Otto Cycle

VIL.1. In an ideal gasoline engine, the inlet air pressure and temperature are 95 kPa and 300 K.
The engine has a compression ratio of 8 and requires 1500 kJ/kg of heat per cycle.

- Determine the maximal temperature for this cycle.

- Determine its thermal efficiency and the corresponding Carnot efficiency.
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VI.2. A four stroke, four cylinders gasoline engine running at 2000 rpm has a compression ratio
of 10. The total displacement volume is 2.5 L. Air enters the engine at a pressure of 70 kPa and a
temperature of 280 K. 1800 ki/kg of heat is added per cycle, through a combustion process.

- Determine the power produced by the engine.
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Diesel Cycle

1. A diesel engine has a compression ratio of 20:1 with an inlet of 95 kPa, 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.

Solution:
Compression process (isentropic) from Eqs.8.33-34

T, = Ty(v; / vo)1 =290 x 204 =961 K

P, =95%(20) 14 = 6297.5 kPa; v, =v;/20 =RT,/(20 P,) = 0.043805

Wy =y -uy = C,o( T, - T;) =0.717 (961 - 290) = 481.1 kJ/kg
Combustion at constant P which is the maximum presssure

P;=P,=6298 kPa; v;=v,T;/T,=0.043805 x 1800/961 = 0.08205

w3 =P (v3 - v,) = 6298 x (0.08215 - 0.043805) = 241.5 kJ/kg

293 =u3 - Uy + w3 = hy - hy = C,(T; - T,) = 1.004(1800 - 961) = 842.4
Expansion process (isentropic) from Eq.8.33

T, = T5( v3/ v4)"*=1800 (0.08205 / 0.8761) 4 = 698 K

Wy =U3 -y =~ C, (T3 - T4) =0.717 (1800 - 698) = 790.1 kJ/kg
Cycle net work and efficiency

Wpet = 2W3 T 3W4 + Wy =241.5+790.1 - 481.1 = 550.5 kJ/kg

N =W/ Q= 550.5/ 842.4 = 0.653
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2. At the beginning of compression in a diesel cycle T'=300 K, P = 200 kPa and
after combustion (heat addition) is complete 7= 1500 K and P = 7.0 MPa. Find
the compression ratio, the thermal efficiency and the mean effective pressure.

Solution:
Standard Diesel cycle. See P-v and T-s diagrams for state numbers.
Compression process (isentropic) from Eqs.8.33-8.34

P,=P;=7000 kPa => v,/v,=(P,/P)Y*=(7000/200)%"1 =12.67

T, =T,(P,/P)%* Dk =300(7000 / 200) ©-23°7= 828 4 K
Expansion process (isentropic) first get the volume ratios

v3/vy=T3/T,=1500/828.4=1.81

Vol v3=vi/v3=(V1/Vvy)(Vvy/v3)=12.67/181=7
The exhaust temperature follows from Eq.8.33

T, =Ty(vs/ vy =(1500/7) %4 =688.7K

qr, = C,o(T4 - T;) = 0.717(688.7 - 300) = 278.5 kl/kg

qy = h3 - hy = C((T; - T,) = 1.004(1500 - 828.4) = 674 kl/kg
Overall performance

n=1-qy/qg=1-278.5/674=0.587

Wpet = Gnet = dpy - qr, = 674 - 278.5 =395.5 kJ/kg

Vo= V1 = R T; /P, = 0.287x300 / 200 = 0.4305 m>/kg

Vinin = Vinax / (V1 / Vo) = 0.4305 / 12.67 = 0.034 m’/kg

W.
Ppetr= vmax+et =395.5/(0.4305 - 0.034) = 997 kPa

min
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J-61 Repeat Prob. 9-60 using nitrogen as the working
fluid. ;

)-62 An air-standard dual cycle has a compression ratio of
18 and a cutoff ratio of 1.1. The pressure ratio during con-
stant-volume heat addition process is 1.1. At the beginning
of the compression, P, = 90 kPa, T, = 18°C, and V, =
0.003 m*. How much power will this cycle produce when it
is executed 4000 times per minute? Use constant specific
heats at room temperature.

9-63 Repeat Prob. 9-62 if the isentropic compression effi-
ciency is 85 percent and the isentropic expansion efficiency is
90 percent. Answer: 3.25 <.V

9-64  An ideal dual cycle has a compression ratio of 15 and
a cutoff ratio of 1.4. The pressure ratio during constant-vol-
ume heat addition process is 1.1. The state of the air at the
beginning of the compression is P, =98 kPa and T, = 24°C.
Calculate the cycle’s net specific work, specific heat addition,
and thermal efficiency. Use constant specific heats at room
temperature.

}-55 Develop an expression for the thermal efficiency of a
dual cycle when operated such that r, = r, where r, is the
cutoff ratio and 7, is the pressure ratio during the constant-
volume heat addition process. What is the thermal efficiency

of such engine when the compression ratio is 20 and r, = 27

)-56 How can one change r, in Prob. 9-65 so that the same
thermal efficiency is maintained when the compression ratio

is reduced?

)-67 A six-cylinder, four-stroke, 4.5-L compression-ignition
engine operates on the ideal diesel cycle with a compression
ratio of 17. The air is at 95 kPa and 55°C at the beginning of
the compression process and the engine speed is 2000 rpm.
The engine uses-light diesel fuel with a heating value of
42,500 kJ/kg, an air—fuel ratio of 24, and a combustion effi-
ciency of 98 percent. Using constant specific heats at 850 K,
determine (a) the maximum temperature in the cycle and the
cutoff ratio (b) the net work output per cycle and the thermal
efficiency, (c) the mean effective pressure, (d) the net power
output, and (e) the specific fuel consumption, in g/kWh,
defined as the ratio of the mass of the fuel consumed to the
net work produced. ans.crz o3, 2223 4, 2.7
2522 e, 908 sFa (0727 <0 'e) 109 @i« th

) L3564,

fiirling and Ericsson Cycies

4~63C  Consider the ideal Otto, Stirling, and Carnot cycles
operating between the same temperature limits. How would

you compare the thermal efficiencies of these three cycles?

-+ Consider the ideal Diesel, Ericsson. and Carnot
cycles operating between ihe same temperature limits. How
would you compare the thermal efficiencies of these three
cycles?

y
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)-7)C What cycle is composed of two isothermal anq two
constant-volume processes?

9-71C How does the ideal Ericsson cycle differ from the
Carnot cycle?

9-72 Consider an ideal Ericsson cycle with air as the work:
ing fluid executed in a steady-flow system. Air is at 27°C and
120 kPa at the beginning of the isothermal compressigg
process, during which 150 kl/kg of heat is rejected, Heape
transfer to air occurs at 1200 K. Determine (a) the maximyp,
pressure in the cycle, (b) the net work output per unit mass of
air, and (c) the thermal efficiency of the cycle. Ansyes
‘a) £85 «Pa, () 450 «J'.g. ¢i 73 percant

»-73 An ideal Stirling cycle operates with 1 kg of gj
between thermal energy reservoirs at 27°C and 527°C. The
maximum cycle pressure is 2000 kPa and the minimum cycle
pressure is 100 kPa. Determine the net work produced each
time this cycle is executed, and the cycle’s thermal efficiency.

9-74 Determine the external rate of heat input and power
produced by the Stirling cycle of Prob. 9-73 when it is

repeated 500 times per minute. Answers. 3855 W, 405 ky

09-75 An air-standard Stirling cycle operates with a maxi-
mum pressure of 4200 kPa and a minimum pressure of 70
kPa. The maximum volume of the air is 10 times the minj.
mum volume. The temperature during the heat rejection
process is 37°C. Calculate the specific heat added to and
rejected by this cycle, as well as the net specific work pro-
duced by the cycle. Use constant specific heats at room tem-
perature.

9-76 How much heat is stored (and recovered) in the
regenerator of Prob. 9-757

9-77 An Ericsson cycle operates between thermal energy
reservoirs at 627°C and 7°C while producing 500 kW of
power. Determine the rate of heat addition to this cycle when
it is repeated 2000 times per minute. /nswer: 726 ki

J-78 If the cycle of Prob. 9-77 is repeated 3000 times per
minute while the heat added per cycle remains the same, how
much power will the cycle produce?

deal and Acisal Gas-Turhine (Brayton) Cycias

3-79C  Why are the back work ratios relatively high in gas-
turbine engines?

7-%6C  What four processes make up the simple ideal Bray-
ton cycle?
2-81C  For fixed maximum and minimum temperatures, what

is the effect of the pressure ratio on (a) the thermal efficiency
and (b) the net work output of a simple ideal Brayton cycle?

ere

T e\

What is the back work ratio? What are tvpical back
work ratio values for gas-turbine engines?
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. 830 How do the inefficiencies of the turbine and the
,ompressor affect (a) the back work ratio and (b) the thermal
;fﬁciency of a gas-turbine engine?

o84 A simple ideal Brayton cycle with air as the working
luid has a pressure ratio of 10. The air enters the compressor
290K and the turbine at 1100 K. Accounting for the varia-
don of specific heats with temperature, determine (a) the air
[emperature at the compressor exit, (b) the back work ratio,

and (¢) the thermal efficiency.

985 7 (1% A simple Brayton cycle using air as the working

€ fluid has a pressure ratio of 8. The minimum
,nd maximum temperatures in the cycle are 310 and 1160 K.
Assuming an isentropic efficiency of 75 percent for the com-
pressor and 82 percent for the turbine, determine (a) the air
temperature at the turbine exit, (b) the net work output, and
() the thermal efficiency.

Reconsider Prob. 9-85. Using EES (or other)

&4 software, allow the mass flow rate, pressure ratio,
wrbine inlet temperature, and the isentropic efficiencies of the
wrbine and compressor to vary. Assume the compressor inlet
pressure is 100 kPa. Develop a general solution for the prob-
lem by taking advantage of the diagram window method for
supplying data to EES software.

9-57 Repeat Prob. 9-86 using constant specific heats at
room temperature.

9-88 A simple ideal Brayton cycle operates with air with
minimum and maximum temperatures of 27°C and 727°C. It
is designed so that the maximum cycle pressure is 2000 kPa
and the minimum cycle pressure is 100 kPa. Determine the
net work produced per unit mass of air each time this cycle is
executed and the cycle’s thermal efficiency. Use constant spe-
cific heats at room temperature.
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9-39 Repeat Prob. 9-88 when the isentropic efficiency of
the turbine is 90 percent.

9-00) Repeat Prob. 9-88 when the isentropic efficiency of
the turbine is 90 percent and that of the compressor is 80 per-
cent.

)-91 Repeat Prob. 9-88 when the isentropic efficiencies of
the turbine and compressor are 90 percent and 80 percent,

" respectively, and there is a 50-kPa pressure drop across the

combustion-chamber. Ars~ers: 7.2 kJ, 3.8 tertert

v-92  Ajr is used as the working fluid in a simple ideal
Brayton cycle that has a pressure ratio of 12, a compressor
inlet temperature of 300 K, and a turbine inlet temperature
of 1000 K. Determine the required mass flow rate of air for
a net power output of 70 MW, assuming both the compres-
sor and the turbine have an isentropic efficiency of (a) 100
percent and (b) 85 percent. Assume constant specific heats
at room temperature.  Answers: |2 332 g8, 13 12T

9-93 A stationary gas-turbine power plant operates on a
simple ideal Brayton cycle with air as the working fluid. The
air enters the compressor at 95 kPa and 290 K and the tur-
bine at 760 kPa and 1100 K. Heat is transferred to air at a
rate of 35,000 kJ/s. Determine the power delivered by this
plant (a) assuming constant specific heats at room tempera-
ture and (b) accounting for the variation of specific heats
with temperature.

-94  Air enters the compressor of a gas-turbine engine at
300 K and 100 kPa, where it is compressed to 700 kPa and
580 K. Heat is transferred to air in the amount of 950 kl/kg
before it enters the turbine. For a turbine efficiency of 86 per-
cent, determine (a) the fraction of the turbine work output
used to drive the compressor and (b) the thermal efficiency.
Assume variable specific heats for air. -

995 Repeat Prob. 9-94 using constant specific heats at
room temperature.

}-%H  An aircraft engine operates on a simple ideal Brayton
cycle with a pressure ratio of 10. Heat is added to the cycle at
a rate of 500 kW; air passes through the engine at a rate of
1 kg/s; and the air at the beginning of the compression is at
70 kPa and 0°C. Determine the power produced by this en-
gine and its thermal efficiency. Use constant specific heats at
room temperature.

-7  Repeat Prob. 9-96 for a pressure ratio of 13.

-3 A gas-turbine power plant operates on the simple
Brayton cycle between the pressure limits of 100 and 1200
kPa. The working fluid is air, which enters the compressor at
30°C at a rate of 150 m¥/min and leaves the turbine at 500°C.
Using variable specific heats for air and assuming a compres-
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sor isentropic efficiency of 82 percent and a turbine isen-
tropic efficiency of 88 percent, determine () the net power
output, (b) the back work ratio, and (¢) the thermal efficiency.
Arsaers: (a) £29 N 5 12625, 0 G.31S

Thermodynamics
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3rayten Dycle with Regensration

)=39C  How does regeneration affect the efficiency of a
Brayton cycle, and how does it accomplish it?

~10C  Somebody claims that at very high pressure ratios,
the use of regeneration actually decreases the thermal effi-
ciency of a gas-turbine engine. Is there any truth in this claim?
Explain.

O- 114 Define the effectiveness of a regenerator used in
gas-turbine cycles.

»~102C  In an ideal regenerator, is the air leaving the com-
pressor heated to the temperature at (a) turbine inlet, (b) tur-
bine exit, (¢) slightly above turbine exit?

~142C  In 1903. Aegidius Elling of Norway designed and
built an 11-hp gas turbine that used steam injection between
the combustion chamber and the turbine to cool the combus-
tion gases to a safe temperature for the materials available at
the time. Currently there are several gas-turbine power plants
that use steam injection to augment power and improve ther-
mal efficiency. For example, the thermal efficiency of the
General Electric LM5000 gas turbine is reported to increase
from 35.8 percent in simple-cycle operation to 43 percent
when steam injection is used. Explain why steam injection
increases the power output and the efficiency of gas turbines.
Also. explain how you would obtain the steam.

A gas turbine for an automobile is designed with a
regenerator. Air enters the compressor of this engine at
100 kPa and 20°C. The compressor pressure ratio is 8; the
maximum cycle temperature is 800°C: and the cold air
stream leaves the regenerator 10°C cooler than the hot air
stream at (e inlet of the regenerator. Assuming both the

compressor and the turbine to be isentropic, determine the
rates of heat addition and rejection for this cycle when j pro.
duces 150 kW. Use constant specific heats at room tempery.
ture. Aaswers: 303 kW, 153 xW

Heat exchanger

i
’ Compressor

FICURE ?3-104

J=185  Rework Prob. 9-104 when the compressor isentropic
efficiency is 87 percent and the turbine isentropic efficiency
is 93 percent.

'~1llo A gas turbine engine operates on the ideal Brayton
cycle with regeneration, as shown in Fig. P9—104. Now the
regenerator is rearranged so that the air streams of states 2
and 5 enter at one end of the regenerator and streams 3 and 6
exit at the other end (i.e., parallel flow arrangement of a heat
exchanger). Consider such a system when air enters the com-
pressor at 100 kPa and 20°C; the compressor pressure ratio is
7; the maximum cycle temperature is 727°C; and the differ-
ence between the hot and cold air stream temperatures is 6°C
at the end of the regenerator where the cold stream leaves
the regenerator. Is the cycle arrangement shown in the figure
more or less efficient than this arrangement? Assume both the
compressor and the turbine are isentropic, and use constant
specific heats at room temperature.

-'07  An ideal regenerator (75, = T) is added to a simple
ideal Brayton cycle (see Fig. P9-104). Air enters the com-
pressor of this cycle at 90 kPa and 10°C; the pressure ratio is
8: and the maximum cycle temperature is 815°C. What is the
thermal efficiency of this cycle? Use constant specific heats
at room temperature. What would the thermal efficiency of
the cycle be without the regenerator?

Y

Develop an expression tor the thermal efficiency
of an ideal Brayton cycle with an ideal regenerator of effec-
tiveness 100 percent. Use constant specific heats at room
temperature.

The idea of using gas turbines to power automobiles
was conceived in the 1930s, and considerable research was
done in the 1940s and 1950s to develop automotive gas tur-
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py major automobile manufacturers such as the Chrysler
g1n¢!;:ord corporations in the United States and Rover in the
- od Kingdom. The world’s first gas-turbine-powered auto-
lull:"e the 200-hp Rover Jet 1, was built in 1950 in the
n:“it dd'](jngdom. This was followed by the production of the
t.u,mouth Sport Coupe by Chrysler in 1954 under the leader-
sh?P of G. J. Huebner. Several hundred gas-turbine-powered
Pl)'mouth cars were built in the early 1960s for demonstration
ses and were loaned to a select group of people to gather
field experience. The users had no complaints other than slow
3ccelerau'on. But the cars were never mass-produced because
of the high production (especially material) costs and the fail-
are to satisfy the provisions of the 1966 Clean Air Act.
A gas-turbine-powered Plymouth car built in 1960 had a
wrbine inlet temperature of 927°C, a pressure ratio of 4, and
2 regenerator effectiveness of 0.9. Using isentropic efficien-
cies of 80 percent for both the compressor and the turbine,
determine the thermal efficiency of this car. Also, determine
the mass flow rate of air for a net power output of 70 kW,
Assume the ambient air to be at 300 K and 100 kPa.

9-110 \[?) The 7FA gas turbine manufactured by General
‘@ Electric is reported to have an efficiency of
359 percent in the simple-cycle mode and to produce
159 MW of net power. The pressure ratio is 14.7 and the tur-
hine inlet temperature is 1288°C. The mass flow rate through
the turbine is 1,536,000 kg/h. Taking the ambient conditions
to be 20°C and 100 kPa, determine the isentropic efficiency
of the turbine and the compressor. Also, determine the ther-
mal efficiency of this gas turbine if a regenerator with an ef-
fectiveness of 80 percent is added.
X1 Reconsider Prob. 9-110. Using EES (or other)
S software, develop a solution that allows differ-
ent isentropic efficiencies for the compressor and turbine and
study the effect of the isentropic efficiencies on net work
done and the heat supplied to the cycle. Plot the 7-s diagram
for the cycle.

9-112 A Brayton cycle with regeneration using air as the
working fluid has a pressure ratio of 7. The minimum and max-
imum temperatures in the cycle are 310 and 1150 K. Assuming
an isentropic efficiency of 75 percent for the compressor and
82 percent for the turbine and an effectiveness of 65 percent for
the regenerator, determine (a) the air temperature at the turbine
exit, (h) the net work output, and (c) the thermal efficiency.

Aasiars: () TR K, Tai T8.L Khikz

Y-112 A stationary gas-turbine power plant operates on
an ideal regenerative Brayton cycle (¢ = 100 percent) with
air as the working fluid. Air enters the compressor at
95 kPa and 290 K and the turbine at 760 kPa and 1100 K.
Heat is transferred to air from an external source at a rate
of 75,000 kl/s. Determine the power delivered by this plant
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(a) assuming constant specific heats for air at room temper-
ature and (b) accounting for the variation of specific heats
with temperature.

Y-1td Air enters the compressor of a regenerative gas-tur-
bine engine at 300 K and 100 kPa, where it is compressed to
800 kPa and 580 K. The regenerator has an effectiveness of
72 percent, and the air enters the turbine at 1200 K. For u tur-
bine efficiency of 86 percent, determine (a) the amount of
heat transfer in the regenerator and (b) the thermal efficiency.
Assume variable specific heats for air. Aqcvers: 20 1305
«di<g, (o) 32.C percent

9-115 Repeat Prob. 9-114 using constant specific heats at
room temperature.

9-116 Repeat Prob. 9-114 for a regenerator effectiveness of

70 percent.

Brayton Cycle with Interconling, Reheating,
and Regeneration
7-117C  Under what modifications will the ideal simple
gas-turbine cycle approach the Ericsson cycle?
9-118C The single-stage compression process of an ideal
Brayton cycle without regeneration is replaced by a multi-
stage compression process with intercooling between the
same pressure limits. As a result of this modification,
(a) Does the compressor work increase, decrease, or remain
the same?
(h) Does the back work ratio increase, decrease, or remain
the same?
(c) Does the thermal efficiency increase, decrease, or
remain the same?
2-119C The single-stage expansion process of an ideal
Brayton cycle without regeneration is replaced by a multi-
stage expansion process with reheating between the same
pressure limits. As a result of this modification,
(a) Does the turbine work increase, decrease, or remain the
same”?
(h) Does the back work ratio increase. decrease. or remain
the same?
(c) Does the thermal efficiency increase, decrease, or remain
the same?
9-120C A simple ideal Brayton cycle without regeneration
is modified to incorporate multistage compression with inter-
cooling and multistage expansion with reheating, without
changing the pressure or temperature limits of the cycle. As a
result of these two modifications.
(a) Does the net work output increase, decrease, or remain
the same?
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() Does the back work ratio increase, decrease, or remain
the same?

(c) Does the thermal efficiency increase, decrease, or
remain the same?

(d) Does the heat rejected increase, decrease, or remain the
same?

-121C A simple ideal Brayton cycle is modified to incor-
porate multistage compression with intercooling, multistage
expansion with reheating, and regeneration without chang-
ing the pressure limits of the cycle. As a result of these
modifications,

(¢) Does the net work output increase, decrease, or remain
the same?

(b) Does the back work ratio increase, decrease, or remain
the same?

(¢) Does the thermal efficiency increase, decrease, or
remain the same?

(d) Does the heat rejected increase, decrease, or remain the
same?

©-122C For a specified pressure ratio, why does multistage
compression with intercooling decrease the compressor work,
and multistage expansion with reheating increase the turbine
work?

?-123C In an ideal gas-turbine cycle with intercooling,
reheating, and regeneration, as the number of compression
and expansion stages is increased, the cycle thermal effi-
ciency approaches (a) 100 percent, (b) the Otto cycle effi-
ciency, or (c) the Carnot cycle efficiency.

)-124  Consider an ideal gas-turbine cycle with two stages of
compression and two stages of expansion. The pressure ratio
across each stage of the compressor and turbine is 3. The air
enters each stage of the compressor at 300 K and each stage of
the turbine at 1200 K. Determine the back work ratio and the
thermal efficiency of the cycle, assuming (a) no regenerator is
used and (b) a regenerator with 75 percent effectiveness is
used. Use variable specific heats.

~1.3 Repeat Problem 9-124, assuming an efficiency of 80
percent for each compressor stage and an efficiency of 85
percent for each turbine stage.

-1 2% Air enters a gas turbine with two stages of compres-
sion and two stages of expansion at 100 kPa and 17°C. This
system uses a regenerator as well as reheating and intercool-
ing. The pressure ratio across each compressor is 4; 300 kJ/kg
of heat are added to the air in each combustion chamber; and
the regenerator operates perfectly while increasing the temper-
ature of the cold air by 20°C. Determine this system’s thermal
efficiency. Assume isentropic operations for all compressor
and the turbine stages and use constant specific heats at room
temperature.

/ reheat

/ Fintercool

FIAURE PO-128

¥

J-147 Repeat Prob. 9-126 for the case of three stages of
compression with intercooling and three stages of expansiop
with reheating.

Anevors 200 o]
Ansveer: £0.0 Largert

9-128 How much would the thermal efficiency of the cycle
in Prob. 9-126 change if the temperature of the cold-air
stream leaving the regenerator is 40°C lower than the temper-
ature of the hot-air stream entering the regenerator?

iet-Propulsion Cyclas

9-129C  What is propulsive power? How is it related to
thrust?

7-13C  What is propulsive efficiency? How is it deter-
mined?

-121C s the effect of turbine and compressor irreversibil-
ities of a turbojet engine to reduce (a) the net work, (b) the
thrust, or (c) the fuel consumption rate?

J-132 A turboprop-aircraft propulsion engine operates
where the air is at 55 kPa and —23°C, on an aircraft flying at
a speed of 180 m/s. The Brayton cycle pressure ratio is 10
and the air temperature at the turbine inlet is 505°C. The pro-
peller diameter is 3 m and the mass flow rate through the
propeller is 20 times that through the compressor. Determine
the thrust force generated by this propulsion system. Assume
ideal operation for all components and constant specific heats
at room temperature.

- 2% How much change would result in the thrust of Prob.

9-132 if the propeller diameter were reduced to 2.4 m while
maintaining the same mass flow rate through the compressor.
Note: the mass flow rate ratio will no longer be 20.

—~.+ A turbofan engine operating on an aircraft flying at
200 m/s at an altitude where the air is at 50 kPa and —20°C,
is to produce 50,000 N of thrust. The inlet diameter of this

engine is 2.5 m; the compressor pressure ratio is 12; and the
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53 flow rate ratio is 8. Determine the air temperature at the
outlet needed to produce this thrust. Assume ideal opera-
for all components and constant specific heats at room

pperalure. Arsver. ¢32 K
1t

Ia

4.J38 A pure jet engine propels an aircraft at 300 m/s

frough air at 60 kPa and 0°C. The inlet diameter of this
e is 2 m. the compressor pressure ratio is 10, and the
jemperature at the turbine inlet is 450°C. Determine the
welocity at the exit of this engine’s nozzle and the thrust pro-
Juded. Assume ideal operation for all components and con-
«ant specific heats at room temperature.

a.136 A turbojet aircraft is flying with a velocity of
320 mv/s at an altitude of 9150 m, where the ambient condi-
yons are 32 kPa and —32°C. The pressure ratio across the
compressor is 12, and the temperature at the turbine inlet is
1400 K. Air enters the compressor at a rate of 60 kg/s, and
the jet fuel has a heating value of 42,700 ki/kg. Assuming
ideal operation for all components and constant specific heats
for air at room temperature, determine (a) the velocity of the
exhaust gases, (b) the propulsive power developed, and
(¢} the rate of fuel consumption.

9-137 Repeat Prob. 9-136 using a compressor efficiency of
R0 percent and a turbine efficiency of 85 percent.

4-4**  Consider an aircraft powered by a turbojet engine
that has a pressure ratio of 12. The aircraft is stationary on
the ground, held in position by its brakes. The ambient air is
at 27°C and 95 kPa and enters the engine at a rate of 10 kg/s.
The jet fuel has a heating value of 42,700 kJ/kg, and it is
hurned completely at a rate of 0.2 kg/s. Neglecting the effect
of the diffuser and disregarding the slight increase in mass at
the engine exit as well as the inefficiencies of engine compo-
nents. determine the force that must be applied on the brakes
to hold the plane stationary, 4n.wer- 2083 N

y-139 Y Reconsider Prob. 9-138. In the problem state-
[%=2¢ ment, replace the inlet mass flow rate by an
inlet volume flow rate of 9.063 m3/s. Using EES (or other)
software, investigate the effect of compressor inlet tempera-
twre in the range of —20 to 30°C on the force that must be
applied to the brakes to hold the plane stationary. Plot this
force as a function of compressor inlet temperature.

9-140  Air at 7°C enters a turbojet engine at a rate of
16 kg/s and at a velocity of 300 m/s (relative to the engine).
Air is heated in the combustion chamber at a rate 15,000 kJ/s
and it leaves the engine at 427°C. Determine the thrust
produced by this turbojet engine. (Hint: Choose the entire
engine as your control volume.)

Second-Law Analysis of Cas Power Cyoies

9-141 Calculate the exergy destruction associated with
each of the processes of the Brayton cycle described in Prob.
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9-85, assuming a source temperature of 1600 K and a sink
temperature of 310 K.

9-142 Determine the exergy destruction for each of the
processes of the gas turbine cycle in Prob. 9-105. The tem-
perature of the hot reservoir is the same as the maximum
cycle temperature and the temperature of the cold reservoir is
the same as the minimum cycle temperature.

9-143 Determine the total exergy destruction associated
with the Brayton cycle described in Prob. 9-112, assuming
a source temperature of 1800 K and a sink temperature of
310 K. Also, determine the exergy of the exhaust gases at the
exit of the regenerator.

9-144 @3“ Reconsider Prob. 9-143. Using EES (or other)

S5 software, investigate the effect of varying the
cycle pressure ratio from 6 to 14 on the total exergy destruc-
tion for the cycle and the exergy of the exhaust gas leaving
the regenerator. Plot these results as functions of pressure
ratio. Discuss the results.

9-145  Calculate the lost work potential for each process
of Prob. 9-128. The temperature of the hot reservoir is the
same as the maximum cycle temperature and the temperature
of the cold reservoir is the same as the minimum cycle tem-
perature.

