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Actual and Ideal Cycles, Carnot cycle, Air-Standard Assumptions, Reciprocating Engines

9-1C ltis less than the thermal efficiency of a Carnot cycle.

9-2C It represents the net work on both diagrams.

9-3C The air standard assumptions are: (1) the working fluid is air which behaves as an ideal gas, (2) all the processes are
internally reversible, (3) the combustion process is replaced by the heat addition process, and (4) the exhaust process is
replaced by the heat rejection process which returns the working fluid to its original state.

9-4C The cold air standard assumptions involves the additional assumption that air can be treated as an ideal gas with
constant specific heats at room temperature.

9-5C The clearance volume is the minimum volume formed in the cylinder whereas the displacement volume is the volume
displaced by the piston as the piston moves between the top dead center and the bottom dead center.

9-6C It is the ratio of the maximum to minimum volumes in the cylinder.

9-7C The MEP is the fictitious pressure which, if acted on the piston during the entire power stroke, would produce the
same amount of net work as that produced during the actual cycle.

9-8C Yes.

9-9C Assuming no accumulation of carbon deposits on the piston face, the compression ratio will remain the same
(otherwise it will increase). The mean effective pressure, on the other hand, will decrease as a car gets older as a result of
wear and tear.

9-10C The Sl and CI engines differ from each other in the way combustion is initiated; by a spark in SI engines, and by
compressing the air above the self-ignition temperature of the fuel in CI engines.
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9-3

9-11C Stroke is the distance between the TDC and the BDC, bore is the diameter of the cylinder, TDC is the position of
the piston when it forms the smallest volume in the cylinder, and clearance volume is the minimum volume formed in the
cylinder.

9-12E The maximum possible thermal efficiency of a gas power cycle with specified reservoirs is to be determined.
Analysis The maximum efficiency this cycle can have is

T_L:]__M:O_643

=1-
T1th,carnot T, (940+460) R
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9-4

9-13 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be
sketcehed on the P-vand T-s diagrams and the back work ratio are to be determined.

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

Properties The properties of air are given as R = 0.287 kPa-m*/kg-K, ¢, =1.005 kJ/kgK, ¢, =0.718 kl/kg'K, and k=
1.4.

Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures.

(b) Process 1-2: Isentropic compression

Wy_pin =mMc, (T, —Ty)

o) P
_Tt| Y _ T k1
T, _Tl[VzJ =Tyr 2 3
Process 2-3: Constant pressure heat addition
F 1
Wo_30ut = J. Pdv=P, (V5 -V,)=mR(T3 -T,)
2 v
The back work ratio is
_ Wi_2,in _mc, (TZ _Tl) T
Mow = -
Wy g0t MR(T3=T) 3
Noting that 2
c
R=c, —¢, and k=—"and thus, c, R
c, k-1
. . 1
From ideal gas relation, s

s _v_w_,
T, v, v,

Substituting these into back work relation,

LR IT, A-T /T
WTKCIRT, (T, /T, -1)

- )

1 )1 o)
k-1 r-1 k-1 r-1
1 -6

S 14-1 6-1

=0.256
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9-5

9-14 The three processes of an air-standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams, and
the back work ratio and the thermal efficiency are to be determined.

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

Properties The properties of air are given as R = 0.287 kJ/kg.K, ¢, =1.005 kJ/kg.K, c, =0.718 kJ/kg-K, and
k=1.4.
Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures.
(b) The temperature at state 2 is
P, 700 kPa

Ty =T b =(300K) o o= =2100K
1 a.

T3 :TZ = 2100 K

During process 1-3, we have

1 P
Wy g =—[ PAv=—P (¥, ~¥3) = —R(T, ~T)
3
— —(0.287 K/kg - K)(300 — 2100)K =516.6 kl/kg 2
During process 2-3, we have
: SRT v v, 1 3
W2_30ut:IPdu:I—du:RTln—S:RTIn—Z:RT In7 y
’ v 2 v,
2 2
=(0.287 kJ/kg - K)(2100)KIn7 =1172.8 kJ/kg
The back work ratio is then T
W. .
er _ 3-Lin _ 5166 kJ/kg _ 0440 2 3
Wy gou  1172.8kJ/Kkg
Heat input is determined from an energy balance on the cycle during
process 1-3, L
Oi3in — Wa_zout =AU1 3 S

O1-3in— =AUy 3 + Wy 3oyt
=Cy (T3 _Tl) + Wo_3 out
= (0.718 kJ/kg - K)(2100 — 300) +1172.8 kJ/kg
= 2465 kJ/kg

The net work output is
Wiet =Wy 30y — W3 1jy =1172.8 -516.6 = 656.2 ki/kg
(c) The thermal efficiency is then

Wy 6562k

_ Woet _ —0.266 = 26.6%
Ty 2465K] ’
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9-6

9-15 The three processes of an ideal gas power cycle are described. The cycle is to be shown on the P-vand T-s diagrams,
and the maximum temperature, expansion and compression works, and thermal efficiency are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The ideal gas has constant specific heats.
Properties The properties of ideal gas are given as R = 0.3 kJ/kg.K, ¢, = 0.9 ki/kg.K, ¢, = 0.6 kJ/kg-K, and
k=15.

Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures.

