Consider a combustion process in which liquid
ethanol is burned with 120% theoretical air in
a steady-flow process. The reactants enter the
combustion chamber at 77 F, and the products
exit at 140 F, 15.7 lbf/in.2. Calculate the heat
transfer per pound mole of ethanol, using the
enthalpy of formation of ethanol gas plus the
generalized tables or charts.

15.152E Liquid methanol is burned with stoichiometric
air, both supplied at P0, T0 in a constant pressure,
process, and the product exits a heat exchanger
at 1600 R. Find the heat transfer per lbmol fuel.

15.153E In a new high-efficiency furnace, natural gas,
assumed to be 90% methane and 10% ethane (by
volume) and 110% theoretical air, each enter at

77 F, 15.7 lbf/in.2, and the products (assumed
to be 100% gaseous) exit the furnace at 100 F,
15.7 lbf/in.2. What is the heat transfer for this
process? Compare this to an older furnace where
the products exit at 450 F, 15.7 lbf/in.2.

15.154E Repeat the previous problem, but take into ac-
count the actual phase behavior of the products
exiting the furnace.

15.155E Pentene, C5H10, is burned with pure O2 in a
steady-state process. The products at one point
are brought to 1300 R and used in a heat ex-
changer, where they are cooled to 77 F. Find the
specific heat transfer in the heat exchanger.

15.156E A rigid vessel initially contains 2 lbm of car-
bon and 2 lbm of oxygen at 77 F, 30 lbf/in.2.
Combustion occurs, and the resulting products
consist of 1 lbm of CO2, 1 lbm of CO, and excess
O2 at a temperature of 1800 R. Determine the
final pressure in the vessel and the heat transfer
from the vessel during the process.

15.157E A closed, insulated container is charged with a
stoichiometric ratio of oxygen and hydrogen at
77 F and 20 lbf/in.2. After combustion, liquid
water at 77 F is sprayed in such a way that the
final temperature is 2100 R. What is the final
pressure?

15.158E Methane, CH4, is burned in a steady-state pro-
cess with two different oxidizers: case A—pure
oxygen, O2, and case B—a mixture of O2 +
xAr. The reactants are supplied at T0, P0, and



P1: PBY/SRB P2: PBY/SRB QC: PBY/SRB T1: PBY

GTBL057-15 GTBL057-Borgnakke-v7 June 17, 2008 8:40

Confirmation Pages

ENGLISH UNIT PROBLEMS � 669

the products are at 3200 R in both cases. Find
the required equivalence ratio in case A and the
amount of argon, x, for a stoichiometric ratio in
case B.

Enthalpy of Combustion and Heating Value

15.159E What is the higher heating value, HHV, of
n-butane?

15.160E Find the enthalpy of combustion and the heating
value for pure carbon.

15.161E Blast furnace gas in a steel mill is available at
500 F to be burned for the generation of steam.
The composition of this gas is as follows on a
volumetric basis:

Component CH4 H2 CO CO2 N2 H2O

Percent by volume 0.1 2.4 23.3 14.4 56.4 3.4

Find the lower heating value (Btu/ft3) of this gas
at 500 F and P0.

15.162E A burner receives a mixture of two fuels with
mass fraction 40% n-butane and 60% methanol,
both vapor. The fuel is burned with stoichio-
metric air. Find the product composition and the
lower heating value of this fuel mixture (Btu/lbm
fuel mix).

Adiabatic Flame Temperature

15.163E Hydrogen gas is burned with pure oxygen in a
steady-flow burner where both reactants are sup-
plied in a stoichiometric ratio at the reference
pressure and temperature. What is the adiabatic
flame temperature?

15.164E Some type of wood can be characterized as
C1H1.5O0.7 with a lower heating value of 8380
Btu/lbm. Find its adiabatic flame temperature
when burned with stoichiometric air at 1 atm.,
77 F.

15.165E Carbon is burned with air in a furnace with 150%
theoretical air, and both reactants are supplied at
the reference pressure and temperature. What is
the adiabatic flame temperature?

15.166E Butane gas at 77 F is mixed with 150% theoret-
ical air at 1000 R and is burned in an adiabatic
steady-state combustor. What is the temperature
of the products exiting the combustor?

15.167E Acetylene gas at 77 F, 15.7 lbf/in.2, is fed to the
head of a cutting torch. Calculate the adiabatic
flame temperature if the acetylene is burned with
100% theoretical air at 77 F. Repeat the answer
for 100% theoretical oxygen at 77 F.