9-146 A gas-turbine power plant operates on the simple
Brayton cycle between the pressure limits of 100 and 700
kPa. Air enters the compressor at 30°C at a rate of 12.6 kg/s
and leaves at 260°C. A diesel fuel with a heating value of
42,000 kJ/kg is burned in the combustion chamber with an
air—fuel ratio of 60 and a combustion efficiency of 97 per-
cent. Combustion gases leave the combustion chamber and
enter the turbine whose isentropic efficiency is 85 percent.
Treating the combustion gases as air and using constant spe-
cific heats at 500°C, determine (a) the isentropic efficiency
of the compressor, (b) the net power output and the back
work ratio, (c) the thermal efficiency, and (d) the second-law
efficiency.
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3~147 A four-cyhinder, four-stroke. 2.8-liter modern, high-
speed compression-ignition engine operates on the ideal dual
cycle with a compression ratio of 14. The air is at 95 kPa and
55°C at the beginning of the compression process and the
engine speed is 3500 rpm. Equal amounts of fuel are burned
at constant volume and at constant pressure. The maximum
allowable pressure in the cycle is 9 MPa due to material
strength limitations. Using constant specific heats at 850 K.
determine (a) the maximum temperature in the cycle, (b) the
net work output and the thermal efticiency, (¢) the mean
effective pressure. and (d) the net power output. Also, deter-
mine (e) the second-law efficiency of the cycle and the rate
of exergy output with the exhaust gases when they ure
purged. Aiswers: @) 234 K 'h 134G wimg, D287, 1¢) 146G
aPa. 1) 120 <\, ‘e} 0.048, ZC 4 LW

Review Probiems

9-148 A four-stroke turbocharged V-16 diesel engine built
by GE Transportation Systems to power fast trains produces
3500 hp at 1200 rpm. Determine the amount of power pro-
duced per cylinder per (a) mechanical cycle and (b) thermo-
dynamic cycle.

-149  Consider a simple ideal Brayton cycle operating
between the temperature limits of 300 and 1500 K. Using
constant specific heats at room temperature, determine the
pressure ratio for which the compressor and the turbine exit
temperatures of air are equal.

)-159  An air-standard cycle with variable specific heats is
executed in a closed system with 0.003 kg of air, and it con-
sists of the following three processes:
1-2  Isentropic compression from 100 kPa and 27°C to
700 kPa
2-3 P = constant heat addition to initial specific volume
3-1 v = constant heat rejection to initial state
(a) Show the cycle on P-v and T-s diagrams.
(b) Calculate the maximum temperature in the cycle.
(¢) Determine the thermal efticiency.

nsgers: o LI

5.3 nercent
~i51 Repeat Prob. 9-150 using constant specific heats at
room temperature.

182 (!? A four-cylinder spark-ignition engine has a

"« compression ratio of 8, and each cylinder has a
maximum volume of 0.6 L. At the beginning of the compres-
sion process, the air is at 98 kPa and 17°C, and the maximum
temperature in the cycle is 1800 K. Assuming the engine to
operate on the ideal*Otto cycle. determine (a) the amount of
heat supplied per cylinder, (b) the thermal efficiency, and
(c) the number of revolutions per minute required for a net
power output of 60 kW. Assume variable specific heats for air.

»-153  [%¢S§ Reconsider Prob. 9-152. Using EES (or Othey.

=8 software, study the effect of varying the com,.
pression ratio from 5 to 11 on the net work done ang the
etficiency of the cycle. Plot the P-v and T-s diagrams for the
cycle, and discuss the results.

)--154  An ideal gas Carnot cycle uses helium as the work.
ing fluid and rejects heat to a lake at 15°C. Determine the
pressure ratio, compression ratio. and minimum temperatypg
of the heat source for this cycle to have a thermal efﬁcienq
of 50 percent.  “rsyers: 355, 233 375 ¢

U-155  Repeat Prob. 9-154 when the lake is at 10°C and the
Carnot cycle’s thermal efficiency is to be 60 percent.

3-136 A typical hydrocarbon fuel produces 42,000 kl/kg of
heat when used in a spark-ignition engine. Determine the com.
pression ratio required for an ideal Otto cycle to use (.043
grams of fuel to produce | kI of work. Use constant specitic
heats at room temperature. 1 e 772

9-157 The cutoff ratio, r, and the pressure ratio during
constant-volume heat addition process, r, determine the
amount of heat added to the dual cycle. Develop an equation
for g,,/(c,T,r*"") in terms of k, r_ and r,. Use constant spe-
cific heats at room temperature.

—i7%  An ideal Otto cycle has a compression ratio of 9.2
and uses air as the working fluid. At the beginning of the
compression process, air is at 98 kPa and 27°C. The pressure
is doubled during the constant-volume heat-addition process.
Accounting for the variation of specific heats with tempera-
ture, determine (a) the amount of heat transferred to the air,
() the net work output, (c) the thermal efficiency, and () the
mean effective pressure for the cycle.

.—139  Repeat Prob. 9-158 using constant specific heats at
room temperature.

) Consider an engine operating on the ideal Diesel
cycle with air as the working fluid. The volume of the cylin-
der is 1200 cm® at the beginning of the compression process,
75 cm® at the end, and 150 cm?® after the heat-addition
process. Air is at 17°C and 100 kPa at the beginning of the
compression process. Determine (a) the pressure at the begin-
ning of the heat-rejection process, (b) the net work per cycle,
in kI, and (c) the mean effective pressure.

Repeat Prob. 9-160 using argon as the working
fluid.

An ideal dual cycle has a compression ratio of 12
and uses air as the working fluid. At the beginning of the
compression process, air is at 100 kPa and 32°C, and occu-
pies a volume of 1230 cm?. During the heat-addition process,
0.3 kJ of heat is transferred to air at constant volume and 1.1
kJ at constant pressure. Using constant specii ¢ heats evalu-
ated at room temperature, determine the 'Germal efficiency of
the cycle.
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Consider an ideal Stirling cycle using air as the work-
_"'"?]md. Air is at 350 K and 200 kPa at the beginning of the
ﬂ'h rmal compression process, and heat is supplied to air
ut ea source at 1800 K in the amount of 900 kl/kg. Deter-

:; \q) the maximum pressure in the cycle and () the net
work output per unit mass of air. Ans.ers: (2} 5873 %°a,

725 kI3
el Consider a simple ideal Brayton cycle with air as the
sorking fluid. The pressure ratio of the cycle is 6, and the
qipimum and maximum temperatures are 300 and 1300 K,
;,} sively. Now the pressure ratio is doubled without chang-

g the minimum and maximum temperatures in the cycle.
petermine the change in (a) the net work output per unit
mass and (b) the thermal efficiency of the cycle as a result of
(his modification. Assume variable specific heats for air.

psyrs (3 1.0 <0 kg, (B) 12.6 cercent
4165 Repeat Prob. 9-164 using constant specific heats at
ol temperature.

¢-166 A gas-turbine engine with regeneration operates with
o stages of compression and two stages of expansion. The
pressure ratio across each stage of the compressor and tur-
hine is 3.5. The air enters each stage of the compressor at
300 K and each stage of the turbine at 1200 K. The compres-
sor and turbine efficiencies are 78 and 86 percent, respec-
tively, and the effectiveness of the regenerator is 72 percent.
Determine the back work ratio and the thermal efficiency of
the cycle, assuming constant specific heats for air at room

1)

temperature. -oswers: 532 percent, 397 carzent
9-167 @‘i Reconsider Prob. 9-166. Using EES (or other)
88 software, study the effects of varying the isen-
tropic efficiencies for the compressor and turbine and regen-
erator effectiveness on net work done and the heat supplied to
the cycle for the variable specific heat case. Let the isentropic
efficiencies and the effectiveness vary from 70 percent to 90
percent. Plot the T-s diagram for the cycle.

9- Repeat Prob. 9-166 using helium as the working
fluid.
9- Consider an ideal gas-turbine cycle with one stage of

compression and two stages of expansion and regeneration.
The pressure ratio across each turbine stage is the same. The
high-pressure turbine exhaust gas enters the regenerator and
then enters the low-pressure turbine for expansion to the
compressor inlet pressure. Determine the thermal efficiency
of this cycle as a function of the compressor pressure ratio
and the high-pressure turbine to compressor inlet temperature
ratio. Compare your result with the efficiency of the standard
regenerative cycle.

- 7't A gas-turbine plant operates on the regenerative

Brayton cycle with two stages of reheating and two-stages of
ntercooling between the pressure limits of 100 and
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1200 kPa. The working fluid is air. The air enters the first and
the second stages of the compressor at 300 K and 350 K,
respectively, and the first and the second stages of the turbine
at 1400 K and 1300 K, respectively. Assuming both the com-
pressor and the turbine have an isentropic efficiency of
80 percent and the regenerator has an effectiveness of 75 per-
cent and using variable specific heats, determine (a) the back
work ratio and the net work output, (b) the thermal efficiency.
and (c) the second-law efficiency of the cycle. Also deter-
mine (d) the exergies at the exits of the combustion chamber
(state 6) and the regenerator (state 10) (See Fig. 943 in the
text). ncsers: @) 05250 317 kg, b BES, e TUULA
RS kuag, L22 aling

9—171 Compare the thermal efficiency of a two-stage gas
turbine with regeneration, reheating and intercooling to that
of a three-stage gas turbine with the same equipment when
(a) all components operate ideally, (b) air enters the first
compressor at 100 kPa and 10°C, (c) the total pressure ratio
across all stages of compression is 16, and (d) the maximum

cycle temperature is 600°C.

9-172  The specific impulse of an aircraft-propulsion sys-
tem is the force produced per unit of thrust-producing mass
flow rate. Consider a jet engine that operates in an environ-
ment at 70 kPa and —1°C and propels an aircraft cruising at
360 m/s. Determine the specific impulse of this engine when
the compressor pressure ratio is 9 and the temperature at the
turbine inlet is 370°C. Assume ideal operations for all com-
ponents and constant specific heats at room temperature.

4-173 A Brayton cycle with a pressure ratio of 15 operates
with air entering the compressor at 70 kPa and 0°C, and the
turbine at 600°C. Calculate the net specific work produced by
this cycle treating the air as an ideal gas with (a) constant
specific heats, and (b) variable specific heats.
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teoy] Repeat Problem 9-181 using helium as the
<34 working fluid.

@ﬁ Using EES (or other) software, determine the
%Z& effect of the number of compression and
expansion stages on the thermal efficiency of an ideal regen-
crative  Brayton cycle with multistage compression and
gxpansion. Assume that the overall pressure ratio of the cycle
is 12, and the air enters each stage of the compressor at
300 K and each stage of the turbine at 1200 K. Using con-
stant specific heats for air at room temperature, determine the
thermal efficiency of the cycle by varying the number of
stages from 1 to 22 in increments of 3. Plot the thermal effi-
ciency versus the number of stages. Compare your results to
the efficiency of an Ericsson cycle operating between the
same temperature limits.

9-185 3 Repeat Problem 9-184 using helium as the
# working fluid.

9183

9134

fundamenta’s of Engineering (FE) Exam Problems

9..1%6 An Otto cycle with air as the working fluid has a
compression ratio of 8.2, Under cold-air-standard conditions,
the thermal efficiency of this cycle is

(b) 43 percent
(e) 75 percent

(a) 24 percent (c) 52 percent

(d) 57 percent
9-157 For specified limits for the maximum and minimum
temperatures, the ideal cycle with the lowest thermal effi-
ciency is

(b) Stirling (¢) Ericsson
(e) All are the same

(@) Carnot
(d) Otto
9-15% A Carnot cycle operates between the temperature
limits of 300 and 2000 K, and produces 600 kW of net
power. The rate of entropy change of the working fluid dur-
ing the heat addition process is

(@) 0 (b) 0.300 kW/K
(d)0.261 kW/K {(e) 2.0 kW/K
J—.+)  Air in an ideal Diesel cycle is compressed from 3 to
0.15 L, and then it expands during the constant pressure heat
addition process to 0.30 L. Under cold air standard condi-
tions, the thermal efficiency of this cycle is
(b) 44 percent

(e) 82 percent

(¢) 0.353 kW/K

(a) 35 percent (c) 65 percent

(d) 70 percent

= Helium gas in an ideal Otto cycle is compressed
from 20°C and 2.5 to 0.25 L, and its temperature increases by
an additional .700°C during the heat addition process. The
temperature of helium before the expansion process is
a) 1790°C (h) 2060°C (¢) 1240°C
(d) 620°C (e) 820°C

In an ideal Otto cycle, air is compressed from 1.20

kg/m? and 2.2 to 0.26 L. and the net work output of the cycle
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is 440 kl/kg. The mean effective pressure (MEP) for this
cycle is

(a) 612 kPa (b) 599 kPa
(d) 416 kPa (e) 367 kPa
9-192 In an ideal Brayton cycle, air is compressed from 95
kPa and 25°C to 800 kPa. Under cold-air-standard conditions,
the thermal efficiency of this cycle is
(b) 54 percent
(e) 61 percent

(c) 528 kPa

(a) 46 percent (c) 57 percent

(d) 39 percent

Y—193 Consider an ideal Brayton cycle executed between
the pressure limits of 1200 and 100 kPa and temperature lim-
its of 20 and 1000°C with argon as the working fluid. The net
work output of the cycle is
(a) 68 kl/kg (b) 93 kJ/kg
(d) 186 kl/kg (e) 310 k/kg
9-194  An ideal Brayton cycle has a net work output of 150
kJ/kg and a back work ratio of 0.4. If both the turbine and the
compressor had an isentropic efficiency of 85 percent, the net
work output of the cycle would be
(a) 74 kl/kg (b) 95 kl/kg
(d) 128 kl/kg (e) 177 kl/kg
—195 In an ideal Brayton cycle, air is compressed from
100 kPa and 25°C to 1 MPa, and then heated to 1200°C
before entering the turbine. Under cold-air-standard condi-
tions, the air temperature at the turbine exit is

(c) 158 kl/kg

(c) 109 ki/kg

(a) 490°C (b) 515°C (¢) 622°C
(d) 763°C (e) 895°C
)-1%4 In an ideal Brayton cycle with regeneration, argon

gas is compressed from 100 kPa and 25°C to 400 kPa, and
then heated to 1200°C before entering the turbine. The high-
est temperature that argon can be heated in the regenerator is
(a) 246°C (b) 846°C (c) 689°C
(d) 368°C (e) 573°C

-7 In an ideal Brayton cycle with regeneration, air is
compressed from 80 kPa and 10°C to 400 kPa and 175°C, is
heated to 450°C in the regenerator, and then further heated to
1000°C before entering the turbine. Under cold-air-standard
conditions, the effectiveness of the regenerator is
(b) 44 percent (c) 62 percent
(e) 89 percent

(a) 33 percent
(d) 77 percent
)-1""8  Consider a gas turbine that has a pressure ratio of 6
and operates on the Brayton cycle with regeneration between
the temperature limits of 20 and 900°C. If the specific heat
ratio of the working fluid is 1.3, the highest thermal effi-
ciency this gas turbine can have is

(b) 46 percent
(e) 97 percent

(a) 38 percent {c) 62 percent

(d) 58 percent
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9-174 An Otto cycle with a compression ratio of 8 begins
its compression at 94 kPa and 10°C. The maximum cycle
temperature is 900°C. Utilizing air-standard assumptions,
determine the thermal efficiency of this cycle using (a) con-
stant specific heats at room temperature and (b) variable spe-
cific heats. Answers. {a) 36.5 dercent, (b} 53.7 perce-t

%-175 A Diesel cycle has a compression ratio of 22 and
begins its compression at 85 kPa and 15°C. The maximum
cycle temperature is 1200°C. Utilizing air-standard assump-
tions, determine the thermal efficiency of this cycle using
(a) constant specific heats at room temperature and (b) vari-
able specific heats. )

9-176 Electricity and process heat requirements of a manu-
facturing facility are to be met by a cogeneration plant consist-
ing of a gas turbine and a heat exchanger for steam production.
The plant operates on the simple Brayton cycle between the
pressure limits of 100 and 1200 kPa with air as the working
fluid. Air enters the compressor at 30°C. Combustion gases
leave the turbine and enter the heat exchanger at 500°C, and
leave the heat exchanger of 350°C, while the liquid water
enters the heat exchanger at 25°C and leaves at 200°C as a sat-
urated vapor. The net power produced by the gas-turbine cycle
is 800 kW. Assuming a compressor isentropic efficiency of
82 percent and a turbine isentropic efficiency of 88 percent and
using variable specific heats, determine (a) the mass flow rate
of air, (b) the back work ratio and the thermal efficiency, and
(c) the rate at which steam is produced in the heat exchanger.
Also determine (d) the utilization efficiency of the cogenera-
tion plant, defined as the ratio of the total energy utilized to the
energy supplied to the plant.

350°C 25°C
A

!

Heat
exchanger

Combustion|
chamber i
®r

f————

@1 1.2 MPa

@* 500°C sat. vapor
200°C

Compressor Turbine

/

2100 kPa
30°C

SIGURE #3178

77 A turbojet aircraft flies with a velocity of 900 km/h
at an altitude where the air temperature and pressure are
—35°C and 40 kPa. Air leaves the diffuser at 50 kPa with a
velocity of 15 m/s, and combustion gases enter the turbine at

450 kPa and 950°C. The turbine produces 500 kW of power,
all of which is used to drive the compressor. Assuming an
isentropic efficiency of 83 percent for the compressor, tur.
bine, and nozzle, and using variable specific heats, determine
(a) the pressure of combustion gases at the turbine exit,
(b) the mass flow rate of air through the compressor, (c) the
velocity of the gases at the nozzle exit, and (d) the propul-

sive power and the propulsive efficiency for this engine.

Arsvers: @) 147 «Pa, (9} 1.76 ag/s, (o) 712 ms, (¢) 205 «w,

s..56

9-178 Using EES (or other) software, determine the
=4 effects of compression ratio on the net work
output and the thermal efficiency of the Otto cycle for a maxi-
mum cycle temperature of 2000 K. Take the working fluid to
be air that is at 100 kPa and 300 K at the beginning of the
compression process, and assume variable specific heats. Vary
the compression ratio from 6 to 15 with an increment of 1.
Tabulate and plot your results against the compression ratio.

-179 e} Using EES (or other) software, determine the

gl effects of pressure ratio on the net work output
and the thermal efficiency of a simple Brayton cycle for a
maximum cycle temperature of 1800 K. Take the working
fluid to be air that is at 100 kPa and 300 K at the beginning
of the compression process, and assume variable specific
heats. Vary the pressure ratio from 5 to 24 with an increment
of 1. Tabulate and plot your results against the pressure ratio.
At what pressure ratio does the net work output become a
maximum? At what pressure ratio does the thermal efficiency
become a maximum?

*—130 \] Repeat Problem 9-179 assuming isentropic
&4 cfficiencies of 85 percent for both the turbine

and the compressor.

9-181 Using EES (or other) software, determine the
&= effects of pressure ratio, maximum cycle tem-

perature, and compressor and turbine efficiencies on the net
work output per unit mass and the thermal efficiency of a
simple Brayton cycle with air as the working fluid. Air is at
100 kPa and 300 K at the compressor inlet. Also, assume
constant specific heats for air at room temperature. Deter-
mine the net work output and the thermal efficiency for all
combinations of the following parameters, and draw conclu-
sions from the results.

Pressure ratio:

Maximum cycle temperature:

Compressor isentropic efficiency:

Turbine isentropic efficiency:

5.8, 14

800, 1200, 1600 K

80, 100 percent
80, 100 percent

32 @ Repeat Problem 9-181 by considering the vari-
558 ation of specific heats of air with temperature.
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Very low temperatures can be achieved by operating two or
nore vapor-compression systems in series, called cascading.
The COP of a refrigeration system also increases as a result
of cascading. Another way of improving the performance ofa
\.npor-compression refrigeration system is by using multi-
stage compression with regenerative cooling. A refrigerator
with a single compressor can provide refrigeration at several
iemperatures by throttling the refrigerant in stages. The
\.npor-compression refrigeration cycle can also be used to lig-
sefy gases after some modifications.

The power cycles can be used as refrigeration cycles by
simply reversing them. Of these, the reversed Brayton cycle,
which is also known as the gas refrigeration cycle, is used
10 cool aircraft and to obtain very low (cryogenic) tempera-
wres after it is modified with regeneration. The work output
of the turbine can be used to reduce the work input require-
ments to the compressor. Thus the COP of a gas refrigeration

cycle is

q. qL
Copnbsurplion = =

Whevin

chmp.in ~ Wirb.out

1. ASHRAE, Handbook of Fundamentals. Atlanta: American
Society of Heating, Refrigerating, and Air-Conditioning
Engineers, 1985.

(3% ]

. Heat Pump Systems—A Technology Review. OECD
Report, Paris, 1982.

2. B. Nagengast. “A Historical Look at CFC Refrigerants.”
ASHRAE Journal 30, no. 11 (November 1988), pp. 37-39.

=2d Diraat Cucie
'i-." Why is the reversed Carnot cycle executed within the
saturation dome not a realistic model for refrigeration cycles?

*Problems designated by a “C" are concept questions, and students
are encouraged'to answer them all. Problems with the & icon are
solved using EES, and complete solutions together with parametric
studies are included on the enclosed DVD. Problems with the &

con are comprehensive in nature, and are intended to be solved with
a computer, preferably using the EES software that accompanies this

text.
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Another form of refrigeration that becomes economically
attractive when there is a source of inexpensive thermal energy
at a temperature of 100 to 200°C is absorption refrigeration,
where the refrigerant is absorbed by a transport medium and
compressed in liquid form. The most widely used absorption
refrigeration system is the ammonia-water system, where
ammonia serves as the refrigerant and water as the transport
medium. The work input to the pump is usually very small,
and the COP of absorption refrigeration systems is defined as

_ 9

_ Desired output O,
Required input ~ Quen + Woumpin ~ Qen

Copabsurption -

The maximum COP an absorption refrigeration system can
have is determined by assuming totally reversible conditions,
which yields

T, T,
Coprev.ubsorplinn = Thhrev COPR.rev = 1- ?" FOT'I_'L

where T, T,, and T, are the thermodynamic temperatures of
the environment, the refrigerated space, and the heat source,
respectively.

:. W. F. Stoecker. “Growing Opportunities for Ammonia
Refrigeration.” Proceedings of the Meeting of the
International Institute of Ammonia Refrigeration, Austin,
Texas, 1989.

. W. F. Stoecker and J. W. Jones. Refrigeration and Air
Conditioning. 2nd ed. New York: McGraw-Hill, 1982.

|
~. A steady-flow Carnot refrigeration cycle uses refriger-
ant-134a as the working fluid. The refrigerant changes from
saturated vapor to saturated liquid at 30°C in the condenser
as it rejects heat. The evaporator pressure is 160 kPa. Show
the cycle on a T-s diagram relative to saturation lines, and
determine (a) the coefficient of performance, (b) the amount
of heat absorbed from the refrigerated space, and (c) the net
work input. i 5 / )

- Refrigerant-134a enters the condenser of a steady-
flow Carnot refrigerator as a saturated vapor at 0.6 MPa, and
it leaves with a quality of 0.05. The heat absorption from the
refrigerated space takes place at a pressure of 0.2 MPa. Show
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the cycle on a T-s diagram relative to saturation lines, and
determine (a) the coefficient of performance, (b) the quality
at the beginning of the heat-absorption process, and (c) the
net work input.

Thermodynamics

ideal and Actual Vapor-Compression Refrigeration Cycles

{i-4C Does the ideal vapor-compression refrigeration
cycle involve any internal irreversibilities?

[1-£C Why is the throttling valve not replaced by an isen-
tropic turbine in the ideal vapor-compression refrigeration
cycle?

I1-6C It is proposed to use water instead of refrigerant-
134a as the working fluid in air-conditioning applications
where the minimum temperature never falls below the freez-
ing point. Would you support this proposal? Explain.

i1-7C In a refrigeration system, would you recommend con-

densing the refrigerant-134a at a pressure of 0.7 or 1.0 MPa if
heat is to be rejected to a cooling medium at 15°C? Why?

11-8C  Does the area enclosed by the cycle on a T-s diagram
represent the net work input for the reversed Carnot cycle?
How about for the ideal vapor-compression refrigeration cycle?

11-9C  Consider two vapor-compression refrigeration cycles.
The refrigerant enters the throttling valve as a saturated liquid
at 30°C in one cycle and as subcooled liquid at 30°C in the
other one. The evaporator pressure for both cycles is the same.
Which cycle do you think will have a higher COP?

}1-19C  The COP of vapor-compression refrigeration cycles
improves when the refrigerant is subcooled before it enters the
throttling valve. Can the refrigerant be subcooled indefinitely
to maximize this effect, or is there a lower limit? Explain.

-11 A commercial refrigerator with refrigerant-134a as
the working fluid is used to keep the refrigerated space at
—30°C by rejecting its waste heat to cooling water that enters

26°C 4 Water
T T18°C
1.2 MPa
42°C N
+— Condenser |—+- 65°C
@ Qin
. i W
X Expansion Compressor | [—3-a=""
valve
60 kPa
R -34°C

] Evaporator |-+
OL 10O

0

IGURE 21171

the condenser at 18°C at a rate of 0.25 kg/s and leaves g
26°C. The refrigerant enters the condenser at 1.2 MPa apg
65°C and leaves at 42°C. The inlet state of the compressor ig
60 kPa and —34°C and the compressor is estimated to gain 4
net heat of 450 W from the surroundings. Determine (a) the
quality of the refrigerant at the evaporator inlet, (b) the refrig.
eration load, (c) the COP of the refrigerator, and (d) the theg-
retical maximum refrigeration load for the same power input
to the compressor.

11-12  An ideal vapor-compression refrigeration cycle thag
uses refrigerant-134a as its working fluid maintains a con-
denser at 1000 kPa and the evaporator at 4°C. Determine thjg
system’s COP and the amount of power required to service g
Answars: 5.46, 21.9 <N

400 kW cooling load.

: Condenser
~i| Compressor

¢ Throttle
device

FIGURE P11-12

"1=13 A 10-kW cooling load is to be served by operating
an ideal vapor-compression refrigeration cycle with its evapo-
rator at 400 kPa and its condenser at 800 kPa. Calculate the
refrigerant mass flow rate and the compressor power require-
ment when refrigerant-134a is used.

—14 A refrigerator uses refrigerant-134a as the working
fluid and operates on an ideal vapor-compression refrigeration
cycle between 0.12 and 0.7 MPa. The mass tlow rate of the
refrigerant is 0.05 kg/s. Show the cycle on a 7-s diagram with
respect to saturation lines. Determine (¢) the rate of heat
removal from the refrigerated space and the power input to the
compressor, (b) the rate of heat rejection to the environment,
and (c) the coefficient of performance. Srs TR AT
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(1-1% Repeat Prob. 11-14 for a condenser pressure of
09 MPa.

n-16 If the throttling valve in Prob. 11-15 is replaced by
an jsentropic turbine, determine the percentage increase in
the COP und in the rate of heat removal from the refrigerated

space. Arsaers: £.2 gercent .2 derten

(1-17 Refrigerant-134a enters the compressor of a refrigera-
jor as superheated vapor at 0.14 MPa and —10°C at a rate of
0.12 kg/s, and it leaves at 0.7 MPa and 50°C. The refrigerant is
cooled in the condenser to 24°C and 0.65 MPa, and it is throt-
led to 0.15 MPa. Disregarding any heat transfer and pressure
Jrops in the connecting lines between the components, show
the cycle on a T-s diagram with respect to saturation lines, and
determine (a) the rate of heat removal from the refrigerated
space and the power input to the compressor, (b) the isentropic
cfficiency of the compressor, and (c) the COP of the refrigera-
or.  Acsvers: lda 134 «W, 5.06 -, (u) 82.5 percert, (2 5.83

11-1$ An air conditioner using refrigerant-134a as the
working fluid and operating on the ideal vapor-compression
refrigeration cycle is to maintain a space at.22°C while oper-
ating its condenser at 1000 kPa. Determine the COP of the
system when a temperature difference of 2°C is allowed for
the transfer of heat in the evaporator.

{1-19 A refrigerator operates on the ideal vapor-
compression refrigeration cycle and uses refrigerant-134a as
the working fluid. The condenser operates at 1.6 MPa and the
evaporator at —6°C. If an adiabatic, reversible expansion
device were available and used to expand the liquid leaving
the condenser, how much would the COP improve by using
this device instead of the throttle device? wer: 97 ser-

cznt

11-29  An ideal vapor-compression refrigeration cycle using
refrigerant-134a as the working fluid is used to cool a brine
solution to —5°C. This solution is pumped to various build-
ings for the purpose of air conditioning. The refrigerant evap-
orates at —10°C with a total mass flow rate of 7 kg/s, and
condenses at 600 kPa. Determine the COP of the cycle and
the total cooling load.