(b) The maximum temperature is determined from

k-1 p
Toax =712 =Tl[ﬁ] =T,r*? = (27 + 273K)(6)*°* = 734.8K
(c) An energy balance during process 2-3 gives
. 3
Uz-gin — Wo_gout =AUp_3=C, (T3 —T,)=0 since T3=T,
A2-3in = W23 0ut 1
v
Then, the work of compression is
3 3
V.
’ ’ ’ ) v v,
=(0.3kJ/kg - K)(734.8 K)In6 = 395.0 kJ/kg 2 3
(d) The work during isentropic compression is determined from an energy
balance during process 1-2:
Wy_pin =AUy, =€y (T, =Ty) e S
= (0.6 kJ/kg - K)(734.8 — 300)
=260.9 kd/kg

(e) Net work output is
Wnet = W2*3,0Ut - Wl—Z,in = 3950 - 2609 = 1341 kJ/kg
The thermal efficiency is then

 Whe  134.1KJ
Gin  395.0kJ

M =0.339=33.9%
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9-7

9-16 The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and the
net work output and the thermal efficiency are to be determined.

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

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

Analysis (b) The properties of air at various states are

P
h, =295.17 ki/kg 3
T=29K==p _13068 Gin
u, =352.29 ki/k 2
p —Pop _B00KPA. see) 7841, U2 d
2 p " 100kPa T, =490.3K
Uy =1205.41kJ/kg ' G 4 v
T, =1500 K —> P, - 60L0
P T
s _ Pavs Py=-2P,= 1500 K (600 kPa)=1835.6 kPa
T, T, T, 490.3K T
3
p —Pup _ _100KPa (o) o) 3279, h, —730.71kikg
s+ p, " 1835.6kPa Cin
From energy balances, 25
7 4
Uiy =Us — U, =1205.41 - 352.29 =853.1 ki/kg [
Qout s

Qout =Ny —y =739.71-295.17 = 444.5 kJ/kg
Wietout = din — Gout =853.1—444.5=408.6 kJ/kg

(c) Then the thermal efficiency becomes

B Wnet,out _ 408.6 kJ/kg =0.479 = 47.9%

T Ty 853.1klkg
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9-8

13
9-17 E Problem 9-16 is reconsidered. The effect of the maximum temperature of the cycle on the net work output and
thermal efficiency is to be investigated. Also, T-s and P-vdiagrams for the cycle are to be plotted.

Analysis Using EES, the problem is solved as follows:

"Input Data"
T[1]=295 [K]
P[1]=100 [kPa]
P[2] = 600 [kPa]
T[3]=1500 [K]
P[4] = 100 [kPa]

"Process 1-2 is isentropic compression"
s[1]=entropy(air, T=T[1],P=P[1])

s[2]=s[1]

T[2]=temperature(air, s=s[2], P=P[2])
P2]*v[2)/T[2]=P[11*v[1)/T[1]
PT*v[1]=R*T[1]

R=0.287 [kJ/kg-K]

"Conservation of energy for process 1 to 2"
g_12-w_12 =DELTAu_12

g_12 =0"isentropic process"
DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1])

"Process 2-3 is constant volume heat addition"
s[3]=entropy(air, T=T[3], P=P[3])
{PI3I*V[3I/T[3]=P[2]*v[2)/T[2]}

P[3]*v[3]=R*T[3]

v[3]=v[2]

"Conservation of energy for process 2 to 3"

q_23-w_23 =DELTAu_23

w_23 =0"constant volume process"
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2])
"Process 3-4 is isentropic expansion"

s[4]=entropy(air, T=T[4],P=P[4])

s[4]=s[3]

P[4]*v[4])/T[4]=P[3]*v[3)/T[3]

{P[4]*v[4]=0.287*T[4]}

"Conservation of energy for process 3 to 4"

g_34 -w_34 = DELTAu_34

g_34 =0"isentropic process"

DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3])

"Process 4-1 is constant pressure heat rejection”
{P[A]*v[4)/T[41=P[1T*v[1V/T[1]}

"Conservation of energy for process 4 to 1"
gq_41-w_41=DELTAu_41

w_41 =P[1]*(v[1]-v[4]) "constant pressure process"
DELTAu_41=intenergy(air,T=T[1])-intenergy(air, T=T[4])
g_in_total=q_23

w_net=w_12+w_23+w_34+w 41
Eta_th=w_net/q_in_total*100 "Thermal efficiency, in percent"
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T3 Nth Qin,total Wnet

K] [kJ/kg] [kJ/kg]
1500 47.91 852.9 408.6
1600 48.31 945.7 456.9
1700 48.68 1040 506.1
1800 49.03 1134 556
1900 49.35 1229 606.7
2000 49.66 1325 658.1
2100 49.95 1422 710.5
2200 50.22 1519 763
2300 50.48 1617 816.1
2400 50.72 1715 869.8
2500 50.95 1813 924

51
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9-11

9-18 The three processes of an air-standard cycle are described. The cycle is to be shown on P-v and T-s diagrams, and the
heat rejected and the thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K, c, =0.718 ki/kg-K, and k = 1.4 (Table A-
2).

Analysis (b) The temperature at state 2 and the heat input are

(k-1)/k 0.4/1.4
P
T, =T & (300 k) 1000 kPa kPa =579.2K 0
P, 100 kPa 5 N3
Qin = m(h3 _h2)= me(Ts _Tz) 2 Qout
o
2.76 k] = (0.004 kg )1.005 ki/kg - K )T; —579.2) —— T, =1266 K
¥ 1
Process 3-1 is a straight line on the P-v diagram, thus the wa; is v
simply the area under the process curve,
P, +P P, +P, RT T
Wy, :areazg(ul —yy)=—3 s (RTl - 3)
2 P P; Gin 3
2
_ 1000+100 kPa | 300 K 1266 K (0.287 kilkg - K)
2 100 kPa 1000 kPa
=273.7 kilkg
qout
Energy balance for process 3-1 gives S

Ein - Eout = AEsystem —_)_Q3l,out _W31,out = m(ul _US)
QSl,out =—MWj3q ot —MC,, (Tl _TS) = _m[W3l,out +C, (Tl _TS )]
=—(0.004 kg)[273.7 +(0.718 ki/kg - K 300 -1266)K | = 1.679 kJ
(c) The thermal efficiency is then

Qo _, 1679KkJ
Qi 2.76 kJ

=39.2%

Nn =1-
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9-12

9-19E The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and
the total heat input and the thermal efficiency are to be determined.