15.168E Liquid n-butane at T0, is sprayed into a gas tur-
bine with primary air flowing at 150 lbf/in.2, 700
R in a stoichiometric ratio. After complete com-
bustion, the products are at the adiabatic flame
temperature, which is too high. Therefore, sec-
ondary air at 150 lbf/in.2, 700 R, is added (see
Fig. P15.84), with the resulting mixture being
at 2500 R. Show that T ad >2500 R and find the
ratio of secondary to primary airflow.

15.169E Ethene, C2H4, burns with 150% theoretical air
in a steady-state, constant-pressure process, with
reactants entering at P0, T0. Find the adiabatic
flame temperature.

15.170E Solid carbon is burned with stoichiometric air in
a steady-state process, as shown in Fig. P15.187.
The reactants at T0, P0 are heated in a preheater
to T2 = 900 R with the energy given by the prod-
ucts before flowing to a second heat exchanger,
which they leave at T0. Find the temperature of
the products T4 and the heat transfer per lbm of
fuel (4 to 5) in the second heat exchanger.

Second Law for the Combustion Process

15.171E Two-pound moles of ammonia are burned in a
steady-state process with x lbm of oxygen. The
products, consisting of H2O, N2, and the excess
O2, exit at 400 F, 1000 lbf/in.2.
a. Calculate x if half the water in the products is

condensed.
b. Calculate the absolute entropy of the products

at the exit conditions.

15.172E Propene, C3H6, is burned with air in a steady
flow burner with reactants at P0, T0. The mix-
ture is lean, so the adiabatic flame temperature
is 3200 R. Find the entropy generation per lbmol
fuel, neglecting all the partial pressure correc-
tions.

15.173E Graphite, C, at P0, T0 is burned with air coming
in at P0, 900 R, in a ratio so that the products
exit at P0, 2200 R. Find the equivalence ratio,
the percent theoretical air, and the total irreversi-
bility.
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15.174E Hydrogen peroxide, H2O2, enters a gas genera-
tor at 77 F, 75 lbf/in.2, at the rate of 0.2 lbm/s and
is decomposed to steam and oxygen exiting at
1500 R, 75 lbf/in.2. The resulting mixture is ex-
panded through a turbine to atmospheric pressure,
14.7 lbf/in.2, as shown in Fig. P15.100. Deter-
mine the power output of the turbine and the heat-
transfer rate in the gas generator. The enthalpy of
formation of liquid H2O2 is −80 541 Btu/lb mol.

15.175E Methane is burned with air, both of which are
supplied at the reference conditions. There is
enough excess air to give a flame temperature of
3200 R. What are the percent theoretical air and
the irreversibility in the process?

Fuel Cells, Efficiency and Review

15.176E In Example 15.16, a basic hydrogen–oxygen fuel
cell reaction was analyzed at 25◦C, 100 kPa. Re-
peat this calculation, assuming that the fuel cell
operates on air at 77 F, 14.7 lbf/in.2, instead of
on pure oxygen at this state.

15.177E Pentane is burned with 120% theoretical air
in a constant-pressure process at 14.7 lbf/in.2.
The products are cooled to ambient temperature,
70 F. How much mass of water is condensed per
pound-mass of fuel? Repeat the problem, assum-
ing that the air used in the combustion has a
relative humidity of 90%.

15.178E A small air-cooled gasoline engine is tested, and
the output is found to be 2.0 hp. The tempera-
ture of the products is measured and found to be
730 F. The products are analyzed on a dry vol-
umetric basis, with the following result: 11.4%
CO2, 2.9% CO, 1.6% O2, and 84.1% N2. The
fuel may be considered to be liquid octane. The
fuel and air enter the engine at 77 F, and the flow

rate of fuel to the engine is 1.8 lbm/h. Determine
the rate of heat transfer from the engine and its
thermal efficiency.

15.179E A gasoline engine uses liquid octane and air,
both supplied at P0, T0, in a stoichiometric ra-
tio. The products (complete combustion) flow
out of the exhaust valve at 2000 R. Assume that
the heat loss carried away by the cooling water,
at 200 F, is equal to the work output. Find the ef-
ficiency of the engine expressed as (work/lower
heating value) and the second-law efficiency.

15.180E In a test of rocket propellant performance, liq-
uid hydrazine (N2H4) at 14.7 lbf/in.2, 77 F, and
oxygen gas at 14.7 lbf/in.2, 77 F, are fed to a com-
bustion chamber in the ratio of 0.5 lbm O2/lbm
N2H4. The heat transfer from the chamber to
the surroundings is estimated to be 45 Btu/lbm
N2H4. Determine the temperature of the prod-
ucts exiting the chamber. Assume that only H2O,
H2, and N2 are present. The enthalpy of forma-
tion of liquid hydrazine is +21 647 Btu/lb mole.