Refrigerant-134a enters the compressor of a refrigera-
tor at 140 kPa and —10°C at a rate of 0.3 m¥min and leaves
at 1 MPa. The isentropic efficiency of the compressor is 78
percent. The refrigerant enters the throttling valve at 0.95 MPa
and 30°C and leaves the evaporator as saturated vapor at
—18.5°C. Show the cycle on a T-s diagram with respect to
suturation lines, and determine () the power input to the com-
pressor, (b) the rate of heat removal from the refrigerated
space, and (c) the pressure drop and rate of heat gain in the
line between the evaporator and the compressor.
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@\! Reconsider Prob. 11-21. Using EES (or other)
(%S84 software, investigate the effects of varying the
compressor isentropic efficiency over the range 60 to 100
percent and the compressor inlet volume flow rate from 0.1
to 1.0 m*min on the power input and the rate of refrigera-
tion. Plot the rate of refrigeration and the power input to the
compressor as functions of compressor efficiency for com-
pressor inlet volume flow rates of 0.1, 0.5, and 1.0 m*/min,
and discuss the results.

11-23 A refrigerator uses refrigerant-134a as the working
fluid and operates on the ideal vapor-compression refrigera-
tion cycle. The refrigerant enters the evaporator at 120 kPa
with a quality of 30 percent and leaves the compressor at
60°C. If the compressor consumes 450 W of power, deter-
mine (a) the mass flow rate of the refrigerant, (b) the con-
denser pressure, and (c) the COP of the refrigerator.
Anzwers: () C.00727 kgrs. b, 572 «Pa, ‘¢ 2.£3

X Oy
60°C

—+—1  Condenser |+

® ®

Y Expansi W,
X Expansion Comgpressor| [ -a=

valve

~—+—1 Evaporator }-—+=

®
120 kPa %(Q'L

x=03

FIGURE P11-23

lelecting the Right Refrigarant

1-22('" When selecting a refrigerant for a certain applica-
tion, what qualities would you look for in the refrigerant?

~27C Consider a refrigeration system using refrigerant-
!34a as the working fluid. If this refrigerator is to operate in
an environment at 30°C, what is the minimum pressure to
which the refrigerant should be compressed? Why?

-2 A refrigerant-134a refrigerator is to maintain the
refrigerated space at —10°C. Would you recommend an evap-
orator pressure of 0.12 or 0.14 MPa for this system? Why?

"-27 A refrigerator that operates on the ideal vapor-
compression cycle with refrigerant-134a is to maintain the
refrigerated space at —10°C while rejecting heat to the envi-

i ach ‘_‘dm_'d'

o

_______.__,..--ld
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ronment at 25°C. Select reasonable pressures for the evapora-
tor and the condenser, and explain why you chose those val-
ues.

Thermodynamics

11-28 A heat pump that operates on the ideal vapor-
compression cycle with refrigerant-134a is used to heat a
house and maintain it at 22°C by using underground water at
10°C as the heat source. Select reasonable pressures for the
evaporator and the condenser, and explain why you chose
those values.

Heat Pump Systems

11-29C Do you think a heat pump system will be more
cost-effective in New York or in Miami? Why?

11-30C  What is a water-source heat pump? How does the
COP of a water-source heat pump system compare to that of
an air-source system?

11-31 Refrigerant-134a enters the condenser of a residen-
tial heat pump at 800 kPa and 55°C at a rate of 0.018 kg/s
and leaves at 750 kPa subcooled by 3°C. The refrigerant
enters the compressor at 200 kPa superheated by 4°C. Deter-
mine (a) the isentropic efficiency of the compressor, (b) the
rate of heat supplied to the heated room, and (c) the COP of
the heat pump. Also, determine (d) the COP and the rate of
heat supplied to the heated room if this heat pump operated
on the ideal vapor-compression cycle between the pressure
limits of 200 and 800 kPa.

o é
750 kPa # __ 800kPa
55°C
r"-@— Condenser —C_)ST
!
X Expansion Compressor | i
valve
——- Evaporator [~+>
o o
o
FIGURE P11-31
=31 A heat pump operates on the ideal vapor-

compression refrigeration cycle and uses refrigerant-134a as
the working fluid. The condenser operates at 1200 kPa and the
evaporator at 280 kPa. Determine this system’s COP and the
rate of heat supplied to the evaporator when the compressor
consumes 20 kW.

[1-33 A heat pump using refrigerant-134a as a refrigergy
operates its condenser at 800 kPa and its evaporator at
—1.25°C. It operates on the ideal vapor-compression refriger.
ation cycle, except for the compressor, which has an isep.
tropic efficiency of 85 percent. How much do the compreggg,
irreversibilities reduce this heat pump’s COP as COMpareq
to an ideal vapor-compression refrigeration cycle? Swer
13.1 oercent

11-34  What is the effect on the COP of Prob. 11-33 whep
the vapor entering the compressor is superheated by 2°C apg
the compressor has no irreversibilities?

11-35 The liquid leaving the condenser of a 30 kW heg
pump using refrigerant-134a as the working fluid is syp.
cooled by 5.4°C. The condenser operates at | MPa and the
evaporator at 0.4 MPa. How does this subcooling change the
power required to drive the compressor as compared to
ideal vapor-compression refrigeration cycle?
KN, 325 KN

S’y

11-36  What is the effect on the compressor power require-
ment when the vapor entering the compressor of Prob. 11-35
is superheated by 11.1°C and the condenser operates ideally?

[1-37 A heat pump with refrigerant-134a as the working
fluid is used to keep a space at 25°C by absorbing heat from
geothermal water that enters the evaporator at 50°C at a rate
of 0.065 kg/s and leaves at 40°C. The refrigerant enters the
evaporator at 20°C with a quality of 23 percent and leaves at
the inlet pressure as saturated vapor. The refrigerant loses 300
W of heat to the surroundings as it flows through the com-
pressor and the refrigerant leaves the compressor at 1.4 MPa
at the same entropy as the inlet. Determine (a) the degrees of
subcooling of the refrigerant in the condenser, (b) the mass

A
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fow rate of the refrigerant, (¢) the heating load and the COP
of the heat pump, and (d) the theoretical minimum power
input to the compressor for the same heating load.  Ancivers:
53380 (0 C.01S4 «z/s, {c) 3.07 «W, 4.38, () C.Z38 <.

jnnovative Rafrigaration Systems

11-38C  What is cascade refrigeration? What are the advan-
ages and disadvantages of cascade refrigeration?

11-39C How does the COP of a cascade refrigeration sys-
iem compare to the COP of a simple vapor-compression
cvcle operating between the same pressure limits?

11-40C A certain application requires maintaining the
refrigerated space at —32°C. Would you recommend a simple
refrigeration cycle with refrigerant-134a or a two-stage cas-
cade refrigeration cycle with a different refrigerant at the bot-
oming cycle? Why?

1141 Consider a two-stage cascade refrigeration cycle and
a two-stage compression refrigeration cycle with a flash cham-
ber. Both cycles operate between the same pressure limits and
use the same refrigerant. Which system would you favor?
Why?

|1—2C Can a vapor-compression refrigeration system with
a single compressor handle several evaporators operating at
different pressures? How?

11-420" In the liquefaction process, why are gases com-
pressed to very high pressures?

11-4+ > A two-stage compression refrigeration system

-~y operates with refrigerant-134a between the
pressure limits of 1 and 0.14 MPa. The refrigerant leaves the
condenser as a saturated liquid and is throttled to a flash
chamber operating at 0.5 MPa. The refrigerant leaving the
low-pressure compressor at 0.5 MPa is also routed to the
flash chamber. The vapor in the flash chamber is then coin-
pressed to the condenser pressure by the high-pressure com-
pressor, and the liquid is throttled to the evaporator pressure.
Assuming the refrigerant leaves the evaporator as saturated
vapor and both compressors are isentropic, determine (a) the
fraction of the refrigerant that evaporates as it is throttled to
the flash chamber, (b) the rate of heat removed from the
refrigerated space for a mass flow rate of 0.25 kg/s through
the condenser, and (c¢) the coefficient of performance.

1--5 Repeat Prob. 11-44 for a flash chamber pressure of
0.32 MPa.

L% ] Reconsider Prob. |1-44. Using EES (or other)

&34 software, investigate the effect of the various
refrigerants for compressor efficiencies of 80, 90, and 100
percent. Compare the performance of the refrigeration system
with different refrigerants.
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11-47 Consider a two-stage cascade refrigeration system
operating between the pressure limits of 1.2 MPa and 200
kPa with refrigerant-134a as the working fluid. Heat rejection
from the lower cycle to the upper cycle takes place in an adi-
abatic counterflow heat exchanger where the pressure in the
upper and lower cycles are 0.4 and 0.5 MPa, respectively. In
both cycles, the refrigerant is a saturated liquid at the con-
denser exit and a saturated vapor at the compressor inlet, and
the isentropic efficiency of the compressor is 80 percent. If
the mass flow rate of the refrigerant through the lower cycle
is 0.15 kg/s, determine (a) the mass flow rate of the refriger-
ant through the upper cycle, (b) the rate of heat removal from
the refrigerated space, and (c) the COP of this refrigerator.
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-+ A two-evaporator compression refrigeration system
as shown in the figure uses refrigerant-134a as the working
fluid. The system operates evaporator 1 at 0°C, evaporator 2
at —26.4°C, and the condenser at 800 kPa. The refrigerant is
circulated through the compressor at a rate of 0.1 kg/s and
the low-temperature evaporator serves a cooling load of 8 kW.
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valve

FIGURE P11-48

Determine the cooling rate of the high-temperature evapora-
tor, the power required by the compressor, and the COP of
the system. The refrigerant is saturated liquid at the exit of
the condenser and saturated vapor at the exit of each evapo-
rator, and the compressor is isentropic. nswers: 6.53 <V,
450 kW, 2.2

1149 A two-stage compression refrigeration system with
an adiabatic liquid-vapor separation unit as shown in Fig.
P11-49 uses refrigerant-134a as the working fluid. The sys-
tem operates the evaporator at —40°C, the condenser at 800
kPa, and the separator at —10.1°C. This system is to serve a
30-kW cooling load. Determine the mass flow rate through
each of the two compressors, the power used by the compres-
sors. and the system’s COP. The refrigerant is saturated liquid
at the inlet of each expansion valve and saturated vapor at the
inlet of each compressor, and the compressors are isentropic.

Faswers: T.050 wes, L2327

cg/5, LT A 274

Condenser Q)

”i;:\ ‘ Sparator

| S 2N

vaporator
FIGURE P11-49

17-3%) A two-stage compression refrigeration system
with an adiabatic liquid-vapor separation unit like that in
Fig. P11-49 uses refrigerant-134a as the working fluid. The
system operates the evaporator at 0.4 MPa, the condenser at
1.6 MPa, and the separator at 0.8 MPa. The compressors use
25 kW of power. Determine the rate of cooling provided by
the evaporator and the COP of this cycle. The refrigerant is
saturated liquid at the inlet of each expansion valve and satu-
rated vapor at the inlet of each compressor, and the compres-
sOrs are isentropic.

'1-31 A two-stage cascade refrigeration system is to pro-
vide cooling at —40°C while operating the high-temperature
condenser at 1.6 MPa. Each stage operates on the ideal
vapor-compression refrigeration cycle. The upper vapor com-
pression refrigeration system (VCRS) uses water as its work-
ing fluid and operates its evaporator at 5°C. The lower cycle
uses refrigerant-134a as its working fluid and operates its
condenser at 400 kPa. This system produces a cooling effect
of 20 kl/s. Determine the mass flow rate of R-134a and water
in their respective cycles, and the overall COP of this cas-
caded system.
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11-32  Perform a second-law analysis of the cascaded sys-
tem of Prob. 11-51 when the low-temperature reservoir is at
—30°C and the high-temperature reservoir is at 30°C. Where
does the largest exergy destruction occur?

fias Rafrigeration Cycle

11--33C  How does the ideal-gas refrigeration cycle differ
from the Brayton cycle?

11-534C  Devise a refrigeration cycle that works on the
reversed Stirling cycle. Also, determine the COP for this
cycle.

11-.37C  How does the ideal-gas refrigeration cycle differ
from the Camnot refrigeration cycle?

-7u. How is the ideal-gas refrigeration cycle modified
for aircraft cooling?

——y

-37C  In gas refrigeration cycles, can we replace the tur-
bine by an expansion valve as we did in vapor-compression
refrigeration cycles? Why?

—73C How do we achieve very low temperatures with
zas refrigeration cycles?

o > Air enters the compressor of an ideal gas
€@ refrigeration cycle at 12°C and 50 kPa and the

turbine at 47°C and 250 kPa. The mass flow rate of air
through the cycle is 0.08 kg/s. Assuming variable specific
reats for air, determine (a) the rate of refrigeration. (b) the
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net power input, and (c) the coefficient of performance.
Answers: (&) 6.57 <M, (b} 3.38 ‘W, () 1.7%2

11-60  Repeat Prob. 11-59 for a compressor isentropic effi-
ciency of 80 percent and a turbine isentropic efficiency of 85

percent.

11-61 @‘: Reconsider Prob. 11-60. Using EES (or other)
22 software, study the effects of compressor and

turbine isentropic efficiencies as they are varied from 70 to

100 percent on the rate of refrigeration, the net power input,

and the COP. Plot the T-s diagram of the cycle for the isen-

tropic case.

11-62 A gas refrigeration cycle with a pressure ratio of 3
uses helium as the working fluid. The temperature of the
helium is —10°C at the compressor inlet and 50°C at the tur-
bine inlet. Assuming isentropic efficiencies of 80 percent for
both the turbine and the compressor, determine («) the mini-
mum temperature in the cycle, (b) the coefficient of perfor-
mance, and (c) the mass flow rate of the helium for a
refrigeration rate of 18 kW.

1-63 A gas refrigeration system using air as the working
fluid has a pressure ratio of 5. Air enters the compressor at
0°C. The high-pressure air is cooled to 35°C by rejecting heat
to the surroundings. The refrigerant leaves the turbine at
—80°C and then it absorbs heat from the refrigerated space
before entering the regenerator. The mass flow rate of air is
0.4 kg/s. Assuming isentropic efficiencies of 80 percent for
the compressor and 85 percent for the turbine and using con-
stant specific heats at room temperature, determine (a) the
effectiveness of the regenerator, (b) the rate of heat removal
from the refrigerated space, and (c) the COP of the cycle.
Also, determine (d) the refrigeration load and the COP if this
system operated on the simple gas refrigeration cycle. Use the
same compressor inlet temperature as given, the same turbine
inlet temperature as calculated, and the same compressor and
turbine efficiencies. snswars: 1a) C 434, (9) 211N, (o C.27¢8,
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11-64 An ideal gas refrigeration cycle uses air as the work-
ing fluid. The air is at 35 kPa and —23°C as it enters the
compressor with a compression ratio of 4. The temperature at
the turbine entrance is 37°C. Determine this cycle’s COP. Use
constant specific heats at room temperature.

Thermodynamics

11-65 Rework Prob. 11-64 when the compressor isentropic
efficiency is 87 percent, the turbine isentropic efficiency is 94
percent, and the pressure drop across each heat exchanger is
TkPa. Answer 2377

L1-66 An ideal gas refrigeration system operates with air
as the working. Air is at 100 kPa and 20°C before compres-
sion, and 500 kPa and 30°C before expansion. The system is
to provide 15 kW of cooling. Calculate the rate at which air
is circulated in this system, as well as the rates of heat ad-
dition and rejection. Use constant specific heats at room
temperature.

[1-67 A 20 kJ/kg cooling load at 0°C is to be serviced by
an ideal gas refrigeration cycle using air as the working fluid.
Waste heat from this cycle is rejected to the surrounding
environment at 20°C. At the inlet of the compressor, the air is
at 100 kPa and —5°C. Determine the minimum pressure ratio
for this system to operate properly. Use constant specific
heats at room temperature.

{1-68  An ideal gas refrigeration system with two stages of
compression with intercooling as shown in Fig. P11-68 oper-
ates with air entering the first compressor at 90 kPa and
— 18°C. Each compression stage has a pressure ratio of 4 and
the two intercoolers can cool the air to 10°C. Calculate the
coefficient of performance of this system and the rate at
which air must be circulated through this system to service a
75,000 kI/h cooling load. Use constant specific heats at room
temperature. Ansaers: 1,19, 0,163 kels

11=69 How will the answers of Prob. 11-68 change when
the isentropic efficiency of each compressor is 85 percent apg
the isentropic efficiency of the turbine is 95 percent?

Absorption Refrigeration Systems

11-70C  What is absorption refrigeration? How does g
absorption refrigeration system differ from a vapor-compressigy,
refrigeration system?

[1-71C  What are the advantages and disadvantages of
absorption refrigeration?

11-72C Can water be used as a refrigerant in air-condilioning
applications? Explain.

11-73C In absorption refrigeration cycles, why is the flujg
in the absorber cooled and the fluid in the generator heated?

(1-74C  How is the coefficient of performance of an
absorption refrigeration system defined?

[1-75C  What are the functions of the rectifier and the
regenerator in an absorption refrigeration system?

1-76  An absorption refrigeration system that receives heat
from a source at 130°C and maintains the refrigerated space
at —5°C is claimed to have a COP of 2. If the environment
temperature is 27°C, can this claim be valid? Justify your
answer.

11-77  An absorption refrigeration system receives heat from
a source at 120°C and maintains the refrigerated space at 0°C,
If the temperature of the environment is 25°C, what is the
maximum COP this absorption refrigeration system can have?

'1-78 Heat is supplied to an absorption refrigeration system
from a geothermal well at 130°C at a rate of 5 X 105 kJ/,
The environment is at 25°C, and the refrigerated space is
maintained at —30°C. Determine the maximum rate at which
this system can remove heat from the refrigerated space.
answer: 5.75 < 100 v lia

11-79 Heat is supplied to an absorption refrigeration sys-
tem from a geothermal well at 120°C at a rate of 105 kJ/h.
The environment is at 25°C, and the refrigerated space is
maintained at —18°C. If the COP of the system is 0.55, deter-
mine the rate at which this system can remove heat from the
refrigerated space.

‘1= A reversible absorption refrigerator consists of a
reversible heat engine and a reversible refrigerator. The sys-
tem removes heat from a cooled space at —10°C at a rate of
22 kW. The refrigerator operates in an environment at 25°C.
If the heat is supplied to the cycle by condensing saturated
steam at 200°C, determine (a) the rate at which the steam
condenses and (b) the power input to the reversible refrigera-
tor. (c) If the COP of an actual absorption chiller at the same
temperature limits has a COP of 0.7, determine the second
law efficiency of this chiller. Tasren S eyE,
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FIRURE P11-30

special Topic: Thermoslectric Power Generation and
pefrigaraticn Systems
What is a thermoelectric circuit?

11-81C
11-22{" Describe the Seebeck and the Peltier effects.
11-83C Consider a circular copper wire formed by con-

necting the two ends of a copper wire. The connection point
is now heated by a burning candle. Do you expect any cur-
rent to flow through the wire?
11-%4C  An iron and a constantan wire are formed into a
closed circuit by connecting the ends. Now both junctions are
heated and are maintained at the same temperature. Do you
expect any electric current to flow through this circuit?
11=%%C A copper and a constantan wire are formed into a
closed circuit by connecting the ends. Now one junction is
heated by a burning candle while the other is maintained at
room temperature. Do you expect any electric current to flow
through this circuit?

-+t How does a thermocouple work as a temperature
measurement device?

-27¢" Why are semiconductor materials preferable to
metals in thermoelectric refrigerators?

-3 Is the efficiency of a thermoelectric generator lim-
ited by the Carnot efficiency? Why?

Chapter 11 ' 661

11-3% A thermoelectric generator receives heat from a
source at 71°C and rejects the waste heat to the environment
at 32°C. What is the maximum thermal efficiency this ther-
moelectric generator can have? Answer: 31.2 nercent

11-90 A thermoelectric refrigerator removes heat from a
refrigerated space at —5°C at a rate of 130 W and rejects it to
an environment at 20°C. Determine the maximum coefficient
of performance this thermoelectric refrigerator can have and
the minimum required power input. Ansivers: .0.72, 12.1 VY
£1-91 A thermoelectric cooler has a COP of 0.15 and
removes heat from a refrigerated space at a rate of 180 W,
Determine the required power input to the thermoelectric
cooler, in W.

11-92 A thermoelectric refrigerator is powered by a 12-V
car battery that draws 3 A of current when running. The
refrigerator resembles a small ice chest and is claimed to cool
nine canned drinks, 0.350-L each, from 25 to 3°C in 12 h.
Determine the average COP of this refrigerator.

FIGURE P11-92

11-93 Thermoelectric coolers that plug into the cigarette
lighter of a car are commonly available. One such cooler is
claimed to cool a 350-g drink from 26 to 3°C or to heat a cup
of coffee from 24 to 54°C in about 15 min in a well-insulated
cup holder. Assuming an average COP of 0.2 in the cooling
mode, determine (a) the average rate of heat removal from
the drink, (b) the average rate of heat supply to the coffee,
and (c) the electric power drawn from the battery of the car,
all in W,

4 It is proposed to run a thermoelectric generator in
conjunction with a solar pond that can supply heat at a rate of
108 kJ/h at 80°C. The waste heat is to be rejected to the envi-
ronment at 30°C. What is the maximum power this thermo-
electric generator can produce?
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i. A. Bejan. Advanced Engineering Thermodynamics. 2nd
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Analysis of Separation Processes of Mixtures,” ASME
International Mechanical Engineering Congress and
Exposition, Nashville, Tennessee, 1999.
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compaositian 5f Gas Mixtiures

13-1C  What is the apparent gas constant for a gas mixture?
Can it be larger than the largest gas constant in the mixture?

13-2C Consider a mixture of two gases. Can the apparent
molar mass of this mixture be determined by simply taking
the arithmetic average of the molar masses of the individual
gases? When will this be the case?

13-°C  What is the apparent molar mass for a gas mixture?
Does the mass of every molecule in the mixture equal the
apparent molar mass?

|3-4C Consider a mixture of several gases of identical
masses. Will all the mass fractions be identical? How about
the mole fractions?

12—-37"  The sum of the mole fractions for an ideal-gas mix-
ture is equal to 1. Is this also true for a real-gas mixture?

13-6C What are mass and mole fractions?

13-7C  Using the definitions of mass and mole fractions,
derive a relation between them.

2-3C  Somebody claims that the mass and mole fractions
for a mixture of CO, and N,O gases are identical. Is this
true? Why?
2= Consider a mixture of two gases A and B. Show that
when the mass fractions mf, and mf, are known, the mole
fractions can be determined from
My

= d
WM (UUmf, = ) + My O TET

l_VA

where M, and M, are the molar masses of A and B.

“Problems designated by a “C" are concept questions, and students
are encouraged to answer them all. Problems with the < icon are
solved using EES, and complete solutions together with parametric
studies are included on the enclosed DVD. Problems with the @
\con are comprehensive In nature, and are intended to be solved with
a computer, preferably using the EES software that accompanies this
text.
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3. Y. Cerci, Y. A. Cengel, and B. Wood, “The Minimum
Separation Work for Desalination Processes,” ASME
International Mechanical Engineering Congress and
Exposition, Nashville, Tennessee, 1999.

4. K. Wark, Jr. Advanced Thermodynamics for Engineers.
New York: McGraw-Hill, 1995.
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The weight fraction of a component in a mixture of
several substances is defined as rhe weight of the compo-
nent alone divided by the total weight of the mixture. What is
the relationship between the weight fraction and the mass
fraction?

T 1
S=-10

3-11 A gaseous mixture consists of 1 kmol of helium,
2 kmol of oxygen, 0.1 kmol of water vapor, and 1.5 kmol of
nitrogen. Determine the mole fraction of the various con-
stituents and the apparent molecular weight of this mixture,
in kg/kmol.

3-12 A gas mixture consists of 5 kg of O,, 8 kg of N,,
and 10 kg of CO,. Determine (@) the mass fraction of each
component, (b) the mole fraction of each component, and
(c) the average molar mass and gas constant of the mixture.

13

'J-12 Determine the mole fractions of a gas mixture that
consists of 75 percent CH, and 25 percent CO, by mass.
Also, determine the gas constant of the mixture.

-1 A gas mixture consists of 8 kmol of H, and 2 kmol of
N,. Determine the mass of each gas and the apparent gas con-
stant of the mixture.

.=+ A gas mixture consists of 20 percent O,, 30 percent
N,, and 50 percent CO, on mass basis. Determine the volu-
metric analysis of the mixture and the apparent gas constant.

Moo T 3aheyiar o 543

_—.a(" Is a mixture of ideal gases also an ideal gas? Give
an example.

-7 Express Dalton’s law of additive pressures. Does this

law hold exactly for ideal-gas mixtures? How about nonideal-
gas mixtures?

Express Amagat’s law of additive volumes. Does this
law hold exactly for ideal-gas mixtures? How about nonideal-
gas mixtures?
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3-19C How is the P-v-T behavior of a component in an
ideal-gas mixture expressed? How is the P-v-T behavior of a
component in a real-gas mixture expressed?

Thermodynamics

13-20C  What is the difference between the component pres-
sure and the partial pressure? When are these two equivalent?

(3-21C  What is the difference between the component vol-
ume and the partial volume? When are these two equivalent?

3-22C In a gas mixture, which component will have the
higher partial pressure—the one with the higher mole number
or the one with the larger molar mass?

13-:3C Consider a rigid tank that contains a mixture of
two ideal gases. A valve is opened and some gas escapes. As
a result, the pressure in the tank drops. Will the partial pres-
sure of each component change? How about the pressure
fraction of each component?

[3-24C Consider a rigid tank that contains a mixture of
two ideal gases. The gas mixture is heated, and the pressure
and temperature in the tank rise. Will the partial pressure of
each component change? How about the pressure fraction of
each component?

3-23C Is this statement correct? The volume of an ideal-
gas mixture is equal to the sum of the volumes of each indi-
vidual gas in the mixture. If not, how would you correct it?

2260  Is this statement correct? The temperature of an
ideal-gas mixture is equal to the sum of the temperatures of
each individual gas in the mixture. If not, how would you
correct it?

3-27C Is this statement correct? The pressure of an ideal-
gas mixture is equal to the sum of the partial pressures of
each individual gas in the mixture. 1f not, how would you
correct it?

:3-28C  Explain how a real-gas mixture can be treated as a
pseudopure substance using Kay’s rule.

3-29 A rigid tank contains 0.5 kmol of Ar and 2 kmol of N,
at 250 kPa and 280 K. The mixture is now heated to 400 K.
Determine the volume of the tank and the final pressure of the
mixture.

A-70 A gas mixture at 300 K and 200 kPa consists of 1 kg
of CO, and 3 kg of CH,. Determine the partial pressure of
each gas and the apparent molar mass of the gas mixture.

-3 A 0.3-m’ rigid tank contains 0.6 kg of N, and 0.4 kg
of O, at 300 K. Determine the partial pressure of each gas
and the total pressure of the mixture. 2

DG e, 28270 0

~32 A rigid tank that contains 1 kg of N, at 25°C and
300 kPa is connected to another rigid tank that contains 3 kg
of O, at 25°C and 500 kPa. The valve connecting the two
tanks is opened, and the two gases are allowed to mix. If the
final mixture temperature is 25°C, determine the volume of
each tank and the final mixture pressure.

I kg = 3kg
25°C 25°C
300 kPa 500 kPa

FIGURE P13-32

15-33  One liter of a liquid whose specific volume is 0.0003
mYkg is mixed with 2 liters of a liquid whose specific vol-
ume is 0.00023 m3/kg in a container whose total volume i
3 liters. What is the density of the resulting mixture, in kg/m®»

|3-34 One kilogram of a gas whose density is 0.01 kg/m}
is mixed with 2 kg of a gas whose density is 0.02 kg/m? such
that the pressure and temperature of the gases do not change,
Determine the resulting mixture’s volume, in m?, and specific
volume, in m¥/kg.

'3-35 A mixture of gases consists of 0.1 kg of oxygen,
1 kg of carbon dioxide, and 0.5 kg of helium. This mixture
is maintained at 100 kPa and 27°C. Determine the apparent
molecular weight of this mixture, the volume it occupies, the
partial volume of the oxygen, and the partial pressure of the

helium. Jirswers: 10.E0 dgikra, 276w 0073 12 L 3
3

4-1%  The mass fractions of a mixture of gases are 15 per-
cent nitrogen, 5 percent helium, 60 percent methane, and
20 percent ethane. Determine the mole fractions of each con-
stituent, the mixture’s apparent molecular weight, the partial
pressure of each constituent when the mixture pressure is
1200 kPa and the apparent specific heats of the mixture when
the mixture is at the room temperature.

-37 The volumetric analysis of a mixture of gases is
30 percent oxygen, 40 percent nitrogen, 10 percent carbon
dioxide, and 20 percent methane. Calculate the apparent spe-
cific heats and molecular weight of this mixture of gases.