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

Properties The properties of air are given in Table A-17E.
Analysis (b) The properties of air at various states are

T, =540 R ——u; =92.04 Btu/lbm,  h; =129.06 Btu/lbm

Uy =U; +0jn 1o = 92.04+300 = 392.04 Btu/lbm
T, = 2116R, h, =537.1 Btu/lom

Qin,12 =Up —Ug

P P T 2116 R . . v
2%2 _ 1% P, = 22p, = ZHOR (147 i) = 57.6 psia

T, T T, 540 R

hy = 849.48 Btu/lbm T
T, =3200R —— P, —1242
P 14.7 psi
P =—4p, == P 0549)=317.0 — 5 h, =593.22 Btu/lbm
“ Py 7 57.6psia
From energy balance,
S

Up3,in = hg —h, =849.48-537.1=312.38 Btu/lom
Oin = U12n +023in =300+312.38 = 612.38 Btu/lbm
Qout =ha —hy =593.22-129.06 = 464.16 Btu/Ibm

(c) Then the thermal efficiency becomes

Qo _, 464.16Btu/lom _

=1- -
Mth Tin 612.38Btu/lbm

24.2%
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9-13

9-20E The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and

the total heat input and the thermal efficiency are to be determined.

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

an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 0.240 Btu/Ibm.R, ¢, =0.171 Btu/lbom.R, and k = 1.4 (Table

A-2E).
Analysis (b) The temperature at state 2 and the heat input are

Qingz =Upz —Up = ¢, (T, -T;)
300 Btu/lbm = (0.171 Btu/lbm.R)T, —540)R

T, =2294R
P P, T 2294 R , :
2¥2 _ 1% P, ==2 P, === (14.7 psia) = 62.46 psia
T, T T, ' 540R

O23

3

e

%
%

Jout

Ginz2s = hs —hy =cp (T3 —T, ) =(0.24 Btu/lbm- R {3200 - 2294)R = 217.4 Btu/lbm

Process 3-4 is isentropic:
(k-1)/k . \04/14
P .
T, =T % _ (3200 R) 147 Psia_ _2117R
P, 62.46 psia
Gout =N —hy =c, (T, =T, )=(0.240 Btw/lbm.R (2117 —540) = 378.5 Btu/Ibm

(c) The thermal efficiency is then

Qo _, 3785 Btu/lbm
9,  517.4 Btu/lom

Ny =1- = 26.8%
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9-14

9-21 A Carnot cycle with the specified temperature limits is considered. The net work output per cycle is to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K, ¢, =0.718 kJ/kg-K, R = 0.287 kJ/kg.K, and

k =1.4 (Table A-2).

Analysis The minimum pressure in the cycle is P; and the maximum pressure is P;. Then,

Qin

qout

(k-1)/k
T_z:[ﬁj T
Ta P 11001
or
k/(k-1) 1.4/0.4
P, =P, T2 = (20 kPa 1100 K =1888 kPa
T, 300 K
300+
The heat input is determined from
J0
S, =5, =C, 2 _Rin‘z_ —(0.287 k/kg - K)InM= 0.1329 kl/kg - K
T P, 3000 kPa
Qi =mTy (s, —s;)=(0.6 kg)1100 K )(0.1329 ki/kg - K)=87.73kJ
Then,
N =1- Ty 300K o 7073-72.7%
Ty 1100 K

Wietout =77inQin =(0.7273)(87.73kJ)=63.8 kJ
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9-15

9-22 A Carnot cycle executed in a closed system with air as the working fluid is considered. The minimum pressure in the
cycle, the heat rejection from the cycle, the thermal efficiency of the cycle, and the second-law efficiency of an actual cycle
operating between the same temperature limits are to be determined.

Assumptions Air is an ideal gas with constant specific heats.
Properties The properties of air at room temperatures are R = 0.287 kJ/kg.K and k = 1.4 (Table A-2).
Analysis (a) The minimum temperature is determined from

Wiet = (5, =81 Ty =T, )——>100kJ/kg = (0.25 kd/kg - K750 - T, K ——T, =350K

The pressure at state 4 is determined from

T, ) P, (k-1)/k T
T4 P4
k/(k-1)
or T
T4
1.4/0.4
800 kPa =P, 750K ——P, =110.1kPa
350 K
The minimum pressure in the cycle is determined from S
&0
T P
AS;y =—ASz; =C, In=%+  —RIn—*
12 34 p T, P,
110.1 kPa

~0.25 k/kg - K = —(0.287 ki/kg- K)Inp——> P, =46.1kPa
3

(b) The heat rejection from the cycle is
Qout = T ASy2 = (350 K)(0.25 ki/kg.K) =87.5kJ/kg

(c) The thermal efficiency is determined from

T K
Ny =1-=—= :1_& =0.533
Ty 750 K

(d) The power output for the Carnot cycle is
Wearmot = MW, = (90 kg/s)(100 kd/kg) = 9000 kW