15.181E Repeat Problem 15.180E, but assume that
saturated-liquid oxygen at 170 R is used in-
stead of 77 F oxygen gas in the combustion pro-
cess. Use the generalized charts to determine the
properties of liquid oxygen.

15.182E Ethene, C2H4, and propane, C3H8, in a 1:1 mole
ratio as gases are burned with 120% theoretical
air in a gas turbine. Fuel is added at 77 F, 150
lbf/in.2, and the air comes from the atmosphere,
77 F, 15 lbf/in.2, through a compressor to 150
lbf/in.2 and mixed with the fuel. The turbine
work is such that the exit temperature is 1500
R with an exit pressure of 14.7 lbf/in.2. Find the
mixture temperature before combustion and also
the work, assuming an adiabatic turbine.

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS

15.183 Write a program to study the effect of the per-
centage of theoretical air on the adiabatic flame
temperature for a (variable) hydrocarbon fuel. As-
sume reactants enter the combustion chamber at
25◦C and complete combustion. Use constant-
specific heat of the various products of combus-
tion, and let the fuel composition and its enthalpy
of formation be program inputs.

15.184 Power plants may use off-peak power to compress
air into a large storage facility (see Problem 9.50).
The compressed air is then used as the air supply
to a gas-turbine system where it is burned with
some fuel, usually natural gas. The system is then
used to produce power at peak load times. Inves-
tigate such a setup and estimate the power gener-
ated with the conditions given in Problem 9.50 and
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combustion with 200–300% theoretical air and ex-
haust to the atmosphere.

15.185 A car that runs on natural gas has it stored in a
heavy tank with a maximum pressure of 3600 psi
(25 MPa). Size the tank for a range of 300 miles
(500 km), assuming a car engine that has a 30%
efficiency requiring about 25 hp (20 kW) to drive
the car at 55 mi/h (90 km/h).

15.186 The Cheng cycle, shown in Fig. P13.178, is pow-
ered by the combustion of natural gas (essentially
methane) being burned with 250–300% theoreti-
cal air. In the case with a single water-condensing
heat exchanger, where T6 =40◦C and �6 =100%,
is any makeup water needed at state 8 or is there
a surplus? Does the humidity in the compressed
atmospheric air at state 1 make any difference?
Study the problem over a range of air–fuel ratios.

15.187 The cogenerating power plant shown in Prob-
lem 11.73 burns 170 kg/s air with natural gas,
CH4. The setup is shown in Fig. P15.187 where a

540°C

high P
steam

low P
steam

130°C

Wnet = 54 MW·
Fuel

Q to H20
·

Air
170 kg/s

8°C

Gas
turbine

Burner

Compressor

FIGURE P15.187

fraction of the air flow out of the compressor with
pressure ratio 15.8:1 is used to preheat the feed-
water in the steam cycle. The fuel flow rate is 3.2
kg/s. Analyze the system, determining the total
heat transfer to the steam cycle from the turbine
exhaust gases, the heat transfer in the preheater,
and the gas turbine inlet temperature.

15.188 Consider the combustor in the Cheng cycle (see
Problems 13.178 and 15.144). Atmospheric air is
compressed to 1.25 MPa, state 1. It is burned with
natural gas, CH4, with the products leaving at state
2. The fuel should add a total of about 15 MW to
the cycle, with an air flow of 12 kg/s. For a com-
pressor with an intercooler, estimate the tempera-
tures T1, T2 and the fuel flow rate.

15.189 Study the coal gasification process that will pro-
duce methane, CH4, or methanol, CH3OH. What
is involved in such a process? Compare the heat-
ing values of the gas products with those of the
original coal. Discuss the merits of this conver-
sion.

15.190 Ethanol, C2H5OH, can be produced from corn or
biomass. Investigate the process and the chemical
reactions that occur. For different raw materials,
estimate the amount of ethanol that can be ob-
tained per mass of the raw material.

15.191 A Diesel engine is used as a stationary power plant
in remote locations such as a ship, oil drilling rig,
or farm. Assume diesel fuel is used with 300%
theoretical air in a 1000-hp diesel engine. Esti-
mate the amount of fuel used, the efficiency, and
the potential use of the exhaust gases for heating
rooms or water. Investigate if other fuels can be
used.

15.192 When a power plant burns coal or some blends
of oil, the combustion process can generate pol-
lutants as SOx and NOx Investigate the use of
scrubbers to remove these products. Explain the
processes that take place and the effect on the
power plant operation (energy, exhaust pressures,
etc.).
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