¢ i AL e =21 . =, b
1 i N 2z

30% O,
40% N,
10% CO,
20% CH,
(by volume)

“='7 A mixture of hydrocarbon gases is composed of 60
percent methane, 25 percent propane, and 15 percent butane
by weight. Determine the volume occupied by 100 kg of this
mixture when its pressure is 3 MPa and its temperature is
37°C.
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.39 AO0.15 m? scuba diver’s tank is filled with a mixture
")f oxygen, nitrogen, and helium. The mass fractions of these
constituents are 60 percent N,, 30 percent O,, and 10 percent
He. Determine the mass of the mixture in the tank when the

ressure and temperature are 2100 kPa and 20°C, and the
partial volumes of the oxygen, nitrogen, and helium.

1140 A 30 percent (by mass) ethane and 70 percent meth-
une mixture is to be blended in a 100-m? tank at 130 kPa
and 25°C. If the tank is initially evacuated, to what pressure
should ethane be added before methane is added?

70% CH,
30% C,H,
(by mass)
100 m?
130 kPa, 25°C

FIGURE P13—40

13-!1 The dry stack gas of an electrical-generation station
boiler has the following Orsat analysis: 15 percent CO,, 15
percent O,, and | percent CO. This gas passes through a 1-m?
cross section metering duct at a velocity of 6 m/s at standard
atmospheric pressure and 90°C. Determine the gas mixture’s
mass flow rate.

12-.2 Separation units often use membranes, absorbers,
and other devices to reduce the mole fraction of selected con-
stituents in gaseous mixtures. Consider a mixture of hydro-
carbons that consists of 60 percent (by volume) methane,
20 percent ethane, and 10 percent propane. After passing
through a separator, the mole fraction of the propane is
reduced to 1 percent. The mixture pressure before and after
the separation is 100 kPa. Determine the change in the partial
pressures of all the constituents in the mixture.

- Atmospheric contaminants are often measured in
parts per million (by volume). What would the partial pres-
sure of refrigerant-134a be in atmospheric air at 100 kPa and
20°C to form a 100-ppm contaminant?

4+ A volume of 0.3 m? of O, at 200 K and 8 MPa is
mixed with 0.5 m* of N, at the same temperature and pres-
sure, forming a mixture at 200 K and 8 MPa. Determine the
volume of the mixture, using (a) the ideal-gas equation of
state, (b) Kay’s rule, and (¢) the compressibility chart and
Amagat’s law. - 3% ;

D E}:j A rigid tank contains 1 kmol of Ar gas at 220 K

¢~ and 5 MPa. A valve is now opened, and 3 kmol

of N, gas is allowed to enter the tank at 190 K and 8 MPa.

The final mixture temperature is 200 K. Determine the pres-

sure of the mixture, using (a) the ideal-gas equation of state
and (b) the compressibility chart and Dalton’s law.

Chapter 13 3
Ar N,
1 kmol § 3 kmol
220K T 190K
5 MPa 8 MPa

FIGURE P13-45

1346 ¢%y] Reconsider Prob. 13-45. Using EES (or other)
S software, study the effect of varying the moles
of nitrogen supplied to the tank over the range of 1 to 10
kmol of N,. Plot the final pressure of the mixture as a func-
tion of the amount of nitrogen supplied using the ideal-gas
equation of state and the compressibility chart with Dalton’s

law,

Propertias of Gas Mixturas

13-37C Is the total internal energy of an ideal-gas mixture
equal to the sum of the internal energies of each individual gas
in the mixture? Answer the same question for a real-gas mixture.

12-38C' Is the specific internal energy of a gas mixture
equal to the sum of the specific internal energies of each indi-
vidual gas in the mixture?

13—49C  Answer Prob. 13—47C and 13-48C for entropy.

13-54C  Is the total internal energy change of an ideal-gas
mixture equal to the sum of the internal energy changes of
each individual gas in the mixture? Answer the same question
for a real-gas mixture.

{3-51C  When evaluating the entropy change of the compo-
nents of an ideal-gas mixture, do we have to use the partial
pressure of each component or the total pressure of the mixture?

13-52¢  Suppose we want to determine the enthalpy change
of a real-gas mixture undergoing a process. The enthalpy
change of each individual gas is determined by using the gen-
eralized enthalpy chart, and the enthalpy change of the mixture
is determined by summing them. Is this an exact approach?
Explain.

-1 A mixture that is 15 percent carbon dioxide, 5 percent
carbon monoxide, 10 percent oxygen, and 70 percent nitrogen
by volume undergoes an adiabatic compression process having
a compression ratio of 8. If the initial state of the mixture is
300 K and 100 kPa, determine the makeup of the mixture on a
mass basis and the internal energy change per unit mass of
mixture.

7-74  Propane and air are supplied to an internal combus-
tion engine such that the air-fuel ratio is 16 when the pressure
is 95 kPa and the temperature is 30°C. The compression ratio
of the engine is 9.5. If the compression process is isentropic,
determine the required work input for this compression
process, in kJ/kg of mixture.




132 | Thermodynamics

~

3—55 An insulated rigid tank is divided into two compart-
ments by a partition. One compartment contains 2.5 kmol of
CO, at 27°C and 200 kPa, and the other compartment con-
tains 7.5 kmol of H, gas at 40°C and 400 kPa. Now the parti-
tion is removed, and the two gases are allowed to mix.
Determine (a) the mixture temperature and (b) the mixture
pressure after equilibrium has been established. Assume con-
stant specific heats at room temperature for both gases.

200 kPa 400 kPa

e — e
CO, H, i
2.5kmol  7.5kmol [
27°C 40°C E
—4

FIGURE P13-35

13-36 ‘?l Ethane (C,H,) at 20°C and 200 kPa and meth-

-¢&” ane (CH,) at 45°C and 200 kPa enter an adia-
batic mixing chamber. The mass flow rate of ethane is 9 kg/s,
which is twice the mass flow rate of methane. Determine
(a) the mixture temperature and (b) the rate of entropy gener-
ation during this process, in kW/K.

w Reconsider Prob. 13-56. Using EES (or other)
%28 software, determine the effect of the mass frac-
tion of methane in the mixture on the mixture temperature
and the rate of exergy destruction. The total mass flow rate is
maintained constant at 13.5 kg/s, and the mass fraction of
methane is varied from O to 1. Plot the mixture temperature
and the rate of exergy destruction against the mass fraction,
and discuss the results. Take T, = 25°C.

13-58 A mixture of hydrogen and oxygen has a hydrogen
mass fraction of 0.33. Determine the difference in the entropy
of the mixture between a state of 750 kPa, 150°C and another
state of 150 kPa, 150°C, in kJ/kg - K.

-39 A mixture of nitrogen and carbon dioxide with a
carbon dioxide mass fraction of 50 percent has a constant-
volume specific heat of 0.792 kJ/kg-K. This mixture is
heated at constant pressure in a closed system from 120 kPa
and 30°C to 200°C. Calculate the work produced during this
heating, in kJ/kg. -rocor 74 g

" -5i)  The mass fractions of a mixture of gases are 15 per-
cent nitrogen, 5 percent helium, 60 percent methane, and
20 percent ethane. This mixture is compressed from 140 kPa
and 37°C in an isentropic process to 1400 kPa. Determine the
final mixture temperature and the work required per unit
mass of the mixture.

. -1 A mixture of hydrocarbon gases is composed of 60
percent methane, 25 percent propane, and 15 percent butane
by weight. This mixture is compressed from 100 kPa and

20°C to 1000 kPa in a reversible, isothermal, steady-flow
compressor. Calculate the work and heat transfer for thjg
compression per unit mass of the mixture.

1 MPa

o 60% CH, j L
25% C3Hy —
15% C,H,q -

(by mass)

/K
_l {

100 kPa

20°C

IGURE P13-61

342 A mixture of gases consists of 0.1 kg of oxygen,
1 kg of carbon dioxide, and 0.5 kg of helium. This mixture is
heated from 10°C to 260°C while its pressure is maintained
constant at 350 kPa. Determine the change in the volume
of the mixture and the total heat transferred to the mixture.
Wrwers: 356 oy 3L !

‘2-53> During the expansion process of the ideal Otto cycle,
the gas is a mixture whose volumetric composition is 25 per-
cent nitrogen, 7 percent oxygen, 28 percent water, and 40
percent carbon dioxide. Calculate the thermal efficiency of
this cycle when the air at the beginning of the compression is
at 83 kPa and 13°C; the compression ratio is 7; and the maxi-
mum cycle temperature is 870°C. Model the heat-addition
and heat-rejection processes using constant gas properties that
are the average of the air and expansion gas properties.

2-64 How does the thermal efficiency of the cycle in
Prob. 13-63 compare to that predicted by air-standard
analysis?

355  The gas passing through the turbine of a simple ideal
Brayton cycle has the volumetric composition 30 percent
nitrogen, 10 percent oxygen, 40 percent carbon dioxide, and
20 percent water. Calculate the thermal efficiency of this cycle
when the air enters the compressor at 100 kPa and 20°C, the
pressure ratio is 8, and the temperature at the turbine inlet is
1000°C. Model the heat-addition and heat-rejection processes
using constant gas properties that are the average of the air
and expansion gas properties. = L TEAT

How does the thermal efficiency of the cycle in
Prob. 13-65 compare to that predicted by air-standard
analysis?

In a liquid-oxygen plant, it is proposed that the pres-
sure and temperature of air that is initially at 9000 kPa and
10°C be adiabatically reduced to 50 kPa and —73°C. Using
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Kay's rule and the departure charts, determine whether this is
ssible. If so, then how much work per unit mass will this
process produce?

21% 0,
79% N,
tby mole)
9000 kPa
10°C

FISURE P13-87

{368 » A mixture of 80 percent N, and 20 percent

6 CO, gases (on a mass basis) enters the nozzle
of a turbojet engine at 600 kPa and 1000 K with a low veloc-
ity, and it expands to a pressure of 85 kPa. If the isentropic
efficiency of the nozzle is 92 percent, determine (a) the exit
temperature and (b) the exit velocity of the mixture. Assume
constant specific heats at room temperature. '

{3-69 @‘{j Reconsider Prob. 13-68. Using EES (or

&& other) software, first solve the stated problem
and then, for all other conditions being the same, resolve the
problem to determine the composition of the nitrogen and
carbon dioxide that is required to have an exit velocity of 800
m/s at the nozzle exit.

{3-70 A piston—<ylinder device contains a mixture of
0.5 kg of H, and 1.6 kg of N, at 100 kPa and 300 K. Heat is
now transferred to the mixture at constant pressure until the
volume is doubled. Assuming constant specific heats at the
average temperature, determine (@) the heat transfer and
(b) the entropy change of the mixture.

1371 A piston—cylinder device contains 6 kg of H, and
21 kg of N, at 160 K and 5 MPa. Heat is now transferred to
the device, and the mixture expands at constant pressure until
the temperature rises to 200 K. Determine the heat transfer
during this process by treating the mixture (a) as an ideal gas
and () as a nonideal gas and using Amagat’s law.

6kg Hz
21 kg N,
160 K
Heat I 5 MPa
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13-72 Determine the total entropy change and exergy
destruction associated with the process described in Prob.
13-71 by treating the mixture (a) as an ideal gas and (b) as a
nonideal gas and using Amagat’s law. Assume constant spe-
cific heats at room temperature and take T, = 30°C.

13-73  Air, which may be considered as a mixture of 79 per-
cent N, and 21 percent O, by mole numbers, is compressed
isothermally at 200 K from 4 to 8 MPa in a steady-flow
device. The compression process is internally reversible, and
the mass flow rate of air is 2.9 kg/s. Determine the power
input to the compressor and the rate of heat rejection by treat-
ing the mixture (a) as an ideal gas and (b) as a nomdeal gas
and usmg Amagats law. A -swees: lz, 1133 <N, L1IE A4
«\ |/l3 4 7 WY

200 K
8 MPa

o) e
/K

200K
4 MPa

TGURE P13-73

\] Reconsider Prob. 13-73. Using EES (or other)
& software, compare the results obtained by
assuming 1dea] behavior, real gas behavior with Amagat’s
law, and real gas behavior with EES data.

*~75 The combustion of a hydrocarbon fuel with air results
in a mixture of products of combustion having the composition
on a volume basis as follows: 4.89 percent carbon dioxide,
6.50 percent water vapor, 12.20 percent oxygen, and 76.41 per-
cent nitrogen. Determine the average molar mass of the mix-
ture, the average specific heat at constant pressure of the
mixture at 600 K, in kJ/kmol - K, and the partial pressure of
the water vapor in the mixture for a mixture pressure of
200 kPa.

(1Y

It is common experience that two gases brought
into contact mix by themselves. In the future, could it be
possible to invent a process that will enable a mixture to sep-
arate into its components by itself without any work (or
exergy) input?
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QD
293 A simple Brayton cycle with air as the working fluid has a pressure ratio of 8. The air temperature at
the turbine exit, the net work output, and the thermal efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

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

Analysis (a) Using the compressor and turbine efficiency relations,

(k1) T
Ty, = T{%—J =(310 K)8)**"* =561.5K A
l . - -
P (k-1)/k 144 1160 K- i 3
T, =T,| 2 =(1160 K{—J =640.4K
P, 8 0
_h2s_hl _cp(Th_Tl) ST. =T I,,-T;
Nc = = >l =4+ 4
h-h  c,(,-1) Mc 310K+ { ot 4s
561.5-310 s

Y

=310+————=6453K
0.75

Ny = h3 —h4 - cp(T3 _T4)
d hy — by, cp(T3_T4s)

>Ty =Ty —n7(Ty - T,,)
=1160-(0.82)(1160-640.4)
=7339K

(b) Gin =h3 —hy =c,(T5 — T, )= (1.005 kI/kg-K 1160 — 645.3)K = 517.3 ki/kg
Gow =hy —h =c,(T, —T;)=(1.005 kl/kg-K)733.9 ~310)K = 426.0 kl/kg

Wnetout = Tin —Four =317.3—-426.0 = 91.3 kJ/kg
91.3 kl/kg

Whet,out
= = =17.6%
© 4 S173K/kg ’
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9-95 A simple Brayton cycle with air as the working fluid operates between the specified temperature and
pressure limits. The net work and the thermal efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kl/kg’K and k=1.4 (Table A-2a).
Analysis Using the isentropic relations for an ideal gas,

(k-1)/k 04/14
=12 — ooy 2000KPa ) _ 061k TA
A 100kPa
1000 K-+

For the expansion process,

(k-1)/k 0414
T, =T, (fij =(1000 K)(%J =4249K

2000 kPa 300 K+

hy—hy cp(T3-T4)
Nr = L »Ty =T5 —np (T3 —Tyy)

hy=hss  cp(T5 =Ty =1000—(0.90)(1000 — 424.9)
=4824K

Applying the first law to the constant-pressure heat addition process 2-3 produces
Oin =m(hy —hy) = mc , (T3 - T;) = (1 kg)(1.005 kJ/kg - K)(1000 —706.1)K = 295.4 kJ

Similarly,
Oou = m(hy —by) = me , (T, —T;) = (L kg)(1.005 kl/kg - K)(482.4—300)K =183.3kJ

The net work production is then

Woet =0in — Qo =295.4-183.3=112.1kJ

and the thermal efficiency of this cycle is

T W _ 11216 _ 0 g

0. 2954kJ
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9996 A simple Brayton cycle with air as the working fluid operates between the specified temperature and
pressure limits. The net work and the thermal efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

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

Analysis For the compression process,

(k=1)/k 0.4/14
. .
Ty, =Tj| -2 - ook 2200KP2 ) T 706.1%
A 100 kPa

hz, _hl cp(Tzs _I'l) Tzs _I'l 300 K-‘_
= » 1, =T, +
hy —hy cp(TZ -1) 7c

=300+-206:1-300 _ 807.6 K
0.80

Nec =

For the expansion process,

(k-1)/k 0.4/1.4
T, =1| B — (1000 k) 220KPa )} 4ok
P, 2000kPa

- c (T; -T,
Nnr = by —hy = A ) > Ty =T; -7 (T35 - T})
hy—hye ¢, (T3 -Ty)
3T Tp =1000 - (0.90)(1000 — 424.9)
, =4824K

Applying the first law to the constant-pressure heat addition process 2-3 produces
Qin = m(hy —hy) =mc ,(T; —T;) = (1 kg)(1.005 k/kg - K)(1000 —807.6)K =193.4 kJ
Similarly,
Qow =m(hy —hy)=mc (T, —T;) = (1kg)(1.005 kl/kg - K)(482.4 - 300)K =183.3kJ
The net work production is then
Woet =Oin —Oou =193.4-183.3=10.1kJ
and the thermal efficiency of this cycle is

ny = 101 _ g 0559
0, 19341
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9383 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The
pressure ratio and the rate of heat input are given. The net power and the thermal efficiency are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

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

Analysis For the isentropic compression process,

Ty =Tir$V% - 273K)(10)°4'* = 527.1K

TA
The heat addition is 4 3
. 9in
O 500kW

n =t ="—— =500 kJ/k

" T Tkgs Wik 2
Applying the first law to the heat addition process, 273K+ 4

1 Gout

9in =CP(T3 -T,)

hv

Ty =T, +30 = 5271k + X Kk8 _1005x
c, 1.005 kl/kg-K

The temperature at the exit of the turbine is

] (k=1)/k 1 |04
Ty =Ty — =(1025 K)(—J =5309K
rp 10
Applying the first law to the adiabatic turbine and the compressor produce
wr =¢,(T5 —T4) = (1.005 kl/kg - K)(1025 - 530.9)K = 496.6 ki/kg
we =¢,(T; —T}) = (1.005 kl/kg -K)(527.1-273)K = 255.4 k/kg
The net power produced by the engine is then
Woer = ii(wy —we) = (1 kg/s)(496.6 — 255.4)k/kg = 241.2 KW
Finally the thermal efficiency is

_ Woq  2412kW

. —— = 0.482
On  S00KW

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




9-74
a Q%

9-104 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The
pressure ratio and the rate of heat input are given. The net power and the thermal efficiency are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

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

Analysis For the isentropic compression process,

T, =Tyr 'k = (273K)(15)°4'4 = 591.8K

TA

The heat addition is 3

. Gin

m 1kg/s ]
Applying the first law to the heat addition process, 273 K+ 4

11 Jout
qin=cp(T3_T2) = >
s
Ty =T, +30 5918+ —>0Kke _,n80%
¢, 1.005 kl/kg-K

The temperature at the exit of the turbine is

] (k-1)/k 1 \04/14
T, =Ty — =(1089 K)(—J =502.3K
rp 15

Applying the first law to the adiabatic turbine and the compressor produce
wr =¢,(T3 —T4) =(1.005 kl/kg - K)(1089 — 502.3)K = 589.6 kl/kg
we =c¢, (T, —T;) = (1.005 kl/kg -K)(591.8—273)K = 320.4 kl/kg

The net power produced by the engine is then
W oo = tit(wy —we ) = (1 kg/s)(589.6 — 320.4)k/kg = 269.2 kW

Finally the thermal efficiency is

=P 2692k o o
0, S00kW
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Brayton Cycle with Regeneration

9-106C Regeneration increases the thermal efficiency of a Brayton cycle by capturing some of the waste
heat from the exhaust gases and preheating the air before it enters the combustion chamber.

9-107C Yes. At very high compression ratios, the gas temperature at the turbine exit may be lower than
the temperature at the compressor exit. Therefore, if these two streams are brought into thermal contact in
a regenerator, heat will flow to the exhaust gases instead of from the exhaust gases. As aresult, the
thermal efficiency will decrease.

9-108C The extent to which a regenerator approaches an ideal regenerator is called the effectiveness &,
and is defined as & = gregen, act /Gregen, max-

9-109C (b) turbine exit.
A-\ohCL

9=110C The steam injected increases the mass flow rate through the turbine and thus the power output.
This, in turn, increases the thermal efficiency since 7 =W/ Qi and W increases while Q;, remains

constant. Steam can be obtained by utilizing the hot exhaust gases.
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9-120 A stationary gas-turbine power plant operating on an ideal regenerative Brayton cycle with air as the
working fluid is considered. The power delivered by this plant is to be determined for two cases.

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas. 3 Kinetic and potential
energy changes are negligible.

Properties When assuming constant specific heats, the properties of air at room temperature are c,=1.005

kl/kg.K and k= 1.4 (Table A-2a). When assuming variable specific heats, the properties of air are obtained
from Table A-17.

Analysis (a) Assuming constant specific heats, T A
(k1) k 1100K - 75,000 kW 3
T,=T| 2 =(290 K)8)*¥"* =5253K
3 5 -
(k1) k 0.4/14 2,
T, =1, 2 =(1100 K{-I-J =6072K 6
Py 8 290K + |
Gout S s
£§=100% —> T, =T, =607.2K and T, =T, =525.3K >

_l_qout _l_cp(TG_Tl)_l T5 -0 =1— 525.3-290

T

@in ¢,(l3-T;) ~ T,-T;  1100-607.2
Woer =170i =(0.5225)75,000 kW)= 39,188 kW
(b) Assuming variable specific heats,

By =290.16 kl/kg
P, =12311

=0.5225

T, =290K —>

P
P, = -;f—P,l =(8)1.2311)=9.8488 — h, =526.12 ki/kg

hy =1161.07 kl/kg

T, =1100K —> P, -1671

p B

=P, =(-:;J(167.1)=20.89 ——> by =651.37 ki/kg
3

&=100% —> hs =h, =651.37 kl/kg and hg = h, =526.12 kl/kg
—1-Jow _;_hs—h _ _ 52612-290.16

T hy—hs  1161.07-651.37
Woer =07 0; =(0.5371)75,000 kW)= 40,283 kW

Min

=0.5371
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9122 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat
transfer in the regenerator and the thermal efficiency are to be determined.

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific
heats. 3 Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature

are ¢, = 1.005 kl/kg.K and k= 1.4 (Table A-2a). T A

Analysis (a) Using the isentropic relations and 1200 K+ Gin 43

turbine efficiency, 5

4
=P, /P, =800/100=8
P=5200 580 K o -
P (k-1)/k 1\04/14
T, =T, (—LJ =(1200 K{—J =662.5K 300K+ .

P3 8 —_—)

hy—hy _ ¢, (T3-T,)
h3_h4s cp(T3_T4s)

nr= >Ty =T -7 (T3 - Ty, )
=1200-(0.86)1200 - 662.5)
=737.8K

Gregen =5y —hy)=5¢ (T, - T, )= (0.72)(1.005 kI/kg - K (737.8— 580)K =114.2 kJikg
(b) Waet =Wrou ~Wejn =€,(13=T4)—c, (T, - T;)
= (1.005 kJ/kg-K f(1200 - 737.8)- (580 — 300)K =183.1 ki/kg
i = (B3 —h3 )~ Gregen =°‘p(T3 _TZ)_qmgen
= (1.005 kI/kg-K)1200 - 580)K —114.2 = 508.9 kl/kg
_ Wi _ 183.1kJ/kg

th = = = 36.0%
9 508.9 kl/kg
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9=131 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is
considered. The back work ratio and the thermal efficiency of the cycle are to be determined for the cases
of with and without a regenerator.

Assumptions 1 The air standard assumptions are applicable. 2 T A
Air is an ideal gas with variable specific heats. 3 Kinetic and
potential energy changes are negligible. . 1200 K-

Properties The properties of air are given in Table A-17.

Analysis (a) The work inputs to each stage of compressor are
identical, so are the work outputs of each stage of the turbine
since this is an ideal cycle. Then,

hy =300.19 ki/kg 300 K-

hi=300K— p 1386

P
P, =}:—P,, =(3)1.386)=4.158 ——> h, = b, = 41126 ki/kg

hs = hy =1277.79 kl/kg

T, =1200K —> P, =238

P, 1
P, =—1-):—P,5 = (—5)(238)= 79.33 —— hg = by =946.36 kl/kg

Wen =2(hy -y )=2(411.26-300.19) = 222.14 ki/kg
wr o =2(hs —hg)=2(1277.79-946.36) = 662.86 kl/kg

We:
Fow = C,in 222 14 kJ/kg =33.5%
Wrow 662.86 ki/kg
= (hs —hy )+ (B —hs) = (1277.79-411.26)+(1277.79 - 946 36) =1197.96 ki/kg
Woet =Wron —We,n = 662.86—222.14 = 440.72 kl/kg

ﬂm—wm _440.72 kl/kg ~36.3%
gin  1197.96 kl/kg

(b) When a regenerator is used, ry,, remains the same. The thermal efficiency in this case becomes
Gregen = £(hg —hy ) =(0.75)946.36 - 411.26) = 401.33 kl/kg
9in =inold ~ Tregen =1197.96-401.33 = 796.63 kl/kg

Woee _ 440.72 kl/kg =55.3%
9,  796.63kl/kg

N =
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9-435 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is
considered. The thermal efficiency of the cycle is to be determined.

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific
heats at room temperature. 3 Kinetic and potential energy changes are negligible.

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

Analysis The temperatures at various states are obtained as follows

9-98

T, =T, =Tr* % = (290 K)(4)°¥'4 = 430.9K .
Ty =T, +20 = 430.9+20 =450.9K TA g
Tia =, (T ~T5) 6
To=Ts+75 —4509K +—0 ke 00 4% 9
cp 1.005kJ/kg-K 5 4
1 (k-1)/ k 10414 4
I =Ts (—J =(7494 K)(—J =5043K 290K+ 3¢ ¥
Tp 4 =
s
Ty =T, +38 _ 5043k +—0Kke _g0) 8k
c, 1.005kJ/kg-K
ek 10414
Ty =Ty — =(802.8 K)(—J =5402K
rp 4

Ty =T3-20=5402-20=5202K
The heat input is
qin =300+300 =600 kl/kg

The heat rejected is

9 out =cp(T10 _Tl)+cp(T2 -T;)
= (1.005 kJ/kg-K)(520.2-290+430.9— 290)R
=373.0kl/kg

The thermal efficiency of the cycle is then

—1-Jou ;3730 _ 4 418

T Tin 600
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9143 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at
the fan outlet needed to produce this thrust is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an
ideal gas with constant specific heats at room temperature. 4 The turbine work output is equal to the
compressor work input.

Properties The properties of air at room temperature are R = 0.287 kPa-m’/kg K, ¢, =1.005 kl/kg-K and k
= 1.4 (Table A-2a).

Analysis The total mass flow rate is

RT (0.287kPa-m*)(253K)

vy =— =1452m3/%k A
P 50 kPa e ! Gin 3
2 2
’h__,AVl =nD " =7r(2.5m) 200n13/s — 676.1kg/s 4
2] 4 vy 4 1.452m”/kg 2
Now, 5
. 1 Jout
, =—’;-’ =—-676';kg/ > —84.51kg/s >

The mass flow rate through the fan is

my =m—rm, =676.1-84.51 = 591.6 kg/s

In order to produce the specified thrust force, the velocity at the fan exit will be
F= ’h] (Vexit - Vinlet)

. 2
Vet =Vinte +—— = (200 m/s) + 000N | 1K /™ | _ oo 5 s
i g 591.6kg/s| 1IN
An energy balance on the stream passing through the fan gives
2 2
« =V
cp (T4 _TS) = Vexxt 5 inlet
T- =T, — Veilt _Vi:Iet
5 4 2cp
_osyg (2845 m/s)? —(200m/s)? [ 1ki/kg
2(1.005kJ/kg-K) 1060 m?/s?
=232.6K
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9-145 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The

velocity of exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an
ideal gas with constant specific heats at room temperature. 4 Kinetic and potential energies are negligible,

except at the diffuser inlet and the nozzle exit. 5 The turbine work output is equal to the compressor work
input.

Properties The properties of air at room temperature are c, = 1.005 T A
ki/kg.K and k= 1.4 (Table A-2a). 4

Analysis (@) We assume the aircraft is stationary and the air is o
moving towards the aircraft at a velocity of | = 320 m/s. Ideally, 3
the air will leave the diffuser with a negligible velocity (¥, = 0). 3

Diffuser: 2 6

. o _ o ao (S(ﬂd ) o _ o
Ein - Eout = AEsystem Y > Ein = Eout
2&0 _

Vi -v?
b +V212=hy +V} 12— 0=hy —hy +2—2—‘

0=c,(,-1)-¥/2
2 (320 mys)? ( 1ki/kg

T, =T, +—1-=241K+
271 2, (2)(1.005 ki/kg -K)| 1000 m?2/s2

k/(k-1) 1.4/0.4
P, =P L =(32 kPa 219K =62.6 kPa
I 241K

Y
[~]

]=291.9 K

Compressor:

Py =Py =(r,\P,)=(12)(62.6 kPa)="7512 kPa

P (k1) k

T, =T, (ﬁ} =(291.9 K)12)™*'* =593.7K
2

Turbine:

Weompin = Wiubouw —> By —hy =hy —hs —— ¢, (T3 -T3)=c (T, - T;)

or
Ts =T, —T; +T, =1400 - 593.7 + 291.9 =1098.2K
Nozzle:
(k1) k 04/14
P
T, =T,| % =(1400K _32kPa_ =5682 K
P, 751.2 kPa
Ein _Eout = AE‘systc:ma0 = _)Ein = .out
hs+VE12=hs+V2 12
Vz_ 2&0
0=hg—hs+-5 3 » 0=c,(Ts ~T;)+VE /2
or,
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2,2
Vg = J(2X1 005 ki/kg -K)(1098.2—568.2)K(m(1)(:d+/sJ =1032 m/s
g

) W = Vet = Viotet Waieratt = (60 kg/s)1032-320)m/s(320 m/s{m(l);dT’kaJ =13,670 kW

(© Qi = rilhy —hy)=1inc (T, ~T;) = (60 ke/s )1.005 kikg-K {1400 - 593.7)K = 48,620 kl/s

Mgy == — " _1.14kg/s
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11-4

s E=#1 A commercial refrigerator with refrigerant-134a as the working fluid is considered. The quality of
the refrigerant at the evaporator inlet, the refrigeration load, the COP of the refrigerator, and the theoretical
maximum refrigeration load for the same power input to the compressor are to be determined.