Then, the second-law efficiency of the actual cycle becomes

g = Wasta _ 5200KW _ o
WCarnot 9000 kW
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9-16

9-23 An ideal gas Carnot cycle with air as the working fluid is considered. The maximum temperature of the low-
temperature energy reservoir, the cycle's thermal efficiency, and the amount of heat that must be supplied per cycle are to
be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K, c, =0.718 ki/kg-K, and k =1.4 (Table A-

2a).
Analysis The temperature of the low-temperature reservoir can be found by applying the isentropic expansion process
relation
v k-1 1 1.4-1
T, =T, -2 | =(1027+273 K)(—j =481.1K T _
Vl 12 qln
1300 K 1 N 2
Since the Carnot engine is completely reversible, its efficiency is
T 481.1K
Tth,camot = 1_T_L =1-———=0.630
H (1027 +273) K 14 \ 3
The work output per cycle is ou s

W
W, = Woet _ 500 kd/s ( 60s

— = - — | =20kJ/cycle
n 1500 cycle/min\ 1 min
According to the definition of the cycle efficiency,

. _ Whet 0 = Wy 20kJ/cycle
h,C = in= =
et Q in " 17th,camot 0.63

=31.75kJ/cycle

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-17

9-24 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be
sketcehed on the P-vand T-s diagrams; the heat and work interactions and the thermal efficiency of the cycle are to be
determined; and an expression for thermal efficiency as functions of compression ratio and specific heat ratio is to be
obtained.

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

Properties The properties of air are given as R = 0.3 kJ/kg-K and ¢, = 0.3 kJ/kg-K.
Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures.
(b) Noting that

cp=cU+R=0.7+O.3=1.0kJ/kg-K P
c
k=—r 104 409 2 3
., 07
Process 1-2: Isentropic compression
k-1 1
T, =T{ﬁ] =T,r*? = (293K)(5)%*® =584.4K
v, v
Wy oin =C, (T, =Ty) = (0.7 ki/kg - K)(584.4 - 293) K = 204.0 kJ/kg
0,2 =0 T
From ideal gas relation, ) 3
T
2B T, = (584.4)(5) = 2922
T, v, v
Process 2-3: Constant pressure heat addition 1
s

3
Wo_30ut = j Pdv="P;(v3-v;) =R(T3 - T3)
= (20.3 kJ/kg - K)(2922-584.4) K =701.3 kd/kg
Uz-3,n = Wa_3,0ut +AUz_3 = ANy 3
=, (T3 —T,) = (LkI/kg - K)(2922 -584.4) K = 2338 kJ/kg
Process 3-1: Constant volume heat rejection
Qatout =AUy =C, (T3 —T;) = (0.7 ki/kg - K)(2922 - 293) K = 1840.3 kJ/kg
Ws, =0
(c) Net work is
Wiet = Wp_g ot —Wy_in = 701.3—204.0 = 497.3kJ/kg - K
The thermal efficiency is then

Wy 4973k
q, 2338k

=0.213=21.3%

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-18
(d) The expression for the cycle thermal efficiency is obtained as follows:

Whet ~ Wo_g0ut =Wi-2,in

th =
qin qin
_ R(T3 -T,)-c, (T, -T;)
Cp(TB_TZ)
R oMmrt-T)
Cp cp(rTlrk‘l—Tlrk‘l)
T
k-1 1
. c,Tqr [1—Tlrk_lj
Cp c,T,r* (r-1
Rt (T
¢, k(r-p| Tkt
R 1 1
- - 1_
¢, k(r-nli rkt
B P I S ST
k) k(r—) k2
since
ich_c" =1-——v — _1
Cp Cp Cp k
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9-19
Otto Cycle

9-25C For actual four-stroke engines, the rpm is twice the number of thermodynamic cycles; for two-stroke engines, it is
equal to the number of thermodynamic cycles.

9-26C The ideal Otto cycle involves external irreversibilities, and thus it has a lower thermal efficiency.

9-27C The four processes that make up the Otto cycle are (1) isentropic compression, (2) v = constant heat addition, (3)
isentropic expansion, and (4) v = constant heat rejection.

9-28C They are analyzed as closed system processes because no mass crosses the system boundaries during any of the
processes.

9-29C It increases with both of them.

9-30C Because high compression ratios cause engine knock.

9-31C The thermal efficiency will be the highest for argon because it has the highest specific heat ratio, k = 1.667.

9-32C The fuel is injected into the cylinder in both engines, but it is ignited with a spark plug in gasoline engines.
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9-20
9-33 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K, ¢, =0.718 ki/kg-K, and k = 1.4 (Table A-

2a).
Analysis The definition of cycle thermal efficiency reduces to P 3
Ny =1- k1_1 =1- 11_4_1 =0.6096 =61.0% o
r 10.5 i 4
The rate of heat addition is then 2 s 1
Qi = V:/]T:t = gzg\;\é =148 kW g

9-34 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K, ¢, =0.718 ki/kg-K, and k = 1.4 (Table A-

2a).
Analysis The definition of cycle thermal efficiency reduces to P 3
N =1— kl_l =1— 14_1 =0.5752=57.5% L 5
r 8.5 S 4
The rate of heat addition is then 2 G ‘1
Qi = V:;—T:‘ = 305‘;\;\; =157kW g
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9-21

9-35 The two isentropic processes in an Otto cycle are replaced with polytropic processes. The heat added to and rejected
from this cycle, and the cycle’s thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are R = 0.287 kPam®kg-K, ¢, =1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K,
and k =1.4 (Table A-2a).