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

B, =60kP:
1 % Uy =230.03 kikg
T, =-34°C 26°C Water
18°C
P, =1200 kP
2 * Yk, =295.16 ki/kg On
T, =65°C 4200 1.2 MPa
= s 65°C
Py = 12(:0 kPa } by =111.23 kg : Condenser |
T, =42°C 3 2
hy = hy =111.23 ki/kg XExpansion W
P, =60kPa x, =0.4795 valve Compressor —
hy =11123 ki/kg|
Using saturated liquid enthalpy at the given 4 1 60 lf,?
temperature, for water we have (Table A-4) ! Evaporator > 34

hwl = hj@lsuc = 75.47 kJ/kg
hwz = hf@ 26°C = 108.94 kJ/kg

¥

(b) The mass flow rate of the refrigerant may be determined from an energy balance on the compressor

gy — by) = rin, (hyy — hyy)
5 (295.16 —111.23)kI/kg = (0.25 kg/s)(108.94 — 75.47)kJ/kg
—>1ip =0.0455ke/s

The waste heat transferred from the refrigerant, the compressor power input, and the refrigeration load are
Qu =g (hy - hy) =(0.0455 kg/s)(295.16 —111.23)k)/kg = 8.367 kW
Wi =titg(hy —by) — O, = (0.0455 kg/s)(295.16 —230.03)kI/kg — 0.45 kW =2.513 kW
O, =0y —W,, =8367-2.513=5.85kW
(¢) The COP of the refrigerator is determined

from its definition
cop=EL _3585 52,
W, 2513

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

1 1

COP, =— =
Ty /T, -1 (18+273)/(=30+273)-1

=5.063

max

Then, the maximum refrigeration load becomes

O max = COPouu Wy =(5.063)(2.513kW) =12.72 kW
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o = An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is

11-11

L I

considered. The throttling valve in the cycle is replaced by an isentropic turbine. The percentage increase
in the COP and in the rate of heat removal from the refrigerated space due to this replacement are to be

determined.

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

Analysis If the throttling valve in the previous
problem is replaced by an isentropic turbine, we
would have s4, = 53 = $rg 0.7 mpa = 0.33230
kJ/kgK, and the enthalpy at the turbine exit
would be

. (% -5 jJ _0.33230 - 0.09275
4s — =
5 g 0.85503

=0.2802

T A

has =y +x45hg )@ 120kps = 22:49 +(0.2802)(214.48) = 82.58 ki/kg

.Then,
O, = ri{hy —hyy )= (0.05 keg/s)(236.97 —82.58) ki/kg = 7.72 kW
and
copy = 2L - T2KW _ 5
W, 183kW

Then the percentage increase in Q and COP becomes

AQ, 1.72-741

Increasein Q; =— =4.2%
Q=" 741 ’
Increase in COPy = ACOPy _4.23-406 _ 4.2%
COP, 4.06
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WA .

=39 A refrigerator with refrigerant-134a as the working fluid is considered. The rate of heat removal
from the refrigerated space, the power input to the compressor, the isentropic efficiency of the compressor,
and the COP of the refrigerator are to be determined.

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

=0.14 MPa }hl =246.36 kl/kg

T,=-10°C  [s =0.97236 ki/kg-K T
=0.7 MPa
2 =
500 }hz =288.53 kl/kg
=0.7 MP:
27 a}hz, =281.16 ki/kg
=5
P, = (:65 MPa B
1.,3 =24°C }h3 = hf@24'c =84.98 kJ/kg

hy = hy =84.98 kI/kg (throttling)

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

Oy = il — b, ) =(0.12 kg/s)(246.36 — 84.98) ki/kg = 19.4 kW
and

W = tn(hy — by ) =(0.12 keg/s)(288.53 - 246.36) ki/kg = 5.06 kW
(b) The adiabatic efficiency of the compressor is determined from

by, —h _ 281.16-246.36

=82.5%
hy —hy " 288.53-246.36

Tc =

(c) The COP of'the refrigerator is determined from its definition,
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= B30 An air conditioner operating on the ideal vapor-compression refrigeration cycle with refrigerant-
134a as the working fluid is considered. The COP of the system is to be determined.

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

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the
refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser

as saturated liquid at the condenser pressure. The evaporating temperature will be 22-2=20°C. From the
refrigerant tables (Tables A-11, A-12, and A-13),

Tl =20°C} hl =hg@20"C =261.59k]/kg T A

sat.vapor | §; =8, @a0c =0.92234 kl/kg-K
P =1MPa} h, =273.11k/kg
§3 =8
P, =1MPa

=h =107.32 kJ/k
sat. liquid } hs =hs @ 1mpa J

hy = hy =107.32kJ/kg (throttling)
The COP of the air conditioner is determined from its definition,

COP,. = db Inrha 2615910732 _ 4 o

Wo  hy-hy  273.11-261.59
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o H=31 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant-1344 as
the working fluid is considered. The COP and the rate of heat supplied to the evaporator are to be

determined.

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

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

},l =280 kPa hl = hg @ 280kPa =249.72 kJ/kg
sat. vapor

P, =1200kPa } h, =280.00 klkg
SZ = Sl

P, =1200kPa

s:t. liquid } hs = hy @ 1200kpe =117.77 kI/kg

hy = hy =117.77kJ/kg (throttling)
The mass flow rate of the refrigerant is determined from

. . W,
Wi =ti(hy =) ——>m

5= Sg@zsouau = 0.93210kjlkg‘K

n 20kJ/s

T/\

Then the rate of heat supplied to the evaporator is

“h,—hy  (280.00—249.72) ki/kg

=0.6605 kg/s

O, = m(hy — hy) = (0.6605 kg/s)(249.72 -117.77) ki/kg = 87.15 kW

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

COP,, = 22 Jarhy _ 280.00-117.77 _ o o0

Wi Bk, 280.00-249.72
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WD e
EF=35 A heat pump operating on a vapor-compression refrigeration cycle with refrigerant-134a as the
working fluid is considered. The effect of compressor irreversibilities on the COP of the cycle is to be
determined.

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

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

P, =280 kPa} by = hy @ 250kps =249.72 kl/kg T A

sat. vapor 5| =5, @2s0kpa =0.93210kI/kg-K
P, =800 kpa} hy, =271.50 kl/kg
§y =8

P, =800kPa
sat. liquid } hy = h; @ saokes =9547ki/kg

hy = hy =95.47kJ/kg (throttling)

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

flc = has =y —h, =hy wlasmh 4975, 27150-249.12 275.34kl/kg
hz _hl TIC 0.85

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

COP . =q_H= hzs_h3 - 271.50—95.47 =8.°82
el o hy,—h, 271.50—249.72

qy _ hz—h3 — 275.34-95.47 =7.021
Wi by —hy  27534-249.72

COPHP, actual =

The irreversible compressor decreases the COP by 13.1%.
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=39 A geothermal heat pump is considered. The degrees of subcooling done on the refrigerant in the
condenser, the mass flow rate of the refrigerant, the heating load, the COP of the heat pump, the minimum
power input are to be determined.

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

(Tables A-11 through A-13) \ Qn
T, =20°C| P, =572.1kPa N
x, =0.23 [ b, =121.24 kI/kg Condonser 1.4 MPa
hy=h 37 2 4 m=s
LA Expansion W
P, =572.1kPa | b =261.59kl/kg valve Compressor :K_m
x; =1(sat.vap.)| s, =0.9223 kl/kg
P, =1400kPa 4 1
s —s }hz =280.00 kl/kg Evaporator ;
2 20°C L= sat. vap.
From the steam tables (Table A-4) x=0.23
hwl = hj@socc =209.34 kJ/kg T Water -+ 40°C
hwz = hj@“)nc = 167.53 kJ/kg SODC
The saturation temperature at the condenser T A

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

Tt @1400kpa = 52.40°C

P; =1400kPa

hy =121.24kJ
Then, the degrees of subcooling is

ATpcont = Toat — T3 =52.40-48.59 = 3.81°C

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

O =i, (hyy —hy;) = (0.065 kg/s)(209.34 —167.53)kI/kg = 2.718 kW
This heat is absorbed by the refrigerant in the evaporator
o) _ 2.718kW
h—h, (261.59-121.24)kJ/kg
() The power input to the compressor, the heating load and the COP are
W =tig(hy —hy)+ Qou = (0.01936 kg/s)(280.00- 261 .59)kJ/kg = 0.6564 kW
Oy =it (hy —hy) = (0.01936 kg/s)(280.00 —121.24)kI/kg = 3.074 kW

cop=Q_H_M_4_sg

}T3 =48.59°C (from EES)

g = =0.01936 kgls

(d) The reversible COP of the cycle is
1 _ 1 _
1-T, /Ty 1-(25+273)/(50+273)
The corresponding minimum power input is
W Oy _3.074kW

inmin = Cop 12,92

COP,

rev —

12.92

=0.238 kW
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WA

» TF® A two-stage cascade refrigeration cycle is considered. The mass flow rate of the refrigerant through
the upper cycle, the rate of heat removal from the refrigerated space, and the COP of the refrigerator are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) The properties are to be obtained from the refrigerant tables (Tables A-11 through A-13):
hl = hg@ 200kPa — 244 .46 kJ/kg

$1 = $5@ w0kpe = 09377 ki/kgK \ On
P, =500kP o
2 a } hy, =263.30 K/kg ! Condenser
§; =8 7
. 6 T .
_hy—hy XExpansmn W,
e hy —hy valvo Compressor —
0.8026330-24446 | h, =268.01kJ/kg
h, —244.46 8 5
: Evaporator
h3 = hj@soo kPa = 73.33 kJ/kg
hy =hy =73.33 kl/kg Condenser
hs = hg@ 400 kPa — 255.55 kJ/kg E3 . 27T .
Xpansion
S5 =55q 400 kpa = 0.9269 kI/kgK il Win
Compressor —
Ps =1200kPa
§ }hG, =278.33 ki/kg
Sg =985 4 1
Evaporator }
ey s P '
c = .
hs —hs \ 93
0.80=27833-25555 . og402kike
hg —255.55

h7 = hj@lzoo kPa = 117.77 kJ/kg
hg = hy =117.77 ki/kg

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

1 4 (hs —hg) = g (hy — hy)
1,4(255.55-117.77)kJ/kg = (0.15 kg/s)(268.01 - 73.33)kl/kg —> rir, =0.212 kgls
(b) The rate of heat removal from the refrigerated space is
O, =g (b —hg) =(0.15 kg/s)(244.46 - 73.33)kI/kg = 25.67 kKW
(¢) The power input and the COP are

.

Win =t y(hg —hs)+mg(hy —hy)
= (0.15 kg/s)(284.02 — 255 55)kI/kg + (0.212 kg/s)(268.01 - 244.46)k/kg = 9.566 kW

cop=2L _287_, g
W, 9.566

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



13-4

\/ 13-12 The masses of the constituents of a gas mixture are given. The mass fractions, the mole fractions, the
average molar mass, and gas constant are to be determined.

Properties The molar masses of O, N, and CO, are 32.0, 28.0 and 44.0 kg/kmol, respectively (Table A-1)
Analysis (@) The total mass of the mixture is

My =mg, +my, +mcg, =5kg+8kg+10kg =23 kg

Then the mass fraction of each component becomes
5 kg Oz

m

mfo, o, _Ske 017 8kg N,
m, 23kg 10 kg CO,
m

mfy, =N 8K8 _ 148

* m, 23kg
mfe, =02 =108 _ g 435

m, 23kg

(b) To find the mole fractions, we need to determine the mole numbers of each component first,

m
Ng =01 ___ K8 _ 156 Kmol
' Mgy, 32kg/kmol
m
Ny, =N ___8K8 586 kmol
' My, 28kg/kmol
m
Neo, =02 ___10ke o0 kmol
' Mg, 44kg/kmol
Thus,
N, =Ng, +Ny, +Ngo, =0.156 kmol+0.286 kmol +0.227 kmol = 0.669 kmol
and

No, _ 0.156 kmol

=0 _ = 0233
Y0 =N 70,699 kmol
N
o = _0286kmol o
: =N, 0,669 kmol
N
yeo <Neos _0227iamol _ o
* =N 0.669 kmol

(c) The average molar mass and gas constant of the mixture are determined from their definitions:

M, =T _ B8 a4 4kg/kmol
N,  0.669 kmol

and

_ R, 8314kJ/kmol-K

R, =
" M,  34.4kgkmol

=0.242 kl/kg-K
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i/ 13-14 The mole numbers of the constituents of a gas mixture are given. The mass of:’.ach gas and the
apparent gas constant are to be determined.

Properties The molar masses of H,, and N are 2.0 and 28.0 kg/kmol, respectively (Table A-1)

Analysis The mass of each component is determined from

Ny, =8kmol —> my, = Ny My, =(8 kmol)2.0 kg/kmol)=16 kg

IVN2 =2 kmol —— }nN2 = NN; A{N2 = (2 kmolX28 kg/kl’nol)= 56 kg 8 kmol Hz

2 kmol N
The total mass and the total number of moles are i N2

my, =my, +my =16kg+56 kg =72 kg
Ny =Ny, + Ny, =8 kmol+2 kmol =10 kmol

The molar mass and the gas constant of the mixture are determined from their definitions,

m, 72kg
=——=———="7.2 kg/kmol
"™ N, 10kmol
and
_ R, _8314kJ/kmol-K

R =
" M, 7.2 kg/kmol

=1.155 kJ/kg-K

13-15E The mole numbers of the constituents of a gas mixture are given. The mass of each gas and the
apparent gas constant are to be determined.

Properties The molar masses of Hy, and N, are 2.0 and 28.0 Ibm/Ibmol, respectively (Table A-1E).

Analysis The mass of each component is determined from

Ny, =5 lbmol —— my_ = Ny, My_ =(5 Ibmol)2.0 Ibm/Ibmol)=10 Ibm

5 Ibmol H
Ny, =41bmol — my_ =Ny, My, =(4 Ibmol)(28 Ibm/Ibmol)=112 Ibm 2

4 Ibmol N,
The total mass and the total number of moles are

my,, =my, +my, =10 lbm+112 Ibm =122 lbm
N,, =Ny, + Ny, =5 lbmol+4 Ibmol =9 Ibmol

The molar mass and the gas constant of the mixture are determined from their definitions,

m, 1221bm

== =13.56 1bm/Ibmol
N, 9lbmol
and
R, = fu _ 1986 Bwlbmol-R _ o, \ce pevibm -R
M, 13.56 Ibm/lbmol
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1331 The masses of the constituents of a gas mixture at a specified pressure and temperature are given.
The partial pressure of each gas and the apparent molar mass of the gas mixture are to be determined.

Assumptions Under specified conditions both CO, and CH, can be treated as ideal gases, and the mixture
as an ideal gas mixture.

Properties The molar masses of CO, and CH, are 44.0 and 16.0 kg/kmol, respectively (Table A-1)

Analysis The mole numbers of the constituents are

Mmoo, =1kg —> Neg, =2 ___1K8 4 927 kmol
1 2 Mg, 44 kg/kmol 1 kg CO,
3 kg CH,
m
mow, =3kg —> Neg =—Ha —__3K8 _ 1875 kmol
4 ‘" Mgy, 16kg/kmol 300K
: 200 kPa
N,, = Nco, +Ngy, =0.0227 kmol +0.1875 kmol = 0.2102 kmol

Nco, — 0.0227 kmol

S0 _ = 0108
Y0, =N = 02102 kol

N
You, = ;H, _ 0.1875 kmol —0892

n 0.2102 kmol

Then the partial pressures become
Pco, =¥co, P =(0.108)200 kPa)= 21.6 kPa
Pey, = Ycu, P =(0.892)(200 kPa)=178.4 kPa

The apparent molar mass of the mixture is

M, =—lt=——=2__=19,03 kg / kmol
"™ N, 0.2102 kmol ke

13-32 The masses of the constituents of a gas mixture at a specified temperature are given. The partial
pressure of each gas and the total pressure of the mixture are to be determined.

Assumptions Under specified conditions both N, and O, can be treated as ideal gases, and the mixture as
an ideal gas mixture.

Analysis The partial pressures of constituent gases are

3
mRT (0.6 kg)(0.2968 kPa -m?/kg- K)(300 K) 0.3m
Py, = = 3 =178.1 kPa
v N, 0.3m 0.6 kg Nz
0.4kg O,
- 3 -
Py = ( mRT) _ (04 kg)(0.2598 kPa T /kg-K)(300K) _ 103.9 kPa 300K
2 vV Jo, 03m
and

P, =Ry, +Pp, =178.1 kPa+103.9 kPa =282.0 kPa
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13-60 A mixture of hydrogen and oxygen is considered. The entropy change of this mixture between
the two specified states is to be determined.

Assumptions Hydrogen and oxygen are ideal gases.

Properties The gas constants of hydrogen and oxygen are 4.124 and 0.2598 kJ/kg K, respectively (Table
A-1).

Analysis The effective gas constant of this mixture is
R =mfyy, Ry, +mfg; Rg, =(0.33)(4.1240) + (0.67)(0.2598) = 1.5350 kJ/kg - K Since the

temperature of the two states is the same, the entropy change is determined from

P. - 150 kPa
-8 =—RIn=2=—(1.5350kJ/kg-K) In
52 =5 P = g-K) 750 kPa

=2.470kJ/kg -K

-S54

o <13-61 A mixture of nitrogen and carbon. dioxide is heated at constant pressure in a closed system. The
work produced is to be determined.

Assumptions 1 Nitrogen and carbon dioxide are ideal gases. 2 The process is reversible.

Properties The mole numbers of nitrogen and carbon dioxide are 28.0 and 44.0 kg/kmol, respectively

(Table A-1). \

Analysis One kg of this mixture consists of 0.5 kg of nitrogen and 0.5 kg of carbon dioxide or 0.5 kgx28.0
kg/kmol=14.0 kmol of nitrogen and 0.5 kgx44.0 kg/kmol=22.0 kmol of carbon dioxide. The constituent

mole fraction are then Please note that
Ny2 14 kmol there is an error in
= =————=0(.3889 .
N = 36kmol the calculation of
Ncoz  22kmol : the number of
Ycoz =———=———=0.6111 . | Th lati
Niwm 36 kmol -~ S0% N, moles. | he relation
The effecti lecular weight of this mi . 50%‘-C0__z_-‘. *1 o /|should be: N=m/M
e effective molecular weight of this mixture is . (by mass)
M = y\aMyz +YcoaMcor 120 kPa. 30°G

=(0.3889)(28) + (0.6111)(44) = 37.78 kg/kmol
The work done is determined from
2 ;
w=IPdV=P202 -Pv, =R, -T))
1

8.314 kJ/kmol-K
(L-L))=—————
37.78 kg/kmol
=37.4 kJ/kg

(200-30)K
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-2,

#3864 The masses of components of a gas mixture are given. This mixture is heated at constant pressure.
The change in the volume of the mixture and the total heat transferred to the mixture are to be determined.

Assumptions All gases will be modeled as ideal gases with constant specific heats.

Properties The molar masses of O,, CO,, and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-1).
The constant-pressure specific heats of these gases at room temperature are 0.918, 0.846, and 5.1926
kl/kg-K, respectively (Table A-2a).

Analysis The total mass of the mixture is
m, =Mmqoy +mC02 +mHe =0.1+414+40.5=1.6 kg

The mole numbers of each component are

Ny =-Toz __01Ke  _ 063125 kmol 0.1 kg O

My, 32kg/kmol 1kg CO;
0.5 kg He
Neop =22 X8 ___ 05573 kmol

Mo, 44kg/kmol 350 kPa, 10°C

Ny =Tue 05 ke 0.125 kmol
My,  4kg/kmol

The mole number of the mixture is
N, =Ng; +Nggy + Ny, =0.003125+0.02273+0.125 =0.15086 kmol

The apparent molecular weight of the mixture is

M, =—"-———"5__-10.61kg/kmol
"™ N, 0.15086 kmol

The apparent gas constant of the mixture is
_ R, _8314kJ/kmol-K

= = =0.7836 kl/kg-K
M, 10.61 kg/kmol
The mass fractions are
mfg, =0z _O1K8 _ 4 o6os
m, 1.6kg
Mg =Tcoz _ K& _ o5
m, 1.6kg
mfy, = Te _ 058 _ 4155
m, 16kg

The constant-pressure specific heat of the mixture is determined from
¢p =mfgy¢p 00 +Mfeoy€p co2 + MEKeCp 1e
=0.0625x%0.918+0.625x0.846 +0.3125x 5.1926
=2.209kJ/kg-K
The change in the volume of this ideal gas mixture is
_m, RAT _ (1.6kg)(0.7836 kPa-m?/kg-K)(260-10) K
P 350 kPa
The heat transfer is determined to be
Gin =¢, (T2 —-T1) = (2.209 kl/kg - K)(260 - 10) K = 552 kJ/kg

AV,

m

=0.8955 m?
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1367 The volume fractions of components of a gas mixture passing through the turbine of a simple ideal
Brayton cycle are given. The thermal efficiency of this cycle is to be determined.

Assumptions All gases will be modeled as ideal gases with constant specific heats.

Properties The molar masses of N,, O,, H;0, and CO, are 28.0, 32.0, 18.0, and 44.0 kg/kmol, respectively
(Table A-1). The constant-pressure specific heats of these gases at room temperature are 1.039, 0.918,
1.8723, and 0.846 kJ/kg-K, respectively. The air properties at room temperature are cp=1.005 kl/kgK, ¢,
=0.718 kJ/kg'K, k= 1.4 (Table A-2a).

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole
fractions, mass of each component are
myz = Ny My, = (30 kmol)(28 kg/kmol) = 840 kg 5 :(SVQNS’ ig‘g gi)
(] s (]
Mo, = Noy M, = (10 kmol)(32 kg/kmol) =320 kg (byzvolume) 2

The total mass is

my, =my; + Moy + My +Meey
=840+320+360+1760
=3280 kg ‘

Then the mass fractions are

T
mfy, ='"_N2=M=o.2561 A
) 9in
mfg, =202 _ 320K8 _ 59756 5
m, 3280kg ]
m 360 kg 4
mfy,o =—22. = ——_2 _(,1098 1
m,  3280kg W3KT Jou
mf ., = ez _1760kg _ o oqcc s
o0z = . 3280kg

The constant-pressure specific heat of the mixture is determined from

¢p =mfy,yc, Ny +mfgyc, o +mfpge pH20 +Mfc0s€, con
=0.2561x1.039+0.09756x0.918+0.1098 x1.8723+0.5366 x 0.846
=1.015kJ/kg-K

The apparent molecular weight of the mixture is

m,  3280kg
_——— 32.80 kg/klﬂol
™ N, 100kmol

The apparent gas constant of the mixture is

_ R, _8314kJ/kmol-K
M,  32.80 kg/kmol

=0.2535kJ/kg-K

Then the constant-volume specific heat is

¢, =¢, —R=1.015-0.2535=0.762 kl/kg-K

The specific heat ratio is
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[y
p=Sp 1015 s
c, 0.762

v
The average of the air properties at room temperature and combustion gas properties are
€pavg = 0.5(1.015+1.005)=1.010kJ/kg-K
Cyavg =0.5(0.762+0.718) = 0.740 kJ/kg - K
ko, =0.5(1.332+1.4)=1.366

avg

These average properties will be used for heat addition and rejection processes. For compression, the air
properties at room temperature and during expansion, the mixture properties will be used. During the
compression process,

P (k-1)/ k
T, =T, [f] =(293K)(8)*¥“ =531K

1
During the heat addition process,

Gin =€ pavg (T3 =T5) = (1010 k¥/kg -K)(1273 - 531) K = 749.4 kl/kg
During the expansion process,
(k-1)/k 0.332/1332
Ty =T — =(1273K)| = =758K
During the heat rejection process,

Qo =€ pavg (T4 —T1) = (1010 kI/kg - K)(758 - 293) K = 469.7 kl/kg

The thermal efficiency of the cycle is then

|_Gou _|_469.TKIkg _ o oo

9in 749.4 kl/kg

Nm =
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educators for course preparation. If you are a student using this Manual, you are using it without permission.
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14-16 A tank contains 21 kg of dry air and 0.3 kg of water
vapor at 30°C and 100 kPa total pressure. Determine (a) the
specific humidity, (b) the relative humidity, and (c) the vol-
ume of the tank.

14-17 Repeat Prob. 1416 for a temperature of 24°C.

14-18 A room contains air at 20°C and 98 kPa at a relative
humidity of 85 percent. Determine (a) the partial pressure of
dry air, (b) the specific humidity of the air, and (c) the
enthalpy per unit mass of dry air.

14-19 Repeat Prob. 14-18 for a pressure of 85 kPa.

14-20 Determine the masses of dry air and the water vapor
contained in a 240-m> room at 98 kPa, 23°C, and 50 percent
relative humidity. Answers: 273 kg, 2.5 kg

Dew-Point, Adiabatic Saturation, and Wet-Bulb
Temperatures

14-21C  What is the déw-point temperature?

14-22C ' Andy and Wendy both wear glasses. On a cold
winter day, Andy comes from the cold outside and enters the
warm house while Wendy leaves the house and goes outside.
Whose glasses are more likely to be fogged? Explain.

14-23C In summer, the outer surface of a glass filled with
iced water frequently “sweats.” How can you explain this
sweating?

14-24C In some climates, cleaning the ice off the wind-
shield of a car is a common chore on winter mornings.
Explain how ice forms on the windshield during some nights
even when there is no rain or snow.

14-25C  When are the dry-bulb and dew-point temperatures
identical?

14-26C When are the adiabatic saturation and wet-bulb
temperatures equivalent for atmospheric air?

1427 A house contains air at 25°C and 65 percent relative
humidity. Will any moisture condense on the inner surfaces
of the windows when the temperature of the window drops to
10°C?

14-28 After a long walk in the 8°C outdoors, a person

wearing glasses enters a room at 25°C and 40 percent relative
humidity. Determine whether the glasses will become fogged.

14-29 Repeat Prob. 14-28 for a relative humidity of 30
percent.

14-30 A thirsty woman opens the refrigerator and picks up
a cool canned drink at 5°C. Do you think the can will
“sweat” as she enjoys the drink in a room at 25°C and 50
percent relative humidity?

14-31 The dry- and wet-bulb temperatures of atmospheric
air at 95 kPa are 25 and 17°C, respectively. Determine (a) the
specific humidity, (b) the relative humidity, and (c) the
enthalpy of the air, in kJ/kg dry air.

14-32 The air in a room has a dry-bulb temperature of 2200
and a wet-bulb temperature of 16°C, Assuming a pressyrg of
100 kPa, determine (a) the specific humidity, (b) the relative
humidity, and (c) the dew-point temperature. Answers,
(a) 0.0090 kg H,0/kg dry air, (b) 54.1 percent, (c) 12.3°C

14-33  [¢&SY] Reconsider Prob. 14-32. Determine the Tequired
US8e8 properties using EES (or other) software, What
would the property values be at a pressure of 300 kPa?

14-34  Atmospheric air at 35°C flows steadily into an adia-
batic saturation device and leaves as a saturated mixture g
25°C. Makeup water is supplied to the device at 25°C, Atmo-

spheric pressure is 98 kPa. Determine the relative hllmidity -

and specific humidity of the air,

Psychrametric Chart

14-35C How do constant-enthalpy and constant-wet-bulb-
temperature lines compare on the psychrometric chart?

14-36C At what states on the psychrometric chart are the
dry-bulb, wet-bulb, and dew-point temperatures identical?

14-37C How is the dew-point temperature at a specified
state determined on the psychrometric chart?

14-38C Can the enthalpy values determined from a psy-
chrometric chart at sea level be used at higher elevations?

14-39 ¢ The air in a room is at 1 atm, 32°C, and

% 60 percent relative humidity. Determine (a) the
specific humidity, (b) the enthalpy, in kl/kg dry air, (c) the
wet-bulb temperature, (d) the dew-point temperature, and
() the specific volume of the air, in m¥kg dry air. Use the
psychrometric chart or available software,

14-40 A room contains air at 1 atm, 26°C, and 70 percent
relative humidity. Using the psychrometric chart, determine
(a) the specific humidity, (b) the enthalpy, in kJ/kg dry air.
(c) the wet-bulb temperature, (d) the dew-point temperature,
and (e) the specific volume of the air, in m3/kg dry air.

14-41  [ceSY] Reconsider Prob. 14-40. Determine the required
8 properties using EES (or other) software instead
of the psychrometric chart. What would the property values
be at a location at 2000 m altitude?

14-42 The air in a room has a pressure of 1 atm, a dry-bulb
temperature of 24°C, and a wet-bulb temperature of 17°C.
Using the psychrometric chart, determine (a) the specific
humidity, (b) the enthalpy, in kl/kg dry air, (c) the relative
humidity, (d) the dew-point temperature, and (e) the specific
volume of the air, in m%kg dry air.

| Reconsider Prob. 14-42. Determine the required
B properties using EES (or other) software instead
of the psychrometric chart. What would the property values
be at a location at 3000 m altitude?

14-44 Atmospheric air at a pressure of 1 atm and dry-bulb
temperature of 30°C has a relative humidity of 80 percent.
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ysing the psychrometric chart, determine (a) the wet-bulb
perature, (b) the humidity ratio, (c) the enthalpy, (d) the
deW‘POint temperature, and (e) the water vapor pressure.

14-45 Atmospheric air at a pressure of 1 atm and dry-bulb
imperature of 32°C has a wet-bulb temperature of 29°C.
Using the psychrometric chart, determine (a) the relative
pumidity, (b) the humidity ratio, (c) the enthalpy, (d) the dew-
point temperature, and (e) the water vapor pressure.

Air
1 atm
32°C
T =29°C |

FIGURE P14-45

1446 Determine the adiabatic saturation temperature of
the humid air in Prob. 14-45. Answer: 29°C

14-47 Atmospheric air at a pressure of 1 atm and dry-bulb
temperature of 28°C has a dew-point temperature of 20°C.
Using the psychrometric chart, determine (a) the relative
humidity, (b) the humidity ratio, (c) the enthalpy, (d) the wet-
bulb temperature, and (e) the water vapor pressure.

14-48 Determine the adiabatic saturation temperature of the
humid air in Prob. 14-47.

l Water

n Humidifier
1 atm ¥
28°C
po = 20°C

FIGURE P14-48

Human Comfort and Air-Conditioning

14-49C What does a modern air-conditioning system do
besides heating or cooling the air?

14-50C How does the human body respond to (q) hot
weather, (b) cold weather, and (c) hot and humid weather?
14-51C What is the radiation effect? How does it affect
human comfort?

14-52C How does the air motion in the vicinity of the
human body affect human comfort?
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14-53C Consider a tennis match in cold weather where
both players and spectators wear the same clothes. Which
group of people will feel colder? Why?

14-54C Why do you think little babies are more suscepti-
ble to cold?

14-55C How does humidity affect human comfort?
14-56C What are humidification and dehumidification?

14-57C What is metabolism? What is the range of meta-
bolic rate for an average man? Why are we interested in the
metabolic rate of the occupants of a building when we deal
with heating and air-conditioning?

14-58C Why is the metabolic rate of women, in general,
lower than that of men? What is the effect of clothing on the
environmental temperature that feels comfortable?

14-59C What is sensible heat? How is the sensible heat
loss from a human body affected by the (a) skin temperature,
(b) environment temperature, and (c) air motion?

14-60C What is latent heat? How is the latent heat loss from
the human body affected by the (a) skin wettedness and
(b) relative humidity of the environment? How is the rate of
evaporation from the body related to the rate of latent heat
loss?

14-61 An average person produces 0.25 kg of moisture
while taking a shower and 0.05 kg while bathing in a tub.
Consider a family of four who each showers once a day in a
bathroom that is not ventilated. Taking the heat of vaporiza-
tion of water to be 2450 kl/kg, determine the contribution of
showers to the latent heat load of the air conditioner per day
in summer.

14-62 An average (1.82 kg) chicken has a basal metabolic
rate of 5.47 W and an average metabolic rate of 10.2 W (3.78
W sensible and 6.42 W latent) during normal activity. If there
are 100 chickens in a breeding room, determine the rate of
total heat generation and the rate of moisture production in
the room. Take the heat of vaporization of water to be 2430
kl/kg.

14-63 A department store expects to have 120 customers
and 15 employees at peak times in summer. Determine the
contribution of people to the total cooling load of the store.

14-64 In a movie theater in winter, 500 people, each gener-
ating sensible heat at a rate of 70 W, are watching a movie.
The heat losses through the walls, windows, and the roof are
estimated to be 140,000 kJ/h. Determine if the theater needs
to be heated or cooled.

14-65 For an infiltration rate of 1.2 air changes per hour
(ACH), determine sensible, latent, and total infiltration heat
load of a building at sea level, in kW, that is 20 m long, 13 m
wide, and 3 m high when the outdoor air is at 32°C and 50
percent relative humidity. The building is maintained at 24°C
and 50 percent relative humidity at all times.

|
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14-66 Repeat Prob. 14-65 for an infiltration rate of
1.8 ACH.

Simple Heating and Cooling

14-67C How do relative and specific humidities change
during a simple heating process? Answer the same question
for a simple cooling process.

14-68C Why does a simple heating or cooling process
appear as a horizontal line on the psychrometric chart?

14-69 Air enters a 40-cm-diameter cooling section at
1 atm, 32°C, and 30 percent relative humidity at 18 m/s. Heat
is removed from the air at a rate of 1200 kJ/min. Determine
(a) the exit temperature, (b) the exit relative humidity of the
air, and (c) the exit velocity. Answers: (a) 24.4°C, (b) 46.6
percent, (¢) 17.6 m/s

} 1200 kJ/min

"
32°C, 30%
AIR ——» ———
18 m/s 1 atm

FIGURE P14-69

14-70 Repeat Prob. 14-69 for a heat removal rate of 800
kJ/min.

14-71 Humid air at 150 kPa, 40°C, and 70 percent relative
humidity is cooled at constant pressure in a pipe to its dew-
point temperature. Calculate the heat transfer, in kJ/kg dry
air, required for this process. Answer: 6.8 kl/kg dry air

14-72 Saturated humid air at 200 kPa and 15°C is heated to
30°C as it flows through a 4-cm-diameter pipe with a velocity
of 20 m/s. Disregarding pressure losses, calculate the relative
humidity at the pipe outlet and the rate of heat transfer, in
kW, to the air.

Heating
coils
15°C
100% ———AIR 30°C
20 mis 200 kPa

FIGURE P14~72

14-73 Calculate the rate at which the exergy of the

air of Prob. 14-72 is increased. Take Ty = 15°C, humig

Heating with Humidification
14-74C Why is heated air sometimes humidified?

14-75 Air at 1 atm, 15°C, and 60 percent relative humig
ity is first heated to 20°C in a heating section and. the,
humidified by introducing water vapor. The air leayeg lh:
humidifying section at 25°C and 65 percent relative humig.
ity. Determine (a) the amount of steam added to the air, ang
(b) the amount of heat transfer to the air in the heating sec.
tion. Answers: (a) 0.0065 kg H,O/kg dry air, (b) 5.1 kJ/kg‘%q
air

14-76 An air-conditioning system operates at a tota pres-
sure of 1 atm and consists of a heating section and a humjgj.
fier that supplies wet steam (saturated water vapor) at 100°C.
Air enters the heating section at 10°C and 70 percent relatiye
humidity at a rate of 35 m*min, and it leaves the humidify.
ing section at 20°C and 60 percent relative humidity. Deter-
mine (a) the temperature and relative humidity of air when j
leaves the heating section, (b) the rate of heat transfer in the
heating section, and (c) the rate at which water is added (o
the air in the humidifying section.

Sat. vapor
100°C
Heating
‘ coils | ﬂ Humidifier
e QY , ]
70% _— 20°C
35m¥min P=1atm 60%

FIGURE P14-76

14-77 Repeat Prob. 1476 for a total pressure of 95 kPa for

the airstream.  Answers: (a) 19.5°C, 37.7 percent, (b) 391 kl/min,"

(c) 0.147 kg/min

Cooling with Dehumidification

14-78C Why is cooled air sometimes reheated in summer
before it is discharged to a room?

14-79 An air-conditioning system is to take in air at 1 atm,

34°C, and 70 percent relative humidity and deliver it at 22°C'""

and 50 percent relative humidity. The air flows first over the
cooling coils, where it is cooled and dehumidified, and then
over the resistance heating wires, where it is heated to the
desired temperature. Assuming that the condensate is removed
from the cooling section at 10°C, determine (@) the tempera-
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of air before it enters the heating section, (b) the amount
of heat removed in the cooling section, and (c) the amount of
peat transferred in the heating section, both in kJ/kg dry air.

14-80 ¢ Air enters a 30-cm-diameter cooling section at

‘@ 1 atm, 35°C, and 60 percent relative humidity
at 120 m/min. The air is cooled by passing it over a cooling
coil through which cold water flows. The water experiences a
mperature rise of 8°C. The air leaves the cooling section
saturated at 20°C. Determine (a) the rate of heat transfer,
(b) the mass flow rate of the water, and () the exit velocity
of the airstream.

Water
T T+8°C
Cooling coils
6% LQQQQQQQQ) we
120 m/min AIR
—_—
FIGURE P14-80

14-81 [¢¢| Reconsider Prob. 14-80. Using EES (or other)
[ software, develop a general solution of the
problem in which the input variables may be supplied and
parametric studies performed. For each set of input variables
for which the pressure is atmospheric, show the process o
the psychrometric chart. :

14-82 Repeat Prob. 14-80 for a total pressure of 95 kPa for
air.  Answers: (8) 293.2 kJ/min, (b) 8.77 kg/min, (c) 113 m/min

14-83 Atmospheric air at 1 atm, 30°C, and 80 percent rela-
tive humidity is cooled to 20°C while the mixture pressure
remains constant. Calculate the amount of water, in kg/kg dry
air, removed from the air and the cooling requirement, in
kl/kg dry air, when the liquid water leaves the system at
22°C.  Answers: 0.0069 kg H,O/kg dry air, 27.3 kJ/kg dry air

14-84 Three hundred cubic meter per hour of atmospheric
air at 1 atm and 30°C with a dew-point.temperature of 20°C
are to be cooled to 15°C. Determine the rate at which con-
densate leaves this system and the cooling rate when the con-
densate leaves the system at 18°C.

14-85 - On a summer day in New Orleans, Louisiana, the
pressure is 1 atm; the temperature is 32°C; and the relative
humidity is 95 percent. This air is to be conditioned to 24°C
and 60 percent relative humidity. Determine the amount of
cooling, in kJ, required and water removed, in kg, per 1000
m3 of dry air processed at the entrance to the system.
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~ Cooling coils -
T,=24°C - < I,=32°C
b =60% 6,0847 8484 &1 =95%
_atsathey tem
E Condensate
FIGURE P14-85

14-86 How far will the temperature of the humid air of
Prob. 14-85 have to be reduced to produce the desired dehu-
midification? Answer: 15.8°C

14-87 A simple ideal vapor-compression refrigeration sys-
tem using refrigerant-134a as the working fluid is used to
provide the cooling required in Prob. 14-85. It operates its
evaporator at 4°C and its condenser at a saturation tempera-
ture of 39.4°C. The condenser rejects its heat to the New
Orleans summer air. Calculate the exergy destruction, in kJ,
in the total system per 1000 m3 of dry air processed.

C;) Condenser
Expansion
valve Compressor —
Bvaporator
i = —
24°C \QQQQQQQQQQQQQQQQ) 32°C
60% - d°ad4v4ly -
badadsd 95%
4% %3 n&b ¢ .
E Condensate
FIGURE P14-87

14-88 Atmospheric air from the inside of an automobile
enters the evaporator section of the air conditioner at 1 atm,
27°C and 50 percent relative humidity. The air returns to the
automobile at 10°C and 90 percent relative humidity. The pas-
senger compartment has a volume of 2 m? and 5 air changes
per minute are required to maintain the inside of the automo-
bile at the desired comfort level. Sketch the psychrometric
diagram for the atmospheric air flowing through the air condi-



166 I

tioning process. Determine the dew point and wet bulb tem-
peratures at the inlet to the evaporator section, in °C. Deter-
mine the required heat transfer rate from the atmospheric air
to the evaporator fluid, in kW. Determine the rate of conden-
sation of water vapor in the evaporator section, in kg/min.

Thermodynamics

Cooling coils

AIR ——»

—

E Condensate

FIGURE P14-88

14-89 Two thousand cubic meters per hour of atmospheric
air at 28°C with a dew-point temperature of 25°C flows into
an air conditioner that uses chilled water as the cooling fluid.
The atmospheric air is to be cooled to 18°C. Sketch the sys-
tem hardware and the psychrometric diagram for the process.
Determine the mass flow rate of the condensate water, if any,
leaving the air conditioner, in kg/h. If the cooling water has a
10°C temperature rise while flowing through the air condi-
tioner, determine the volume flow rate of chilled water sup-
plied to the air conditioner heat exchanger, in m3/min. The air
conditioning process takes place at 100 kPa.

14-90 An automobile air conditioner uses refrigerant-134a
as the cooling fluid. The evaporator operates at 275 kPa gage
and the condenser operates at 1.7 MPa gage. The compressor
requires a power input of 6 kW and has an isentropic effi-
ciency of 85 percent. Atmospheric air at 22°C and 50 percent
relative humidity enters the evaporator and leaves at 8°C and
90 percent relative humidity. Determine the volume flow rate
of the atmospheric air entering the evaporator of the air con-
ditioner, in m3/min.

14-91 Air from a workspace enters an air conditioner unit
at 30°C dry bulb and 25°C wet bulb. The air leaves the air
conditioner and returns to the space at 25°C dry-bulb and
6.5°C dew-point temperature. If there is any, the condensate
leaves the air conditioner at the temperature of the air leaving
the cooling coils. The volume flow rate of the air returned to
the workspace is 1000 m¥min. Atmospheric pressure is
98 kPa. Determine the heat transfer rate from the air, in kW,
and the mass flow rate of condensate water, if any, in kg/h.

Evaporative Cooling

14-92C Does an evaporation process have to involve heat
transfer? Describe a process that involves both heat and mass
transfer.

14-93C  During evaporation from a water body to air, ungey
what conditions will the latent heat of vaporization be equa)
to the heat transfer from the air?

14-94C What is evaporative cooling? Will it work in humig
climates?

14-95 Air enters an evaporative cooler at 1 atm, 36°C, ang
20 percent relative humidity at a rate of 4 m%min, anq it
leaves with a relative humidity of 90 percent. Determine
(a) the exit temperature of the air and (b) the required rate of
water supply to the evaporative cooler.

Water
g
H Humidifier
1 atm X
36°C
¢, =20%

FIGURE P14-95

14-96 Air enters an evaporative cooler at 1 atm, 32°C, and
30 percent relative humidity at a rate of 5 m3/min and leaves
at 22°C. Determine (a) the final relative humidity and () the
amount of water added to air.

14-97 What is the lowest temperature that air can attain
in an evaporative cooler if it enters at 1 atm, 29°C, and 40
percent relative humidity? Answer: 19.3°C

14-98 Air at 1 atm, 15°C, and 60 percent relative humidity
is first heated to 30°C in a heating section and then passed
through an evaporative cooler where its temperature drops to
25°C. Determine (a) the exit relative humidity and (b) the
amount of water added to air, in kg H,O/kg dry air.

14-99 Desert dwellers often wrap their heads with a water-
soaked porous cloth. On a desert where the pressure is 1 atm,
temperature is 50°C, and relative humidity is 10 percent,
what is the temiperature of this cloth?

Adiabatic Mixing of Airstreams

14-100C Two unsaturated airstreams are mixed adiabati-
cally. It is observed that some moisture condenses during the
mixing process. Under what conditions will this be the case?

14-101C  Consider the adiabatic mixing of two airstreams.
Does the state of the mixture on the psychrometric chart have
to be on the straight line connecting the two states?

14-102 Two airstreams are mixed steadily and adiabati-
cally. The first stream enters at 32°C and 40 percent relative
humidity at a rate of 20 m%min, while the second stream
enters at 12°C and 90 percent relative humidity at a rate of
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95 m*/min. Assuming that the mixing process occurs at a
ressure of 1 atm, determine the specific humidity, the rela-
tive humidity, the dry-bulb temperature, and the volume flow
rate of the mixture. Answers: 0.0096 kg H,O/kg dry air, 63.4
percent, 20.6°C, 45.0 m3¥/min

FIGURE P14-102

14-103 Repeat Prob. 14-102 for a total mixing-chamber
pressure of 90 kPa. '
14-104 Saturated humid air at 1 atm and 10°C is to be
mixed with atmospheric air at 1 atm, 32°C, and 80 percent
relative humidity, to form air of 70 percent relative humidity.
Determine the proportions at which these two streams are to
be mixed and the temperature of the resulting air.
14-105 A stream of warm air with a dry-bulb temperature
of 40°C and a wet-bulb temperature of 32°C is mixed adia-
batically with a stream of saturated cool air at 18°C. The dry
air mass flow rates of the warm and cool airstreams are 8 and
6 kg/s, respectively. Assuming a total pressure of 1 atm,
determine (a) the temperature, () the specific humidity, and
(c) the relative humidity of the mixture.
14-106 [¢3Y] Reconsider Prob. 14-105. Using EES (or
= other) software, determine the effect of the
mass flow rate of saturated cool air stream on the mixture
temperature, specific humidity, and relative humidity. Vary
the mass flow rate of saturated cool air from 0 to 16 kg/s
while maintaining the mass flow rate of warm air constant at
8 kg/s. Plot the mixture temperature, specific humidity, and
relative humidity as functions of the mass flow rate of cool
air, and discuss the results.

Wet Cooling Towers

14-107C How does a natural-draft wet cooling tower work?

14-108C What is a spray pond? How does its performance
compare to the performance of a wet cooling tower?

14-109 A wet cooling tower is to cool 60 kg/s of water
from 40 to 26°C. Atmospheric air enters the tower at 1 atm
with dry- and wet-bulb temperatures of 22 and 16°C, respec-
tively, and leaves at 34°C with a relative humidity of 90 per-
cent. Using the ‘psychrometric chart, determine (@) the
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volume flow rate of air into the cooling tower and (b) the
mass flow rate of the required makeup water. Answers:
(a) 44.9 mi/s, (b) 1.16 kg/s

ATR 34°C

EXIT  90%
IRBRER
WARM ——{k—
WA—T>ER| J
60 kg/s ANANANANA
40°C
AIR
1atm —% 3
Typ=22°C § 3
T,y =16°C ¥ 3
. 2%c]
COOL
WATER T \okeup
water
FIGURE P14-109

14-110 Water at 30°C is to be cooled to 22°C in a cooling
tower which it enters at a rate of 5 kg/s. Humid air enters this
tower at 1 atm and 15°C with a relative humidity of 25 per-
cent and leaves at 18°C with a relative humidity of 95 per-
cent. Determine the mass flow rate of dry air through this
tower. Answer: 6.29 kg/s

14-111 How much work potential, in kl/kg dry air, is lost
in the cooling tower of Prob. 14-110? Take T, = 15°C.

14-112  Water at 38°C is to be cooled in a cooling tower
which it enters at a rate of 4500 kg/h. Humid air enters this
tower at 1 atm, 15°C, and 20 percent relative humidity with a
dry air flow rate of 3000 kg/h and leaves at 24°C and 0.018
kg H,O/kg dry air. Determine the relative humidity at which
the air leaves the tower and the water’s exit temperature.

14-113 A wet cooling tower is to cool 25 kg/s of cooling
water from 40 to 30°C at a location where the atmospheric
pressure is 96 kPa. Atmospheric air enters the tower at 20°C
and 70 percent relative humidity and leaves saturated at
35°C. Neglecting the power input to the fan, determine
(a) the volume flow rate of air into the cooling tower and
(b) the mass flow rate of the required makeup water.

Answers: (a) 11.2 m3/s, (b) 0.35 kg/s

14-114 A natural-draft cooling tower is to remove waste heat
from the cooling water flowing through the condenser of a
steam power plant. The turbine in the steam power plant
receives 42 kg/s of steam from the steam generator. Eighteen
percent of the steam entering the turbine is extracted for vari-
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v/ 14-16 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative
humidity, and the volume of the tank are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The specific humidity can be determined form its definition,

o="v _03X8 _ 0143 kg H,0/kg dry air
m, 2lkg
21 kg dry air
(b) The saturation pressure of water at 30°C is 0.3 kg H,0 vapor
= = 30°C
Then the relative humidity can be determined from

oP (0.0143)(100 kPa)

¢= (0.622+@)P, (0.622+0.0143)(4.2469kPa)

52.9%

(c) The volume of the tank can be determined from the ideal gas relation for the dry air,
P, = ¢P, =(0.529)(4.2469 kPa) = 2.245kPa
P,=P-P,=100-2.245=97.755kPa

_Mm.R,T _ (21kg)(0.287 k/kg -K)(303K)
P, 97.755kPa

14

=18.7m?

\/ 14-17 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative
humidity, and the volume of the tank are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The specific humidity can be determined form its definition,

o="e 93X _ o 0143 Kg H,0/kg dry air
m, 2lkg
21 kg dry air
(b) The saturation pressure of water at 24°C is 0.3 kg H,O vapor
= = 24°C
Py = Pogr@pacc =2.986kPa 100 kPa
Then the relative hurhidity can be determined from

P _ (0.0143)(100kPa)

P = 022+ a)F, - (6224001432586 P

=752%

(¢) The volume of the tank can be determined from the ideal gas relation for the dry air,

P, = P, =(0.752)(2.986 kPa) = 2.245kPa

P, =P-P, =100-2.245 = 97.755 kPa
_m,R,T (21kg)(0.287 kl/kg-K)(297K)
TP 97.755kPa

v =18.3m?
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Dew-point, Adiabatic Saturation, and Wet-bulb Temperatures

14-22C Dew-point temperature is the temperature at which condensation begins when air is cooled at
constant pressure.

14-23C Andy’s. The temperature of his glasses may be below the dew-point temperature of the room,
causing condensation on the surface of the glasses.

14-24C The outer surface temperature of the glass may drop below the dew-point temperature of the
surrounding air, causing the moisture in the vicinity of the glass to condense After a while, the conde sate
may start dripping down because of gravity.

14-25C When the temperature falls below the dew-point temperature, dew forms on the outer surfaces of
the car. If the temperature is below 0°C, the dew will freeze. At very low temperatures, the moisture in the
air will freeze directly on the car windows.

14-26C When the air is saturated (100% relative humidity).

14-27C These two are approximately equal at atmospheric temperatures and pressure.

L .2%

#4-28 A house contains air at a specified temperature and relative humidity. It is to be determined whether
any moisture will condense on the inner surfaces of the windows when the temperature of the window
drops to a specified value,

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, is uniform throughout the
house, and its value can be determined from

P, = ¢P, gasec =(0.65)(3.1698 kPa) = 2.06 kPa

The dew-point temperature of the air in the house is

Ty =Tw@r, = Ta@206kea =18.0°C

That is, the moisture in the house air will start condensing when the temperature drops below 18.0°C. Since
the windows are at a lower temperature than the dew-point temperature, some moisture will condense on
the window surfaces.
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1429 A person wearing glasses enters a warm room at a specified temperature and relative humidity from
the cold outdoors. It is to be determined whether the glasses will get fogged.

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, of the air in the house is
uniform throughout, and its value can be determined from

P, = ¢P, gasoc =(0.40)(3.1698 kPa) =1.268 kPa 25°C c ; E 58°C
The dew-point temperature of the air in the house is $=40%

po = sat@P, = Tsat@l.zss kPa = 10.5°C (ﬁ'om EES)

That is, the moisture in the house air will start condensing when the air temperature drops below 10.5°C.
Since the glasses are at a lower temperature than the dew-point temperature, some moisture will condense
on the glasses, and thus they will get fogged.

-24

14530 A person wearing glasses enters a warm room at a specified temperature and relative humidity from
the cold outdoors. It is to be determined whether the glasses will get fogged.

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, of the air in the house is

uniform throughout, and its value can be determined from % ‘ rd
P, = ¢P; gasec =(0.30)(3.1698 kPa) = 0.95 kPa 25°C 8°C

The dew-point temperature of the air in the house is ¢=30%

po =Tm@ﬂ =Tm@0.95kpa =6.2°C (ﬁ'omEES)

That is, the moisture in the house air will start condensing when the air temperature drops below 6.2°C.
Since the glasses are at a higher temperature than the dew-point temperature, moisture will not condense on
the glasses, and thus they will not get fogged.
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I4=7% Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The
exit temperature, the exit relative humidity of the air, and the exit velocity are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (ri1, = rit,; = m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.
Analysis (a) The amount of moisture in the air remains constant (@, = @,) as it flows through the cooling
section since the process involves no humidification or dehumidification. The inlet state of the air is
completely specified, and the total pressure is 1 atm. The properties of the air at the inlet state are
determined from the psychrometric chart (Figure A-31) to be

h, =55.0kJ/kg dry air

@, =0.0089 kg H,O/kg dry air (= @,) 1200

v; = 0.877 m? /kg dry air

The mass flow rate of dry air through the 32°C
cooling section is @ 30% —> —_— @
1 18 m/s 1 atm AIR
m, = —WN4
4!
= ——13—(18 m/s)(xx0.4%/4m?)
(0.877m" /kg)
=2.58kg/s

From the energy balance on air in the cooling section,
_Qout =, (h, - h)
—1200/60 kJ /s =(2.58 kg/s)(h, —550) kI / kg
h, =472 kI / kg dry air

The exit state of the air is fixed now since we know both 4, and @,. From the psychrometric chart at this
state we read

T, = 24.4°C
) é, = 46.6%
v, =0.856 m® / kg dry air

(c) The exit velocity is determined from the conservation of mass of dry air,
L v 4 VA V,4
Mgy =Mgy —> —=—"= "> ——=—"r

v v “i
v, =22y, =38 181 = 17.6 mis
v ' 0877
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143\

= Humid air at a specified state is cooled at constant pressure to the dew-point temperature. The
cooling required for this process is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (#it,y = i1, =m,) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.
Analysis The amount of moisture in the air remains constant (@, = @,) as it flows through the cooling
section since the process involves no humidification or dehumidification. The inlet state of the air is
completely specified, and the total pressure is 150 kPa. The properties of the air at the inlet and exit states
are determined to be

Py = 1Py = P @aoec =(0.70)(7.3851kPa) = 5.1696 kPa

hgl = hg@4ooc =2573.5 kJ/kg

_0.622P, _ 0.622(5.1696 kPa)
P-P, (150-5.1696)kPa

o, =0.02220 kg H,O/kg dry air

hl = CpTl +a)lhgl

= (1.005 kJ/kg - °C)(40°C) +(0.02220)(2573.5 kl/kg)

= 97.33 k/kg dry air

P, =P, =5.1696kPa T i

Py =D B16%6KPR 5 606 kpa 40°C 100% RH
# 70% RH —- @
0

T =T @s.1695kpa =33.5°C 150kPa  AIR
hgz = hg@33‘soc = 2561.9 kJ/kg

@ =y

hy =c,Th + @, hy,
= (1.005 kJ/kg -°C)(33.5°C) +(0.02220)(2561.9 kl/kg)
=90.55 kJ/kg dry air
From the energy balance on air in the cooling section,

Gout =M —hy =97.33-90.55 = 6.78 kJ/kg dry air
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Heating with Humidification

14-77C To achieve a higher level of comfort. Very dry air can cause dry skin, respiratory difficulties, and
increased static electricity.

-5

14=R8 Air is first heated and then humidified by water vapor. The amount of steam added to the air and the
amount of heat transfer to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (v, =1, = m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm.
The properties of the air at various states are determined from the psychrometric chart (Figure A-31) to be

hy =311 kI / kg dry air
o, = 00064 kg H,O/ kg dry air (= @,)

h, =362 kI /kg dry air y Heating |
h, =58.1 kI / kg dry air coils i
T,=15°C 1 atm T, =25°C
Analysis (a) The amount of moisture 4=60% T AR L 65%
in the air remains constant it flows 1 ° I, =20°C J< ¢ °

through the heating section (o , = @
2), but increases in the humidifying @ @ @

section (@3 > @,). The amount of
steam added to the air in the heating
section is

Ao =w;-o, =00129-0.0064 = 0.0065 kg H,O / kg dry air
(b) The heat transfer to the air in the heating section per unit mass of air is

Gin = by — I =362-311=5.1 kJ / kg dry air
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14=80 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at
the exit of heating section, the rate of heat transfer, and the rate at which water is added to the air are to be
determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (71, = ri1,, = m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm.