Analysis The temperature at the end of the compression is

v n-1 P 3
T,=T, [—1J =T,r"t = (288 K)(8)"**! =537.4K
And the temperature at the end of the expansion is 2 1
n-1 n-1 1.3-1
T,=T,| & =T, [EJ — (1473 K)(lj ~789.4K
v, r 8 v

The integral of the work expression for the polytropic compression gives

n-1
W, RT, [[ v j ~ 1} _ (0287 KIkg-K)@88K) 151 1y pag 64 g

“n-1lly, 13-1

Similarly, the work produced during the expansion is

n-1 1.3-1

13-1 8

Application of the first law to each of the four processes gives
Q1o =W, —C, (T, —=T;) = 238.6 kd/kg — (0.718 kd/kg - K)(537.4 — 288)K =59.53 kJ/kg
p.3 =C, (T3 —T,) = (0.718 kJ/kg - K)(1473—-537.4)K = 671.8 ki/kg
Q3.4 =Wy 4 —C, (Ts —T,) = 654.0 kd/kg — (0.718 ki/kg - K)(1473—789.4)K =163.2 k/kg
Qa1 =C, (T4 =T,) = (0.718 ki/kg - K)(789.4 — 288)K = 360.0 ki/kg

The head added and rejected from the cycle are

Qin =05_3 +034 =671.8+163.2=835.0kJ/kg
Qout =12 +da_g =59.53+360.0 = 419.5 kJ/kg

The thermal efficiency of this cycle is then

Qout _q_ 4195 _ 5 499

Uin 835.0

Nn =1-
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9-22

9-36 An ideal Otto cycle is considered. The heat added to and rejected from this cycle, and the cycle’s thermal efficiency
are to be determined.

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

Properties The properties of air at room temperature are R = 0.287 kPam®kg-K, ¢, =1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K,
and k =1.4 (Table A-2a).

Analysis The temperature at the end of the compression is

P .
v k-1 3
T, :T{u_lJ =T,r*% = (288K)(8)*** =661.7K 2,
2
2
and the temperature at the end of the expansion is 7 71
v k-1 1 k-1 1 14-1
T, =T, [_3) =T, (_j = (1473 K)[—j =641.2K v
vy r 8

Application of the first law to the heat addition process gives

Qi =C, (T3 —T,) = (0.718 kd/kg - K)(1473—661.7)K = 582.5 kJ/kg
Similarly, the heat rejected is

Qout = C, (T4 —T;) = (0.718 ki/kg - K)(641.2 — 288)K = 253.6 kJ/kg

The thermal efficiency of this cycle is then

p =1-Jo _q_ 2938 _ 4 5e5

Gin 582.5
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9-23

9-37E A six-cylinder, four-stroke, spark-ignition engine operating on the ideal Otto cycle is considered. The power
produced by the engine is to be determined.

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

Properties The properties of air at room temperature are R = 0.3704 psia-ft¥/lbm.R (Table A-1E), ¢, =0.240 Btu/lbm R,
¢, =0.171 Btu/lbm-R, and k =1.4 (Table A-2Ea).

Analysis From the data specified in the problem statement,

, . P 3
=1-_"1 7143
Since the compression and expansion processes are isentropic, 2 o 1
k-1

T, = Tl(i] =T,r*? = (525R)(7.143)* ! =1153R y

V2

v k-1 1 k-1 1 14-1

T,=Ts| = | =T, (—j = (2060 R)(—j =938.2R

v, r 7.143

Application of the first law to the compression and expansion processes gives

Whet =€, (T3 =T4)—¢, (T, = Ty)
_ (0.171Btu/lbm - R)(2060 —938.2)R — (0.171 Btu/lbm - R)(1153—525)R
=84.44 Btu/lbm

When each cylinder is charged with the air-fuel mixture,

RT; _ (0.3704 psia-ft*/lom-R)(525R)
P, 14 psia

=13.89t3/Ibm

V]_:

The total air mass taken by all 6 cylinders when they are charged is

AV B2S /4 7(3.5/12t)(3.9/12 ft)/4
eyl T T Ncyl = (6)

3 =0.009380 Ibm
(21 (21 13.89 ft>/lbm

m=N

The net work produced per cycle is
Wpet =MW, = (0.009380 Ibm)(84.44 Btu/lbm) = 0.7920 Btu/cycle

The power produced is determined from

~ W (0.7920 Btu/cycle)(2500/60 rev/s) ( 1hp j_ 3.3hp

W, =
" Ny 2 revicycle 0.7068 Btu/s

since there are two revolutions per cycle in a four-stroke engine.
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9-24

9-38E An Otto cycle with non-isentropic compression and expansion processes is considered. The thermal efficiency, the
heat addition, and the mean effective pressure are to be determined.

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

Properties The properties of air at room temperature are R = 0.3704 psia-ft¥/lbm.R (Table A-1E), ¢, =0.240 Btu/lbm R,
¢, =0.171 Btu/lbm-R, and k =1.4 (Table A-2Ea).