The properties of the air at various states are determined from the psychrometric chart (Figure A-31) to be
hy = 23.5kl/kg dry air

ay = 0.0053 kg H,O/kg dry air (= @,)

v; = 0.809 m*/kg dry air l Sat.ovapor
| Heating jr v 100°C
h; =42.3kJ/kg dry air coils Humidifier
@; =0.0087 kg H,O/kg dry air =
, o lo°C Q0N A= 20°C

Analysis (a) The amount of moisture in 70% —» <l
the air remains constant it flows 35 m*/min lam| [ = 60%
through the heating section (@, = w»), =
but increases in the humidifying section @ @ @

ga)3 > @,). The mass flow rate of dry air
is
iy = % =£§ﬁ = 433 kg/min
Noting that Q = W =0, the energy balance on the humidifying section can be expressed as
By = oy = Ay ™™ = 0
Ep = Eoy
Siivhy = Tigh, —> it h, +tinghy = tithy
(@3 —@3)h, +hy = h
Solving for hy,
hy = hy — (@3 — @3)hggro0ec =42.3—(0.0087-0.0053)(2675.6) = 33.2 kl/kg dry air
Thus at the exit of the heating section we have @, = 0.0053 kg HO dry air and h, = 33.2 k)/kg dry air,
which completely fixes the state. Then from the psychrometric chart we read
T, =19.5°C
¢, =37.8%

(b) The rate of heat transfer to the air in the heating section is

O = i, (hy —hy) = (43.3 ke/min)(33.2 - 23.5) kl/kg = 420 kJ/min

(¢) The amount of water added to the air in the humidifying section is determined from the conservation of
mass equation of water in the humidifying section,

i, =, (03 — @,) = (43.3 kg/min)(0.0087 —0.0053) = 0.15 kg/min
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Cooling with Dehumidification

14-82C To drop its relative humidity to more desirable levels.

-39

1488 Air is first cooled, then dehumidified, and finally heated. The temperature of air before it enters the
heating section, the amount of heat removed in the cooling section, and the amount of heat supplied in the
heating section are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (71, = mi1,; =ri1,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.

Analysis (a) The amount of moisture in the air decreases due to dehumidification (w3 < @), and remains
constant during heating (@; = @,). The inlet and the exit states of the air are completely specified, and the
total pressure is 1 atm. The intermediate state (state 2) is also known since ¢, = 100% and @, = w;.
Therefore, we can determine the properties of the air at all three states from the psychrometric chart (Fig.
A-31)to be

hy =952 kJ / kg dry air 1 Cooling $ Y Heating 4
@, = 0.0238 kg H,0/ kg dry air section section
and T, =34°C \QQQ,QQQ,QQA \QQMQQQQJ T3 =22°C
=70% 1 b.p 6y T, latm —T" & o
hy =431 kI / kg dry air ¢1=170% 2056, | am 3= 50%

@3 = 00082 kg H,0/ kg dry air (= @,) @ - ©0) ©)
Also, @ l 10°C

hw = hj@lonc = 42.02 kJ/kg (TableA -4)
hy =31.8kJ/kg dry air
T, =11.1°C

(b) The amount of heat removed in the cooling section is determined from the energy balance equation
applied to the cooling section,

Ein - Eout = AEsystemzo Ge=d — 0
Ein = Eout
Z'hihi = Z'hehe + Qout,cooling
Oouconlng = Marhy = (tgahy + 1) = iy (y = bp) = i, I,
or, per unit mass of dry air,
qout,cooling = (hl - h2) - (wl -, )hw
=(95.2 - 31.8) - (0.0238 - 0.0082)42.02
= 62.7 kJ/kgdry air
(c) The amount of heat supplied in the heating section per unit mass of dry air is
Dinpeating = M3 —hy =431-31.8 =11.3 kJ/ kg dry air
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H4=87 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and

the cooling requirement are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during

the entire process (71, = ri1,, =rit,) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential

energy changes are negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm.

The properties of the air at various states are determined from the psychrometric chart (Figure A-31) to be
hy =85.5kJ/kg dry air

@, =0.0217 kg H,O/kg dry air M Cooling coils JT

o 000000000000
, =10 T2=2°°C<——M ; «— hi=30°C

= D b d 1 atm = 0,
hy =57.6 kl/kg dry air #2=100% 2850y~ e b1 = 80%
@, =0.0148 kg H,0/kg dry air o = ©0)
Also, Condensate
22°C "
hy = hygyec =92.28kI/kg  (Table A-4) remoy

Analysis The amount of moisture in the air decreases due to dehumidification (@, < @,). Applying the
water mass balance and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:

X, =X, , —> o =0, +m,

Ao =, -w, =0.0217-0.0148 = 0.0069 kg H,O/kg dry air
Energy Balance:

. - . &0
Ep-Eyy = AEsystem (aeady) — 0

Ein = Eout
z ’hihi =Qou + z 'hehe
Qout = Mg hy —(rgrhy + 1, b, )= tin, (b —hy) =1, b,
Gou =M —hy — (&, —@,)h,
= (85.5—57.6)kl/kg — (0.0069)(92.28)

=27.3 kJ/kg dry air
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m-4o
1#9% An automobile air conditioner using refrigerant 134a as the cooling fluid is considered. The inlet

and exit states of moist air in the evaporator are specified. The volume flow rate of the air entering the
evaporator of the air conditioner is to be determined.

Assumptions 1 All processes are steady flow and the mass flow rate of dry air remains constant during the
entire process (rit, = it,, = 1i1,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible.
Analysis We assume that the total pressure of moist air is 100 kPa. Then, the inlet and exit states of the
moist air for the evaporator are completely specified. The properties may be determined from the
psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES)

hl =43.33 kJ/kgdryalr R-134a

@y = 0.008337 kg H,O/kg dry air 375 kPa

v, = 0.8585 m*/kg dry air Y N 1
hy =23.31k)/kg dry air ooling coils

Wy = 0.006065 kg HZO/kg dl'y air T, i:(;’f? A y - T, =22°C
The mass flow rate of dry air is b2 ’ > ‘i bb ¢ :KCM i ¢ =50%
given by W @
m, = i = —‘)l._ ‘
a v  0.8585 m3/kg o Condensate
8°C
removal

The mass flow rate of condensate water is expressed as

T, =t (@ — @) = Vlss (0.008337 - 0.006065) = 0.002646V,

0.85
The enthalpy of condensate water is
hy2 = hpggec =33.63kl/kg (Table A-4)

An energy balance on the control volume gives

’hahl = Qout + 'hahZ + ’hwhw2
v (43.05)=Q,, + Y (23.11)+0.002646V/, (33.63) ®
0.8585 ot 0.8585 ’ e

The properties of the R-134a at the inlet of the compressor and the enthalpy at the exit for the isentropic
process are (R-134a tables)

Pp =375kPa| hy =254.48KI/kg
Sp =0.9278 kl/kg.K

Xp =1
Pg, =1800 kPa
k2 }h,m =286.90kl/kg
Sr2 =5p
The enthalpies of R-134a at the condenser exit and the throttle exit are
hR3 = h/@lso()kpa = 144.07 kJ/kg
hR4 = hR3 = 144.07 kJ/kg

The mass flow rate of the refrigerant can be determined from the expression for the COmpressor power:
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. h —-h
W =g R2,s ~NR1
Tc
6 KW = i (286.90 —558?;48) kJ/kg

mg =0.1573kg/s = 9.439 kg/min
The rate of heat absorbed by the R-134a in the evaporator is
QR,in =mMg (hgy —hry) =(9.439 kg/min)(254.48 —144.07) ki/kg =1042.1kJ/min

The rate of heat lost from the air in the evaporator is absorbed by the refrigerant-134a. That is,
Qr.in = Qout - Then, the volume flow rate of the air at the inlet of the evaporator can be determined from
Eq. (1) to be

Y (43.05)=1042.1+ —1_(23.11) + 0.002646V, (33.63) — > ¥, = 44.87 m®/min
0.8474 0.8474
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Evaporative Cooling

14-96C In steady operation, the mass transfer process does not have to involve heat transfer. However, a
mass transfer process that involves phase change (evaporation, sublimation, condensation, melting etc.)
must involve heat transfer. For example, the evaporation of water from a lake into air (mass transfer)
requires the transfer of latent heat of water at a specified temperature to the liquid water at the surface
(heat transfer).

14-97C During evaporation from a water body to air, the latent heat of vaporization will be equal to
convection heat transfer from the air when conduction from the lower parts of the water body to the surface
is negligible, and temperature of the surrounding surfaces is at about the temperature of the water surface
so that the radiation heat transfer is negligible.

14-98C Evaporative cooling is the cooling achieved when water evaporates in dry air. It will not work on
humid climates.

Wwas
1#99 Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water
supply are to be determined.
Analysis (a) From the psychrometric chart (Fig. A-31) at 36°C and 20% relative humidity we read
Ty =19.5°C
@, =0.0074 kg H,O/kg dry air l Water, i,

= 3 i
v, =0.887 m"/kg dry air ﬂ Humidifier

Assuming the liquid water is supplied at a temperature
not much different than the exit temperature of the air 1 atm
stream, the evaporative cooling process follows a lineof ~ 360¢
constant wet-bulb temperature. That is, 20%

waz = TWbl = 19.5°C

At this wet-bulb temperature and 90% relative humidity we read
T, =20.5°C
@, = 00137 kg H,O/ kg dry air
Thus air will be cooled to 20.5°C in this evaporative cooler.
(b) The mass flow rate of dry air is
_(_/'1_ 4m* /min

]h = = 3
Vi 0.887 m” /kgdryair

a

=4.51kg/min

Then the required rate of water supply to the evaporative cooler is determined from
’hsupply =1,y =ty = m, (@, — @)
= (4.51kg/min)(0.0137-0.0074) = 0.028 kg/min
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14307 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb
temperature, and the volume flow rate of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic
and potential energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31) to be
h =62.7kl/kg dry air
@, =0.0119 kg H,O/kg dry air

v = 0.882 m3/kg dl'y air @ 32°C
40%
and 0 m3/min\ - “
h, =31.9 kJ/kg dry air P=1
- “lam___ g @
@, =0.0079 kg H,O/kg dry air / AIR T,
=0.819m*/k i
v2 m”/kg dry air 25 m*/min =
Analysis The mass flow rate of dry air 12°C
in each stream is Q@ 9%
. 3, .
g =L =__20m/min__ 2 4 g/min
vi  0.882m° /kg dry air
. 3, .
g =2 o BWImin__ a4 51 emin

v, T 0819m® / kg dry air
From the conservation of mass,
M3 = Titgy + Mgy = (22.7+305) kg/ min = 532 kg / min

The specific humidity and the enthalpy of the mixture can be determined from Eqgs. 14-24, which are
obtained by combining the conservation of mass and energy equations for the adiabatic mixing of two
streams:

’hal = Dy — Dy = hl_h3

My @3-@, -k
227 _00079-w; _ 319-hy
305 @;-00119 5K -627

which yields,
@3 =0.0096 kg H,O / kg dry air
hy =450 kJ / kg dry air

These two properties fix the state of the mixture. Other properties of the mixture are determined from the
psychrometric chart:

T; =20.6°C
¢ =63.4%
vy = 0.845m3/kg dry air
Finally, the volume flow rate of the mixture is determined from

Y} = rir,3v; = (53.2 keg/min)(0.845 m® / kg) = 45.0 m > /min
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15-7C 1Is the air—fuel ratio expressed on a mole basis iden-
tical to the air—fuel ratio expressed on a mass basis?

15-8 Trace amounts of sulfur (S) in coal are bumed in the
presence of diatomic oxygen (O,) to form sulfur dioxide
(SO,). Determine the minimum mass of oxygen required in
the reactants and the mass of sulfur dioxide in the products
when 1 kg of sulfur is burned.

Thermodynamics

Theoretical and Actual Combustion Processes
15-9C What are the causes of incomplete combustion?

15-10C Which is more likely to be found in the products
of an incomplete combustion of a hydrocarbon fuel, CO or
OH? Why?

15-11C 'What does 100 percent theoretical air represent?

15-12C Are complete combustion and theoretical combus-
tion identical? If not, how do they differ?

15-13C Consider a fuel that is burned with (a) 130 percent
theoretical air and (b) 70 percent excess air. In which case is
the fuel burned with more air?

15-14 Propane fuel (C;Hg) is burned in the presence of air.
Assuming that the combustion is theoretical—that is, only
nitrogen (N,), water vapor (H,0), and carbon dioxide (COy
are present in the products—determine (@) the mass fraction
of carbon dioxide and (b) the mole and mass fractions of the
water vapor in the products. '

C;Hg
Combustion SO(;
3 hamber 2
Theoretical air | © N,
e —————1
FIGURE P15-14

15-15 The fuel mixer in a natural gas bumer mixes
methane (CH,) with air to form a combustible mixture at the
outlet. Determine the mass flow rates at the two inlets needed
to produce 0.01 kg/s of an ideal combustion mixture at the
outlet.

15-16 n-Octane (CgH,g) is burned with stoichiometric
amount of oxygen. Calculate the mass fractions of each of
the products and the mass of water in the products per unit
mass of fuel burned.

15-17 Acetylene (C,H,) is burned with 10 percent excess
oxygen in a cutting torch. Determine the mass fraction of
each of the products. Calculate the mass of oxygen used per
unit mass of acetylene burned.

15-18 Determine the fuel-air ratio when coal from Colorgg
which has an ultimate analysis (by mass) as 79.61 Percent C°
4.66 percent H,, 4.76 percent O,, 1.83 percent N,, 0.52 per,
cent S, and 8.62 percent ash (non-combustibles) s g
with 50 percent excess air. Answer: 0.0576 kg fuel/kg air

Coal
——
Combustion CO, H,0
Air chamber 50, 0, N,
~
50% excess
FIGURE P15-18

15-19 Propane (C;H;) is burned with 75 percent excess air
during a combustion process. Assuming complete combug.-
tion, determine the air—fuel ratio. Answer: 27.5 kg air/kg fuel

15-20 Acetylene (C,H,) is burned with stoichiometric
amount of air during a combustion process. Assuming com-
plete combustion, determine the air—fuel ratio on a mass and
on a mole basis. '

15-21 Ethylene (C,H,) is burned with 200 percent theoreti-
cal air during a combustion process. Assuming complete
combustion and a total pressure of 100 kPa, determine
(a) the air—fuel ratio and (b) the dew-point temperature of
the products. Answers: (a) 29.6 kg air/kg fuel, (b) 38.1°C

15-22 Propylene (C;Hg) is burned with SO percent excess
air during a combustion process. Assuming complete com-
bustion and a total pressure of 105 kPa, determine (a) the
air—fuel ratio and (b) the temperature at which the water
vapor in the products will start condensing,

15-23 Butane (C,H,y) is burned in 200 percent theoretical
air. For complete combustion, how many kmol of water must
be sprayed into the combustion chamber per kmol of fuel if
the products of combustion are to have a dew-point tempera-
ture of 60°C when the product pressure is 100 kPa?

15-24 A fuel mixture of 20 percent by mass methane (CH,)
and 80 percent by mass ethanol (C,HO), is burned completely
with theoretical air. If the total flow rate of the fuel is 31 kg/s,
determine the required flow rate of air. Answer: 330 kg/s

15-25 Octane (CgH,g) is burned with 250 percent theoreti-
cal air, which enters the combustion chamber at 25°C.
Assuming complete combustion and a total pressure of 1 atm,
determine (a) the air—fuel ratio and (b) the dew-point temper-
ature of the products.
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15-26 Gasoline (assumed CgH,;) is burned steadily with air
in a jet engine. If the air—fuel ratio is 18 kg air/kg fuel, deter-
mine the percentage of theoretical air used during this

process.
15-27 n-Butane fuel (C,H,;) is burned with stoichiometric
amount of air. Determine the mass fraction of each product.
Also, calculate the mass of carbon dioxide in the products
and mass of air required per unit of fuel mass burned.

15-28 A coal from Pennsylvania which has an ultimate
analysis (by mass) as 84.36 percent C, 1.89 percent H,, 4.40
percent O,, 0.63 percent N,, 0.89 percent S, and 7.83 percent
ash (non-combustibles) is burned with stoichiometric amount
of air. Calculate the mole fractions of the products, the appar-
ent molecular weight of the product gas, and the air-fuel ratio
required neglecting the ash constituent.

15-29 Methyl alcohol (CH,OH) is burned with stoichio-
metric amount of air. Calculate the mole fractions of each of
the products, and the apparent molar mass of the product gas.
Also, calculate the mass of water in the products per unit
mass of fuel burned. Answers: 0.116 (CO,), 0.231 (H,0),
0.653 (N,), 27.5 kg/kmol, 1.13 kg H,0/kg fuel

15-30 A coal from Utah which has an ultimate analysis (by
mass) as 61.40 percent C, 5.79 percent H,, 25.31 percent O,,
1.09 percent N,, 1.41 percent S, and 5.00 percent ash (non-
combustibles) is burned with stoichiometric amount of air,
but the combustion is incomplete with 5 percent of the car-
bon in the fuel forming carbon monoxide. Calculate the mass
fraction and the apparent molecular weight of the products,
and the mass of air required per unit mass of fuel burned.

15-31 Propane fuel (C;Hy) is burned with 30 percent excess
air. Determine the mole fractions of each of the products.
Also, calculate the mass of water in the products per unit
mass of the fuel and the air-fuel ratio.

15-32 A certain natural gas has the following volumetric
analysis: 65 percent CH,, 8 percent H,, 18 percent N,, 3 per-
cent O,, and 6 percent CO,. This gas is now burned com-
Pletely with the stoichiometric amount of dry air. What is the
air-fuel ratio for this combustion process?

15-33 Repeat Prob. 15-32 by replacing the dry air by moist
air that enters the combustion chamber at 25°C, 1 atm, and
85 percent relative humidity.

CGhapter 15 | 807

15-34 A gaseous fuel with a volumetric analysis of 60 per-
cent CH,, 30 percent H,, and 10 percent N, is burned to com-
pletion with 130 percent theoretical air. Determine (a) the
air—fuel ratio and (b) the fraction of water vapor that would
condense if the product gases were cooled to 20°C at 1 atm.
Answers: (a) 18.6 kg air/kg fuel, (b) 88 percent

15-35 @1} Reconsider Prob. 15-34. Using EES (or other)

58 software, study the effects of varying the per-
centages of CH,, H,, and N, making up the fuel and the
product gas temperature in the range S to 150°C,

15-36 Carbon (C) is burned with dry air The volumetric
analysis of the products is 10.06 percent CO,, 0.42 percent CO,
10.69 percent O,, and 78.83 percent N,. Determine (a) the
air-fuel ratio and (b) the percentage of theoretical air used.

15-37 Methane (CH,) is burned with dry air. The volumetric
analysis of the products on' a dry basis is 5.20 percent CO,,
0.33 percent CO, 11.24 percent O,, and 83.23 percent N,.
Determine () the air—fuel ratio and (b) the percentage of theo-
retical air used.  Answers: (a) 34.5 kg air/kg fuel, (b) 200 percent

15-38 Methyl alcohol (CH,0H) is burned with 50 percent
excess air. The combustion is incomplete with 10 percent of
the carbon in the fuel forming carbon monoxide. Calculate
the mole fraction of carbon monoxide and the apparent mole-
cular weight of the products.

CH;0H
Combustion C0,,CO
Al chamber . [~ H,0,0, N,
—_—
50% excess

FIGURE P15-38

15-39 n-Octane (CgH,q) is burned with 100 percent excess
air with 15 percent of the carbon in the fuel forming carbon
monoxide. Calculate the mole fractions of the products and
the dew-point temperature of the water vapor in the products
when the products are at 1 atm pressure. Answers: 0.0548
(C0,), 0.0097 (CO), 0.0725 (H,0), 0.1056 (0,), 0.7575 (N,),
39.9°C

Enthalpy of Formation and Enthalpy of Combustion

15-40C What is enthalpy of combustion? How does it dif-
fer from the enthalpy of reaction?

1541C What is enthalpy of formation? How does it differ
from the enthalpy of combustion? —

15-42C 'What are the higher and the lower heating values
of a fuel? How do they differ? How is the heating value of a
fuel related to the enthalpy of combustion of that fuel?
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15-43C When are the enthalpy of formation and the
enthalpy of combustion identical?

15-44C Does the enthalpy of formation of a substance
change with temperature?

15-45C The kS of N, is listed as zero. Does this mean that
N, contains no chemical energy at the standard reference
state?

1546C Which contains more chemical energy, 1 kmol of
H, or 1 kmol of H,0?

15-47 Determine the enthalpy of combustion of methane
(CH,) at 25°C and 1 atm, using the enthalpy of formation
data from Table A-26. Assume that the water in the products
is in the liquid form. Compare your result to the value listed
in Table A-27. Answer: 890,330 kJ/kmol

N] Reconsider Prob. -15-47. Using EES (or other)

&4 software, study the effect of temperature on the
enthalpy of combustion. Plot the enthalpy of combustion as a
function of temperature over the range 25 to 600°C.

1549 Repeat Prob. 15-47 for gaseous ethane (C,Hy).
15-50 Repeat Prob. 1547 for liquid octane (CgH, ).

15-51 FEthane (C,Hg) is burned at atmospheric pressure
with stoichiometric amount of air as the oxidizer. Determine
the heat rejected, in kJ/kmol fuel, when the products and
reactants are at 25°C, and the water appears in the products
as water vapor.

15-52 What is the minimum pressure of the products of
Prob. 15-51 which will assure that the water in the products
will be in vapor form? o

15-53 Calculate the higher and lower heating values of a
coal from Utah which has an ultimate analysis (by mass) as
61.40 percent C, 5.79 percent H,, 25.31 percent O,, 1.09 per-
cent N,, 141 percent S, and 5.00 percent ash (non-com-
bustibles). The enthalpy of formation of SO, is —297,100
kl/kmol. Answers: 30,000 kl/kg, 28,700 kJ/kg

First-Law Analysis of Reacting Systems

15-54C Derive an energy balance relation for a reacting
closed system undergoing a quasi-equilibrium constant pres-
sure expansion or compression process.

15-55C Consider a complete combustion process during
which both the reactants and the products are maintained at
the same state. Combustion is achieved with (@) 100 percent
theoretical air, (b) 200 percent theoretical air, and (c) the
chemically correct amount of pureé oxygen. For which case
will the amount of heat transfer be the highest? Explain.

15-56C Consider a complete combustion process during
which the reactants enter the combustion chamber at 20°C

and the products leave at 700°C. Combustion is achieveqd
with (a) 100 percent theoretical air, (b) 200 percent theoreti.
cal air, and (c) the chemically correct amount of pure oxygen,
For which case will the amount of heat transfer be the low.
est? Explain. :

15-57 Propane fuel (C;Hy) is burned with an air-fuel ratio
of 18 in an atmospheric pressure heating furnace. Determine
the heat transfer per kilogram of fuel burned when the tem-
perature of the products is such that liquid water just beging
to form in the products.

15-58 n-Octane gas (CgH,q) is burned with 100 percent
excess air in a constant pressure burner. The air and fuel enter
this burner steadily at standard conditions and the products of
combustion leave at 257°C. Calculate the heat transfer, in
kJ/kg fuel, during this combustion.

? Qout
CgH
- = = Combustion
2°C chamber! Products
. 257°C
100% excess air P=1atm
25°C

FIGURE P15-58

15-59 A coal from Texas which has an ultimate analysis
(by mass) as 39.25 percent C, 6.93 percent H,, 41.11 percent
0O,, 0.72 percent N,, 0.79 percent S, and 11.20 percent ash
(non-combustibles) is burned steadily with 40 percent excess
air in a power plant boiler. The coal and air enter this boiler
at standard conditions and the products of combustion in the
smokestack are at 127°C. Calculate the heat transfer, in kJ/kg
fuel, in this b‘oi]eg. Include. the effect of the sulfur in the
energy analysis by noting that sulfur dioxide has an enthalpy
of formation of —297,100 kJ/kmol and an average specific
heat at constant pressure of ¢, = 41.7 kJ/kmol - K.

15-60 Methane (CH,) is bumed completely with the stoi-
chiometric amount of air during a steady-flow combustion
process. If both the reactants and the products are maintained
at 25°C and 1 atm and the water in the products exists in the
liquid form, determine the heat transfer from the combustion
chamber during this process. What would your answer be if
combustion were achieved with 100 percent excess air?
Answer: 890,330 kJ/kmol /

15-61 Liquid propane (C;H;) enters a combustion chamber
at 25°C at a rate of 1.2 kg/min where it is mixed and burned
with 150 percent excess air that enters the combustion
chamber at 12°C. If the combustion is complete and the exit
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temperature of the combustion gases is 1200 K, determine
(a) the mass flow rate of air and (b) the rate of heat transfer
from the combustion chamber. Answers: (a) 47.1 kg/min,
(b) 5194 kJ/min

P Qou

CsHg
—— |
25°C Combustion | Products
AR | chamber 1200 K
12°C

FIGURE P15-61

15-62 Liquid octane (CgH,g) at 25°C is burned completely
during a steady-flow combustion process with 180 percent
theoretical air that enters the combustion chamber at 25°C. If
the products leave at 1400 K, determine (a) the air—fuel ratio
and (b) the heat transfer from the combustion chamber during
this process.

15-63 Benzene gas (C4Hg) at 25°C is burned during a
steady-flow combustion process with 95 percent theoretical
air that enters the combustion chamber at 25°C. All the
hydrogen in the fuel burns to H,O, but part of the carbon
burns to CO. If the products leave at 1000 K, determine
(a) the mole fraction of the CO in the products and (b) the
heat transfer from the combustion chamber during this
process. Answers: (a) 2.1 percent, (b) 2,112,800 kJ/kmol CeHg

15-64 Octane gas (CgH,g) at 25°C is burned steadily

@ with 30 percent excess air at 25°C, 1 atm, and
60 percent relative humidity. Assuming combustion is
complete and the products leave the combustion chamber at
600 K, determine the heat transfer for this process per unit
mass of octane.

15-65 @\, Reconsider Prob. 15-64. Using EES (or other)

%= software, investigate the effect of the amount
of excess air on the heat transfer for the combustion process.
Let the excess air vary from 0 to 200 percent. Plot the heat
transfer against excess air, and discuss the results.

15-66 Ethane gas (C,H) at 25°C is burned in a steady-flow
combustion chamber at a rate of 5 kg/h with the stoichiomet-
ric amount of air, which is preheated to 500 K before enter-
ing the combustion chamber. An analysis of the combustion
gases reveals that all the hydrogen in the fuel burns to H,0
but only 95 percent of the carbon burns to CO,, the remain-
ing 5 percent forming CO. If the products leave the combus-
tion chamber at 800 K, determine the rate of heat transfer
from the combustion chamber. Answer: 200,170 kJ/h

Ghapter 15 | 809
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CoHg H,0
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Combustion > CO"
AIR Chﬂl’nbef 800 K 02
500K N,
FIGURE P15-66
15-67 A constant-volume tank contains a mixture of

120 g of methane (CH,) gas and 600 g of 0O, at
25°C and 200 kPa. The contents of the tank are now ignited,
and the methane gas burns completely. If the final tempera-
ture is 1200 K, determine (a) the final pressure in the tank
and (b) the heat transfer during this process.

| Reconsider Prob. 15-67. Using EES (or other)

8 software, investigate the effect of the final tem-
perature on the final pressure and the heat transfer for the
combustion process. Let the final temperature vary from 500
to 1500 K. Plot the final pressure and heat transfer against
the final temperature, and discuss the results.

15-69 Propane fuel (C;H;) is burned in a space heater with
50 percent excess air. The fuel and air enter this heater
steadily at 1 atm and 17°C, while the combustion products
leave at 1 atm and 97°C. Calculate the heat transferred in this
heater, in kJ/kmol fuel. Answer: 1,953,000 kJ/kmol fuel

15-70 One kmol of methane (CH,) undergoes complete
combustion with stoichiometric amount of air in a rigid con-
tainer. Initially, the air and methane are at 100 kPa and 25°C.
The products of combustion are at 447°C. How much heat is
rejected from the container, in kJ/kmol fuel?

' 7 Qout

CH,
Theoretical air
100 kPa, 25°C

447°C

FIGURE P15-70

15-71 The effective mass-specific heat product (mc,) of a
constant volume bomb calorimeter is 100 kJ/K. Wheat straw
that is being considered as an alternative fuel is tested in
the calorimeter. Ten grams of this straw are placed in the
calorimeter. After charging the calorimeter with oxygen and
burning the straw, it is found that the temperature of the
calorimeter has increased by 1.8°C. Determine the heating
value of this straw. How does this compare to the higher
heating value of propane fuel?
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15-72 A constant-volume tank contains a mixture of
1 kmol of benzene (CgHg) gas and 30 percent excess air at
25°C and 1 atm. The contents of the tank are now ignited,
and all the hydrogen in the fuel burns to H,O but only 92
percent of the carbon burns to CO,, the remaining 8 percent
forming CO. If the final temperature in the tank is 1000 K,
determine the heat transfer from the combustion chamber
during this process.