Analysis We begin by determining the temperatures of the cycle
states using the process equations and component efficiencies. The P 3
ideal temperature at the end of the compression is then

%

k-1 4
Ty =T, [:—1) =T,r*" = (520R)(8)"* ™ =1195R 5 N
2
1

With the isentropic compression efficiency, the actual temperature at
the end of the compression is v

T,.—T T,.—T -
n :L——)Tz =T, 428 1 _ (520 R)+M =1314R
T,-T, n
Similarly for the expansion,
v k-1 1 k-1 1 1.4-1
Tes =Ty [—3J =T, [—j = (2300+460 R)(—j =1201R
vy r 8
n= ?—ﬂ4 =Ty —n(T3 —Ts) = (2760 R) —(0.95)(2760-1201) R =1279R
37 '4s

The specific heat addition is that of process 2-3,
Qin =€, (T3 —T,) =(0.171Btu/lbm-R)(2760-1314)R = 247.3 Btu/lbm

The net work production is the difference between the work produced by the expansion and that used by the compression,

Wper =€, (T3 =T4)—C, (T2 —Ty)
=(0.171Btu/lbm-R)(2760 -1279)R — (0.171 Btu/lbm - R)(1314 - 520)R
=117.5 Btu/Ibm
The thermal efficiency of this cycle is then

Wpet  117.5Btu/lbm 0
Qi,  247.3Btu/lbm

My = 475

At the beginning of compression, the maximum specific volume of this cycle is

RT; _ (0.3704psia-ft*/lom-R)(520 R)
P 13psia

=14.82t%/Ibm

V]_:

while the minimum specific volume of the cycle occurs at the end of the compression

3
v, = w =1.852ft%/lbm
r

The engine’s mean effective pressure is then

MEP =

W  117.5Btu/lbm (5.404psia«ﬁ3

= 3 =49.0psia
vi—v;  (14.82-1.852)ft"/lbom 1Btu
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9-25

9-39 An ideal Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature
in the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, c¢,=0.718 kJ/kg:K, R = 0.287 kl/kg-K, and
k=14 (Table A-2).

Analysis (a) Process 1-2: isentropic compression.

k-1
T, =T1(:—1j = (308 K)9.5)** =757.9 K
2

T, T v, Ty

Pu, P T 757.9 K
2¥2 _ 0% P, =2 _2p =(9.5) 222 (100 kPa) = 2338 kPa
2 b 308 K

Process 3-4: isentropic expansion.

k-1
T5=T, (:—4J = (800 K)9.5)* = 1969 K
3

Process 2-3: v = constant heat addition.

Psvs _ oty p, =2 p, | 199K V5338 kpa) = 6072 kPa
T, T, T, 757.9K
=% . 3
6 moPY_ (100 kPa)0.0006 m? ) 6788x10-kg

RT, (0287 kPa-m3/kg - K 308 K)
Qin =m(uz —uy)=mc, (T, -T, )= (6.788x10—4 ngO.?ls kd/kg - K {1969 - 757.9)K = 0.590 kJ
(c) Process 4-1: v= constant heat rejection.
Qou = M(Uy —Uy) =me, (T, —T, ) = —(6.788x10 kg |0.718 ki/kg - K {800 - 308)K = 0.240 kJ
Woet = Qi — Qout = 0.590 — 0.240 = 0.350 kJ

_ Wnetyout _ 0350 k\]

= = —~50.4%
T =T T 0590 kI °
v
(d) Vmin :VZ = nI:ax
MEP = Wnet,out _ Wnet,out _ 0.3530 kJ kPa-m? _ 652 kPa
V-V, @-1/1) (0.0006 m®J1-1/9.5)( kI
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9-26
9-40 An Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature in
the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K,
¢, =0.718 kJ/kg'K, R = 0.287 kl/kg-K, and k=1.4 (Table A-2).

Analysis (a) Process 1-2: isentropic compression.

k-1
T, :Tl(ﬁJ = (308 K)9.5)** =757.9 K

v
Pava _ Py P, _ale P, =(9.5 PT9K (100 kPa)= 2338 kPa v
T, T v T, 308 K

Process 3-4: polytropic expansion.
_PY (100 kPa)0.0006 m® )
RT;  (0.287 kPa-m3/kg- K 308 K)

=6.788x10 *kg

n-1
Ty =T, (:—4J — (800 K)9.5)°% =1759 K
3

W, = mR(Ty —Ts) _ (6.788x10* J0.287 kilkg - K )}800-1759)K 05338 K
1-n 1-1.35
Then energy balance for process 3-4 gives
Ein —Eout = AEsystem
Q34,in _W34,0ut = m(u4 —U3)
Qasin = m(u, _u3)+W34,out =mc, (T, _T3)+W34,out
Qsain = (6.788x10‘4 kg)(o.718 kd/kg - K Y800 —1759)K +0.5338 kJ = 0.0664 kJ

That is, 0.066 kJ of heat is added to the air during the expansion process (This is not realistic, and probably is due to
assuming constant specific heats at room temperature).

(b) Process 2-3: v = constant heat addition.
Pavs _ P, —T—3P _(1759 K

= P = ——
3 271 7579K

= (2338 kPa) = 5426 kPa
T3 TZ T2

Qusin =M(uz —up)=me, (T3 -T,)
Qusin = (6.788 x1074 ngo.ns kl/kg - K 1759 — 757.9)K = 0.4879 kJ
Therefore, Q;, =Qy3in +Qa4in =0.4879+0.0664 = 0.5543 kJ
(c) Process 4-1: v = constant heat rejection.
Qout =Muy —uy)=me, (T, -T,)= (6.788x10—4 ngo.718 kd/kg - K {800 —308)K = 0.2398 kJ
Woetout = Qin — Qout = 0.5543-0.2398 = 0.3145 kJ
~ Wigour  0.3145kJ

= = =56.7%
Th TG T T 05543 K] °
v
(d) Viin =5 :%
MEP = Wnet,out _ Wnet,out _ 0.31?5 kJ kPa - m3 —586kPa
V-V, @-1/1) (0.0006 m®J1-1/9.5) kI
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9-27

9-41E An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The amount of heat transferred to the
air during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating between
the same temperature limits are to be determined.