}ﬂ Qo

CeHe
30%:excess air.
25°C
1 atm

FIGURE P15-72

15-73 To supply heated air to a house, a high-efficiency
gas furnace burns gaseous propane (C;Hg) with a combustion
efficiency of 96 percent. Both the fuel and 140 percent theo-
retical air are supplied to the combustion chamber at 25°C
and 100 kPa, and the combustion is complete. Because this is
a high-efficiency furnace, the product gases are cooled to
25°C and 100 kPa before leaving the furnace. To maintain
the house at the desired temperature, a heat transfer rate of
31,650 kJ/h is required from the furnace. Determine the
volume of water condensed from the product gases per day.
Answer: 8.7 /day

Adiabatic Flame Temperature

15-74C A fuel is completely burned first with the stoichio-
metric amount of air and then with the stoichiometric amount
of pure oxygen. For which case will the adiabatic flame tem-
perature be higher?

15-75C A fuel at 25°C is burned in a well-insulated
steady-flow combustion chamber with air that is also at 25°C.
Under what conditions will the adiabatic flame temperature
of the combustion process be a maximum?

15-76 > Hydrogen (H,) at 7°C is burned with 20 per-

“¢fy/ cent excess air that is also at 7°C during an
adiabatic steady-flow combustion process. Assuming com-
plete combustion, determine the exit temperature of the prod-
uct gases. Answer: 2251 K

Hz 1 o e e :;
[ Combustion |4 Froducts
AIR chamber i Tpmd
7°C =

FIGURE P15-76

15-77 [ Reconsider Prob. 15-76. Using EES (or other)

M4 software, modify this problem to include the
fuels butane, ethane, methane, and propane as well as Hy; to
include the effects of inlet air and fuel temperatures; and the
percent theoretical air supplied. Select a range of input param-
eters and discuss the results for your choices.

15-78 What is the adiabatic flame temperature of methane
(CH,) when it is burned with 30 percent excess air?

15-79 Liquid octane (CgH,s) i burned in the constant pres-

sure, adiabatic combustor of an aircraft engine with 40 per-
cent excess air. The air enters this combustor at 600 kPa and
307°C, and the fuel is injected into the combustor at 25°C.
Estimate the temperature at which the products of combus-
tion leave the combustor. Answer: 2113 K

15-80 A large railroad has experimented with burning pow-
dered coal in a gas turbine combustor. Fifty percent excess
air was introduced to the combustor at 1380 kPa and 127°C
while the powdered coal was injected at 25°C. The com-
bustion was adiabatic and at constant pressure. Based on
a coal from Colorado which has an ultimate analysis (by
mass) as 79.61 percent C, 4.66 percent H,, 4.76 percent O,,
1.83 percent N,, 0.52 percent S, and 8.62 percent ash (non-
combustibles), what is the estimated temperature of the com-
bustion products? Neglect the effect of the sulfur in the
energy balance.

Conl
———e
N i 502 0N,
50% excess air | | 1380 kP4 ] Torad
127°C | :
FIGURE P15-80

15-81 The combustion products of Prob. 15-80 are
expanded in an isentropic turbine to 140 kPa. Calculate the
work produced by this turbine, in kI/kg fuel.

15-82 Ethyl alcohol (C,H,OH (g)) is burned with 200 per-
cent excess air in an adiabatic, constant volume container.
Initially, air and ethyl alcohol are at 100 kPa and 25°C.
Assuming complete combustion, determine the final tempera-
ture and pressure of the products of combustion. Answers:
1435 K, 493 kPa '

15-83 An adiabatic constant-volume tank contains a mix-
ture of 1 kmol of hydrogen (H,) gas and the. stoichiometric
amount of air at 25°C and 1 atm. The contents of the tank are
now ignited. Assuming complete combustion, determine the
final temperature in the tank.
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Entropy Change and Second-Law Analysis
of Reacting Systems

15-84C  Express the increase of entropy principle for chem-
ically reacting systems.

15-85C How are the absolute entropy values of ideal gases
at pressures different from 1 atm determined?

15-86C What does the Gibbs function of formation giofa
compound represent?

15-87 One kmol of H, at 25°C and 1 atm is burned steadily
with 0.5 kmol of O, at the same state. The H,0 formed during
the process is then brought to 25°C and 1 atm, the conditions
of the surroundings. Assuming combustion is complete, deter-
mine the reversible work and exergy destruction for this
process.

15-88 Ethylene (C,H,) gas enters an adiabatic combustion
chamber at 25°C and 1 atm and is burned with 20 percent
excess air that enters at 25°C and 1 atm. The combustion is
complete, and the products leave the combustion chamber at
1 atm pressure. Assuming T, = 25°C, determine (a) the tem-
perature of the products, (b) the entropy generation, and
(c) the exergy destruction. Answers: (a) 2269.6 K, (b) 1311.3
ki/kmol - K, (c) 390,760 kJ/kmol

15-89 Liquid octane (CgH,;) enters a steady-flow combus-
tion chamber at 25°C and 1 atm at a rate of 0.25 kg/min. It is
burned' with 50- percent excess air that also enters at 25°C
and 1 atm. After combustion, the products are allowed to
cool to 25°C. Assuming complete combustion and that all the
H,0 in the products is in liquid form, determine (a) the heat
transfer rate from the combustion chamber, (b) the entropy
generation rate, and (c) the exergy destruction rate. Asstime

Ty=298K
? Do
CgH5(£)
——)
25°C Combustion | Products
chamber -_25?
AR 1 atm.
25°C
FIGURE P15-89

that T, = 298 K and the products leave the combustion
chamber at 1 atm pressure.

15-90 Benzene gas (CsHg) at 1 atm and 25°C is burned
during a steady-flow combustion process with 95 percent
theoretical air that enters the combustion chamber at 25°C
and 1 atm. All the hydrogen in the fuel burns to H,O, but part
of the carbon burns to CO. Heat is lost to the surroundings
at 25°C, and the products leave the combustion chamber at
1 atm and 850 K. Determine (a) the heat transfer from the
combustion chamber and (b) the exergy destruction.
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1591 < Liquid propane (C,H,). enters a steady-flow
(% combustion chamber at 25°C and 1 atm at a
rate of 0.4 kg/min where it is mixed and burned with 150
percent excess air that enters the combustion. chamber at
12°C. If the combustion products leave at 1200 K and 1 atm,
determine (4) the mass flow rate of air, (b) the rate of heat
transfer from the combustion chamber, and (c) the rate of
entropy generation during this process. Assume T, = 25°C.
Answers: (a) 15.7 kg/min, (b) 1732 kJ/min, (c) 34.2 ki/min - K

15-92 Reconsider Prob. 15-91. Using EES (or other)

S8 software, study the effect of varying the sur-
roundings temperature from 0 to 38°C on the rate of exergy
destruction, and plot it as a function of surroundings tem-
perature.

)

15-93 n-Octane (CgH,) is burned in an automobile engine
with 200 percent excess air. Air enters this engine at 1 atm
and 25°C. Liquid fuel at 25°C is mixed with this air before
combustion. The exhaust products leave the exhaust system
at 1 atm and 77°C. What is the maximum amount of work,
in kl/kg fuel, that can be produced by this engine? Take
T, = 25°C.

15-94 The automobile engine of Prob. 15-97 is to be con-
verted to natural gas (methane, CH,) fuel. Assuming that all
factors remain the same, what is the maximum work that can
be produced by the modified engine, in kl/kg fuel? Answer:
51,050 kJ/kg fuel

;‘ Qout
c .
?4 | Combustion
25°C chamber Products
b ——tem o
200% excess air 1 LGS
| atm

25°C

FIGURE P15-94

15-95 n-Octane (CgH,;) is burned in the constant pressure
combustor of an aircraft engine with 30 percent excess air.
Air enters this combustor at 600 kPa and 327°C, liquid fuel is
injected at 25°C, and the products of combustion leave at 600
kPa and 1227°C. Determine the entropy generation and
exergy destruction per unit mass of fuel during this combus-
tion process. Take T, = 25°C.

Review Problems

15-96 A 1-g sample of a certain fuel is burned in a bomb
calorimeter that contains 2 kg of water in the presence of 100
g of air in the reaction chamber, If the water temperature
rises by 2.5°C when equilibrium is established, determine the
heating value of the fuel, in kJ/kg.
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#5=15 Propane is burned with theoretical amount of air. The mass fraction of carbon dioxide and the mole
and mass fractions of the water vapor in the products are to be determined.

Properties The molar masses of C;Hg, O,, N, CO,, and H,O are 44, 32, 28, 44, and 18 kg/kmol,
respectively (Table A-1).

Analysis (a) The reaction in terms of undetermined coefficients is
C;Hg +x(0, +3.76N,) —— yCO, +zH,0+ pN,

Balancing the carbon in this reaction gives

C;Hg - -
- —_—> ) oY
y=3 Ai ﬁ_(',‘-ompustionl COlz, H0,N;
and the hydrogen balance gives i chamber
100% theoretica] ———
2z=8——z=4
The oxygen balance produces
2x=2y+z——>x=y+z/2=3+4/2=5
A balance of the nitrogen in this reaction gives
2x3.76x=2p—> p=3.76x=3.76x5=18.8
In balanced form, the reaction is
C3Hg +50, +18.8N, ——»3CO, +4H,0+18.8N,
The mass fraction of carbon dioxide is determined from
M, =_Tco2  _ NeoaM o
coz = =
Moodues  NcoaMco2 + NiaoMino + Na My,
_ (3 kmol)(44 kg/kmol)
(3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol)
_132kg _ 0481
730.4kg

(b) The mole and mass fractions of water vapor are

Nio Nwo 4 kmol _ 4kmol

= = = = = 0.155
VR0 = s Neos + Nigo + Nag  3kmol+4 kmol+18.8kmol _ 25.8 kmol
i = TMH0O NuoMino
mo = =
Myoduets  NcoaMcor + NipoMmo + NpM
_ (4 kmol)(18 kg/kmol)
(3 kmol)(44 kg/kmol) + (4 kmol)(1 8 kg/kmol) + (18.8 kmol)(28 kg/kmol)
-_12kg _ 0.0986
730.4kg
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15516 Methane is burned with air. The mass flow rates at the two inlets are to be determined.

Properties The molar masses of CH,, O,, Na, CO,, and H,0 are 16, 32, 28, 44, and 18 kg/kmol,
respectively (Table A-1).

Analysis The stoichiometric combustion equation of CH, is

CH,
CH, +ay [0, +3.76N,|—> CO, +2H,0+3.76a, N, —> Products
Air —
O, balance: ag =1+1—ay =2 —™

Substituting, CH,4 +2[0, +3.76N,]—>CO, +2H,0+7.52N,
The masses of the reactants are

Meyy = NCH4MCH4 = (1 kmol)(16 kg/kmol) =16 kg
Moy = NoyM gy = (2 kmol)(32kg/kmol) = 64 kg
My = Ny Mg = (2x3.76 kmol)(28 kg/kmol) = 211 kg

The total mass is
mmm =mCH4 +m02 +NN2 =16+64+211 =291kg
Then the mass fractions are

— Meyg - 16kg

mf, =0.05498
iem  291kg
mfy, = =02 - 54ke _ 5109
My 291kg
mfy, =72 _2llke _, 005,

For a mixture flow of 0.01 kg/s, the mass flow rates of the reactants are

Mcya = mf gy i = (0.05498)(0.01kg/s) = 0.0005498 kgls
Mgy = T —Iitc = 0.01-0.0005498 = 0.009450 kg/s
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T5=¥8 Acetylene is burned with 10 percent excess oxygen. The mass fractions of each of the products and
the mass of oxygen used per unit mass of fuel burned are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0, and O,. 3
Combustion gases are ideal gases.

Properties The molar masses of C, H,, and O, are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively
(Table A-1).

Analysis The stoichiometric combustion equation is

C,H, +2.50, —»2CO, +H,0 GH,
The combustion equation with 10% excess oxygen is Combustion _P_ro»d uets
0 q ° XYg 0O, chamber

C,H, +2.750, —»2CO, +H,0+0.250,

The mass of each product and the total mass are
My = Mooy + My + Moy =88+18+8=114kg

Then the mass fractions are

mf,, = oz _ 88K _ 749
€2 e 114kg

mfyp =720 _ 18k8 g 4579
My 114kg

mfm_&__s_l&_oomz
My 114kg

The mass of oxygen per unit mass of fuel burned is determined from

mgy  (2.75x32) kg
= =3.385kg O,/kgC,H
e (Ix26)kg kg O,/kg C,H,
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¥520 Propane is burned with 75 percent excess air during a combustion process. The AF ratio is to be
determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0, O,, and N, only.

Properties The molar masses of C, Hy, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The combustion equation in this case can be written as
C3Hg +1.75ay, [02 +3.76N2]—-)3C02 +4H,0+0.75a,0, +(1.75x3.76)ay N,

where ay, is the stoichiometric coefficient for air. We

have automatically accounted for the 75% excess air by C,Hy

using the factor 1.75ay, instead of ay, for air. The —_— Products
stoichiometric amount of oxygen (ay0,) will be used to .

oxidize the fuel, and the remaining excess amount Air

(0.75a,0,) will appear in the products as free oxygen. 75% excess

The coefficient ay, is determined from the O, balance,

O, balance: 175ay, =3+2+4+0.75ay, ——> ay=5

Substituting,

C3H; +875[0,+376N,] —> 3CO, +4H,0+3750, +329N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap M _ (8.75x4.76 kmol)(29 kg/kmol)
M (3 kmol)(12 kg/kmol)+ (4 kmol)2 kg/kmol)

= 27.5 kg air/kg fuel
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#8240 n-Octane is burned with 100% excess air. The combustion is incomplete. The mole fractions of

products and the dew-point temperature of the water vapor in the products are to be determined.

15-33

Assuny)tidns 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, O,, and N,

only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol,
and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion reaction for stoichiometric air is

CgHjg +12.5[0, +3.76N, | ——8C0, +9H,0+(12.5x3.76)N,

The combustion equation with 100% excess air and incomplete combustion is

CgH,g +2x12.5[0, +3.76N, | —>(0.85x8) CO, +(0.15x8) CO +9H,0+x 0, +(2x12.5x3.76) N,

The coefficient for CO is determined from a mass balance,

O, balance:

Substituting,

25=0.85x8+0.5x0.15x8+0.5x9+x——>x=13.1

CgHyg +25[0, +3.76N,]—6.8CO, +12CO+9H,0+13.10, +94 N,

The mole fractions of the products are

Nproa =6.8+1.2+9+13.1+94 =124.1kmol

Ycoz2 =

Yco =

Yo =

Yoz

N2 =

Ncoz — 6.8 kmol -0.0548
Nyt 124.1kmol
Neo _ 12kmol _o oo
Nopos 1241 kmol
Nio __9kmol _ 4 4705
Nopwd 1241 kmol

— Noz — 13.1kl'n°l =°.1°56
Moot 124.1kamol
Nyp __94kmol oo
Moot 124.1kamol

CsHis

—

Air

—
100% excess

Combustion
chamber
P=1atm

Products

The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the

product gases corresponding to its partial pressure. That is,

p(
N

Thus,

Tgp =Toa@7.348 xpa = 39.9°C
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5.5

4858 Propane is burned with an air-fuel ratio of 18. The heat transfer per kilogram of fuel burned when the
temperature of the products is such that liquid water just begins to form in the products is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and

potential energies are negligible. 4 Combustion is complete. 5 The reactants are at 25°C and 1 atm. 6 The
fuel is in vapor phase.

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).
Analysis The mass of air per kmol of fuel is

My =(AF)mg,y 2
= (18 kg air/kg fuel)(1x 44 kg/kmol fuel) C;H;
= i o’ i
792 kg air/kmol fuel 25°C Cg;lnal::ls)g:m Products
The mole number of air per kmol of fuel is then Al T '
r
N . P=1atm
Ny =2aic _ P2 kgaikmolfuel _ ., 14 olaivkmol fuel 555G
My 29 kgair/kmol air

The combustion equation can be written as
C3H; +(27.31/4.76)(0, +3.76N, )—3co, +4H,0+x0, +(27.31/4.76)x3.76N,
The coefficient for CO is obtained from O, balance:
(27.31/4.76) =3+2+x——>x=0.7374
Substituting,
C3Hg +5.7374(0, +3.76N, )——3CO, +4H,0+0.73740, +21.57N,
The mole fraction of water in the products is

Nio _ 4 kmol _ 4kmol
Npa  (3+4+0.7374+21.57) kmol  29.31kmol

Yy = =0.1365

The partial pressure of water vapor at 1 atm total pressure is
P, =y,P=(0.1365)(101.325 kPa) =13.83 kPa

When this mixture is at the dew-point temperature, the water vapor pressure is the same as the saturation
pressure. Then,

po = sat@l3.83kPa =52.3°CE325K

The heat transfer for this combustion process is determined from the energy balance E;, —E,, = AE

applied on the combustion chamber with W = 0. It reduces to
Qo =Y Nplig + -1 ), =Y Noli; +7-5),

Assuming the air and the combustion products to be ideal gases, we have # = #(T). From the tables,

system
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E_;’ ;298]( ;3251(
Substance kJ/kmol KJ/kmol KJ/kmol
CsHg -103,850 — —
0; 0 8682 9473
N 0 8669 9452
H,0 (g) -241,820 9904 10,808
o, -393,520 9364 10,378

Substituting,

15-43

— Ouue = (3)-393,520 +10,378 - 9364)+ (4)- 241,820 +10,808 — 9904)+ (0.7374)(0 + 9473 - 8682)

+(21.57)(0 +9452 - 8669)— (1)~ 103,850)- 0
= —2,019,860 kJ/kmol C3H8

or

Oout = 2,019,860 kJ/kmol C;H,

Then the heat transfer per kg of fuel is

Qout

Op _ 2,019,860 kIkmol fuel

M fuei

44 kg/kmol

= 45,900 kJIkg CaHa
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=89 n-Octane is burned with 100 percent excess air. The heat transfer per kilogram of fuel burned for a
product temperature of 257°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and
potential energies are negligible. 4 Combustion is complete. 5 The fuel is in vapor phase.

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion reaction for stoichiometric air is

C8H18 +12.5[02 +3.76N2]_)8C02 +9H20+(12.5X3.76)N2

The combustion equation with 100% excess air is ’ Qou
CgHyg +25[0, +3.76N,|—>8CO, +9H,0+12.50, +94N,  Cstlis ool

ZSTC’ . Combustion Products
The heat transfer for this combustion process is vchamber? rocu
determined from the energy balance o N 5{ 257°C
Ey — Egy = AE gy, applied on the combustion 100% excess;au-’ ?}}!: 'l =1 9’3 |
chamber with # = 0. It reduces to 25°C -

~ Q=Y Nplig +E=1"), - Nalls + 7 - 1°),

Assuming the air and the combustion products to be ideal gases, we have # = A(T). From the tables,

E_;' ﬁ298K ;530](
Substance KJ/kmol kJ/kmol KJ/kmol
CsHis (9) -208,450 — —
0, 0 8682 15,708
N, 0 8669 15,469
H,0 (2) -241,820 9904 17,889
o, -393,520 9364 19,029

Substituting,

= Oou = (8)~393,520+19,029 -9364)+(9) 241,820 +17,889 — 9904)+ (12.5 )0 + 15,708 — 8682)
+(94)0+15,469 —8669)— (1) 208,450)-0-0
= 4,239,880 kl/kmol CgHq

or Qo = 4,239,880 kJ/kmol CgH, g
Then the heat transfer per kg of fuel is

0. = Qo _ 4,239,880 kI/kmol fuel
T M 114 kg/kmol

= 37,200 kJIkg C8H1a
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862 Liquid propane is burned with 150 percent excess air during a steady-flow combustion process. The
mass flow rate of air and the rate of heat transfer from the combustion chamber are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and
potential energies are negligible. 4 Combustion is complete.

Properties The molar masses of propane and air are Q

44 kg/kmol and 29 kg/kmol, respectively (Table A- CsHg

1). ~=o~”| Combustion

Analysis The fuel is burned completely with excess 25°C chamber Prod.ucts
air, and thus the products will contain only CO,, H;O, Air 1200 K
N,, and some free O,. Considering 1 kmol of C;Hj, —_— P=1atm

the combustion equation can be written as 12°C

C3Hg(€)+2.5a,, (0, +3.76N, )—>3C0, +4H,0 +1.5a,,0, +(2.5)3.76a4 )N,

where ay, is the stoichiometric coefficient and is
determined from the O, balance,

25ay =3+2+15ay ——> ay=5
Thus,
C;3Hg(£)+12.5(0, +3.76N, )——>3C0O, +4H,0+7.50, +47N,
(a) The air-fuel ratio for this combustion process is
Ap o Mair _ (12.5x4.76 kmol)(29 kg/kmol)
Mg (3 kmol)12 kg/kmol)+ (4 kmol)2 kg/kmol)
Thus, 1y, = (AF) g )= (39.22 kg air/kg fuel)(1.2 kg fuel/min) = 47.1 kg air/min

(b) The heat transfer for this combustion process is determined from the energy balance
Ei, — Egy = AE ., applied on the combustion chamber with # = 0. It reduces to

Qo = Y Npls + 5 - R ), - S Nyf; + B -F),
Assuming the air and the combustion products to be ideal gases, we have A= A(T). From the tables,

=139.22 kg air/kg fuel

Sub hg hags k hgs k bhy200 k
ubstance kJ/kmol kJ/kmol kJ/kmol kJ/kmol

CoHs (0) 118,910 - = =

0, 0 8296.5 8682 38,447

N, 0 8286.5 8669 36,777

H,O (g) -241,820 — 9904 44,380

CO, -393,520 _— 9364 53,848

The ;} of liquid propane is obtained by adding ﬁfg of propane at 25°C to );} of gas propane.
Substituting,
Qo = (3)-393,520+ 53,848 — 9364)+ (4)—241,820 + 44,380 —9904) + (7.5)(0 + 38,447 — 8682)
+ 547;50 +36,777 —8669)— (1)~ 118,910 + 55 — hiygq )—(12.5)0 + 8296.5 - 8682)
—(47)0+8286.5-8669)

=-190,464 kJ/kmol C;Hg
or Oout =190,464 kJ/kmol C,H,
Then the rate of heat transfer for a mass flow rate of 1.2 kg/min for the propane becomes
. . ™ 1.2 kg/min X
Oouit =NQyut = (FJQON = (r Kol ‘](190,464 kJ/kmol) =5194 kJ/min
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1392 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy
generation, and the exergy destruction (or irreversibility) are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion
gases are ideal gases. 4 Changes in kinetic and potential energies are negligible.

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO,,
+ H;0, N, and some free O,. Considering 1 kmol of C;H,, the combustion equation can be written as

C,H,(g)+1.2a,(0, +3.76N,)——>2CO, + 2H,0 +0.24,,0, +(1.2)3.76)a; N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

1.2ay =2+14+02a, ——> ag=3
Thus, C,H,(g)+3.6(0, +3.76N,)—— 2CO, + 2H,0 + 0.60, +13.54N,

Under steady-flow conditions, the exit temperature of the product gases can be determined from the steady-
flow energy equation, which reduces to

ZNPG} +h- ﬁ°)P =) Nehjp= (NZ})c,m

since all the reactants are at the standard reference state, and for O, and N,. From the tables,

hg byss
Substance KkJ/kmol KJ/kmol
Combusti Products

oA  mam - ombutin
(o) 0 8682

20% excess air
N, 0 8669 25°C
H,O (g) -241,820 9904
CO, -393,520 9364

Substituting,
(2)-393,520-+ Fico, — 9364 )+ (2) 241,820 + iy, ~9904)
+(0.6)0+ 7o, —8682)+(13.54Y0+ y, —8669)= (1)52,280)
or, 2hco, +2hy,0 +0.6h, +13.54hy, =1484,083 kI

By trial and error,
Tp = 2269.6 K

(b) The entropy generation during this adiabatic process is determined from
Sgen =Sp=Sp =D NpSp— ) N

The C,H, is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol-K (Table A-26). The
entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at
a total pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components
which is equal to P; = y; Py, Where y; is the mole fraction of component i . Also,
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S; =NiEI(T’PI)=NI(E;(T’PO)_Ru ln()’iPm))

The entropy calculations can be presented in tabular form as

N; Y 5(T,0atm)  R,n(y;P,) N
C.H, 1 1.00 219.83 -— 219.83
0, 3.6 0.21 205.14 -12.98 784.87
N, 13.54 0.79 191.61 -1.96 2620.94

Sk = 3625.64 kI/K

CO, 2 0.1103 316.881 -18.329 670.42
H,0 2 0.1103 271.134 -18.329 578.93
(07} 0.6 0.0331 273.467 -28.336 181.08
N, 13.54 0.7464 256.541 -2.432 3506.49

Sp = 4936.92 kI/K

Sgen =Sp —Sp =4936.92 -3625.64 = 1311.28 kJ/kmol - K

(© X gegroyed = ToSgen = (298 K)1311.28 k¥/kmol-K C,H, )=390,760 KkJ (per kmol C,H,)
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¥893 Liquid octane is burned steadily with 50 percent excess air. The heat transfer rate from the
combustion chamber, the entropy generation rate, and the reversible work and exergy destruction rate are to
be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion
gases are ideal gases. 4 Changes in kinetic and potential energies are negligible.

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only
CO,, H;0, Ny, and some free O,. Considering 1 kmol CgH;s, the combustion equation can be written as

CyHig(£)+1.5a, (0, +3.76N,)—— 8CO, + 9H,0 + 0.5a,,0, +(1.5)3.76 )ay, N,

where ay, is the stoichiometric coefficient and is determined from the
O, balance,

1.5ay =8+4.5+0.5a5 —— ay =125
Thus,
CqH,5(6)+18.75(0, +3.76N,) ——> 8CO, +9H,0+6.250, +70.5N,

Under steady-flow conditions the energy balance Ej, — E,, = AE .., applied on the combustion chamber
with W = 0 reduces to

~Oui = Y Np B+ -5"), = Nalep +E-R"), =Y Nph3s = Nahia

since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we
have A= h(T). From the tables,

F; To=298K Q

Substance kJ/kmol CsHig (9) ’
—_—

CsHie (6) -249,950 25°C | Combustion | Products

—

0, 0 Air chamber 25°C
—_—

N; 0 50% excess air

H0 () -285,830 25°C

CO, -393,520

Substituting,

Qe = (8)-393,520) + (9)(—285,830)+0+ 0 — (1Y249,950)— 0 — 0 = —5,470,680 kJ/kmol of CgH
or

QOllt = 5,470,680 kJ/krnOl Of C8H18
The CgH; is burned at a rate of 0.25 kg/min or

1 0.25 kg/min

oM _ 3 .
N= v; [(8X12)+ (1 8X1)] kg/kmol 2.193x10™° kmol/min

Thus,
Oot = NQou = (2.193 x1073 kmol/minXS,470,680 kJ/kmol) = 11,997 kJ/min
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The heat transfer for this process is also equivalent to the enthalpy of combustion of liquid CgHyg, which
could easily be de determined from Table A-27 to be ;C = 5,470,740 kJ/kmol CgH;s.

(b) The entropy generation during this process is determined from
Sgen =Sp —Sg 1L Sgn = ) NpSp— D NgSp + Lo
Tsun' Tsun'

The CgH; is at 25°C and 1 atm, and thus its absolute entropy is ECaHIa =360.79 kJ/kmol.K (Table A-26).

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases
are at a total pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the
components which is equal to P; = y; Py, where y; is the mole fraction of component /. Also,

S, =Ni§i(TaPi)=Ni(E;(TaPo)_Ru ln(yle))

The entropy calculations can be presented in tabular form as

N, Yi 5(T,1atm)  R,n(y,P,) N5
CsHg 1 1.00 360.79 — 360.79
0. 18.75 0.21 205.14 -12.98 4089.75
N, 70.50 0.79 191.61 -1.96 13646.69
Sp = 18,097.23 kI/KK
Co, 8 0.0944 213.80 -19.62 1867.3
H,0 (£) 9 — 69.92 — 629.3
0, 6.25 0.0737 205.04 -21.68 1417.6
N, 70.50 0.8319 191.61 -1.53 13,616.3

Sp = 17,531 kK

Thus,
Sgen =Sp—Sp+ Orur = 17,531—18,097+M=17,798 kJ/kmol-K
Tourr 298K
and

Sgen = NS gen = (2.193x10 kmol/min 17,798 k¥/kmol K ) = 39.03 k¥/min-K
(c) The exergy destruction rate associated with this process is determined from

X gestroyed = ToSgen = (298 K)(39.03 kl/min -K)=11,632 kI/min =193.9 kW
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