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

2400 R

Properties The properties of air are given in Table A-17E.
Analysis (a) Process 1-2: isentropic compression.
u; =92.04Btu/lom

T, =540R ——> v, —144.32 ,
v, =224, :1«4 = l(144.32):18.04 —> u, =211.28 Btu/lbm
2 Ul 2 r 2 8

Process 2-3: v = constant heat addition.

Uy = 452.70 Btu/lbm
v,, =2.419

r

Qiy = Uz —U, =452.70—211.28 = 241.42 Btu/lbm

T, = 2400R — >

(b) Process 3-4: isentropic expansion.

vy, =24 v, =rv, =(8)2419)=19.35 — u, = 20554 Btu/lbm
V3
Process 4-1: v = constant heat rejection.
Qout =Ug —Uq =205.54-92.04 =113.50 Btu/lbm

Jout 1- 113.50 Btu/lbm _

Ny =1-——"= =53.0%
Qin 241.42 Btu/lom
(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is
T 540 R
Mie =1-——=1- =77.5%
' Ty 2400 R
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9-28

9-42E An ideal Otto cycle with argon as the working fluid has a compression ratio of 8. The amount of heat transferred to
the argon during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating
between the same temperature limits are to be determined.

Assumptions 1 The air-standard assumptions are applicable with argon as the working fluid. 2 Kinetic and potential energy
changes are negligible. 3 Argon is an ideal gas with constant specific heats.

Properties The properties of argon are ¢, = 0.1253 Btu/lbm.R, ¢, =0.0756 Btu/lbm.R, and k=1.667 (Table A-2E).
Analysis (a) Process 1-2: isentropic compression.
o\
T,=T, (—1J = (540 R)(8)**" = 2161R
)
Process 2-3: v= constant heat addition.
Gin =Uz —Up =C, (T3 —T,)
=(0.0756 Btu/lbm.R)(2400 - 2161) R
=18.07 Btu/lbm

(b) Process 3-4: isentropic expansion.

v k-1 1 0.667
T,=T, (—3J = (2400 R)(—) =600 R
vy 8

Process 4-1: v= constant heat rejection.
Qout =Us —Uy =, (T, —=T;)=(0.0756 Btu/lbm.R Y600 —540)R = 4.536 Btu/lbm

Qou _, 4.536 Btu/lom _

Ny =1-—2L =1 =74.9%
Qin 18.07 Btu/lbm
(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is
T 540 R
Mo =1-——=1- =77.5%
‘ Ty 2400R
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9-29

9-43 A gasoline engine operates on an Otto cycle. The compression and expansion processes are modeled as polytropic.
The temperature at the end of expansion process, the net work output, the thermal efficiency, the mean effective pressure,
the engine speed for a given net power, and the specific fuel consumption are to be determined.

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

Properties The properties of air at 850 K are ¢, = 1.110 kJ/kg-K, ¢, =0.823 kJ/kg'K, R = 0.287 ki/kg-K, and k=1.349

(Table A-2b).
Analysis (a) Process 1-2: polytropic compression P
A 3
v n-1
T, :Tl[—lJ = (310 K)11)"** =636.5 K
Y2 Qin
n
P, = Pl(ﬁJ — (100 kPa)11)"* = 2258 kPa ™
v
) 4
Wy, = R(T, -Ty) _ (0.287k/kg-K)(6365-3100K _ 41,4 kg K Ou
1-n 1-1.3 1
Process 2-3: constant volume heat addition >
4
P
T, =T, = |=(636.5 K)(Mj =2255K
P, 2258 kPa
Gin =U3 —U, =€, (T3 = T;)
=(0.823 ki/kg - K (2255 - 636.5)K =1332 ki/kg
Process 3-4: polytropic expansion.
v n-1 1 131
T, :T3(—3J = (2255 K)(—) =1098 K
vy 11
v n 1 13
P, =P, (—2] = (8000 kPa)(—] =354.2 kPa
v, 11
_R(Ty~Ty) _ (0.287kI/kg - K)(1098 - 2255)K _, . . Kllkg
1-n 1-13
Process 4-1: constant volume heat rejection.
(b) The net work output and the thermal efficiency are
Wietout = Waq — Wy, =1106 —312.3=794 kJ/Kkg
w
iy =t 194G _ ¢ 96 _ 59 695
Qin 1332 kJ/kg
(c) The mean effective pressure is determined as follows
3
o BT (0287 kPa - m3kg - K310 K) _ 0.8897 kg o
P, 100 kPa
v
Ymin =V2 = n;ax
MEP = Whet,out _ Whet,out _ 794 kJ/kg kPa - m3 —982 kPa
vi-v, v-1/1) (08897 m¥kg)L-1/11)| kI
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(d) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are

VetV 11:VC+0.0016m3

V. v

c

V, =0.00016 m®

¥, =V, +V,; =0.00016+0.0016=0.00176 m?

The total mass contained in the cylinder is

3
m, = PV, (100 kPa)/03.00176 m*~) —0.001978 kg
RT, (0.287 kPa-m3/kg-K 310 K)
The engine speed for a net power output of 50 kW is
n= Zh = (2revicycle) S0kJfs 60,5 j =3820rev/min
M, Wpet (0.001978 kg)(794 kJ/kg - cycle) \ 1 min

Note that there are two revolutions in one cycle in four-stroke engines.
(e) The mass of fuel burned during one cycle is

m, —m 0.001978kg) —m
AF=&= t f 16=( 9) f
my m m;

m; =0.0001164 kg

Finally, the specific fuel consumption is

sfc=

my 0.0001164 kg (1000 g J( 3600 kJ

= j =267 g/kWh
mWp (0.001978 kg)(794 k/kg) \ 1kg 1kWh
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9-31

9-44 The expressions for the maximum gas temperature and pressure of an ideal Otto cycle are to be determined when the
compression ratio is doubled.

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

Analysis The temperature at the end of the compression varies with the compression ratio as

k-1
(% —
2

since T is fixed. The temperature rise during the combustion remains constant since the
amount of heat addition is fixed. Then, the maximum cycle temperature is given by

T3 =iy /Cu "'Tz =0, /Cv "‘T1rk7l

The smallest gas specific volume during the cycle is v

v
v, =
r

When this is combined with the maximum temperature, the maximum pressure is given by

P, = RT :E(qin Ie, +T,r*?)

V3 v,

9-45 It is to be determined if the polytropic exponent to be used in an Otto cycle model will be greater than or less than the
isentropic exponent.

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

Analysis During a polytropic process,

Pv" = constant P 3
TP (" D/M — constant
[~
|
and for an isentropic process, 4
2 B>
Pv¥ = constant 1
TP &’k — constant

If heat is lost during the expansion of the gas,
Ty > Ty

where T is the temperature that would occur if the expansion were reversible and adiabatic (n=k). This can only occur
when

n<k
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9-32
Diesel Cycle

9-46C A diesel engine differs from the gasoline engine in the way combustion is initiated. In diesel engines combustion is
initiated by compressing the air above the self-ignition temperature of the fuel whereas it is initiated by a spark plug in a
gasoline engine.

9-47C The Diesel cycle differs from the Otto cycle in the heat addition process only; it takes place at constant volume in
the Otto cycle, but at constant pressure in the Diesel cycle.

9-48C The gasoline engine.

9-49C Diesel engines operate at high compression ratios because the diesel engines do not have the engine knock problem.

9-50C Cutoff ratio is the ratio of the cylinder volumes after and before the combustion process. As the cutoff ratio
decreases, the efficiency of the diesel cycle increases.

9-51 An ideal diesel cycle has a compression ratio of 20 and a cutoff ratio of 1.3. The maximum temperature of the air and
the rate of heat addition are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and
k=14 (Table A-2a).

Analysis We begin by using the process types to fix the temperatures of the states. p , G
in 3
k-1 ////
T, = T{i] =Tyr*™" = (288K)(20)** " =954.6 K %,
Qout
T,=T [Q =T,r, = (954.6 K)(1.3) = 1241K 1
3=12 J =lal = : ) =
v
v

Combining the first law as applied to the various processes with the process equations gives

1 rf- 1 1.3 -1

1- =1- =0.6812
Pl k(r,-1) 204 1.4(1.3-1)

Mth =

According to the definition of the thermal efficiency,

5 _ Wi _ 250kwW
" py 06812

=367 kW
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9-33
9-52E An ideal diesel cycle has a a cutoff ratio of 1.4. The power produced is to be determined.

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

Properties The properties of air at room temperature are R = 0.3704 psia-ft*/Ibm.R (Table A-1E), c, =0.240 Btu/lom R,
¢, =0.171 Btu/lbm-R, and k =1.4 (Table A-2Ea).

Analysis The specific volume of the air at the start of the compression is

P 2 Qin 3
RT. . ia-ft3/Ibm- ,,
v, = 1_ (0.3704 psia - ft /Ib_m R)(510R) ~13.12#%/Ibm %,
P 14.4 psia %,, A
The total air mass taken by all 8 cylinders when they are charged is Jout
*1
2 2
m— Ncylﬂ:N o 7B°S/4 ~ @) 7(41121t)° (4112 ft)/4 _0.017741bm
v, vy 13.12ft*/lom v

The rate at which air is processed by the engine is determined from

mn _ (0.01774 Iom/cycle)(1800/60 rev/s)
[\ 2 revicycle

m= =0.26611bm/s = 958.0 Ibm/h

since there are two revolutions per cycle in a four-stroke engine. The compression ratio is

r= L =22.22
0.045

At the end of the compression, the air temperature is
T, =T,r** = (510R)(22.22)*** =1763R

Application of the first law and work integral to the constant pressure heat addition gives
Qin =Cp (T3 —T,) = (0.240 Btw/lbm- R)(2760-1763)R = 239.3 Btu/lbm

while the thermal efficiency is

k 1.4
r. -1 . -
Ny =1- kll ¢ =1- 1141 14 L =0.6892
r<t k(r, -1 2222441 1.4(1.4-1)

The power produced by this engine is then

Wnet = rhWnet = mnthQin

= (958.0 Ibm/h)(0.6892)(239.3 Btu/lbm) __1hp
2544.5 Btu/h

=62.1hp
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9-34

9-53 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat
added, and the maximum gas pressure and temperature are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 ki/kg-K, R = 0.287 kJ/kg-K, and
k=14 (Table A-2a).

Analysis The specific volume of the air at the start of the compression is

P

RT . -m3/kg-
LI (0.287 kPa-m*/kg - K)(293 K) _1.051m%/kg

P, 80 kPa

and the specific volume at the end of the compression is
3
v, = v _105im7kg 0.07508 m®/kg
r 14 v

The pressure at the end of the compression is

k
P, = Pl(:—lj = Pr* = (80kPa)(14)™ =3219kPa
2

and the maximum pressure is
P, =P; =r,P, =(1.5)(3219kPa) = 4829 kPa

The temperature at the end of the compression is

k-1
T, =T [:—1J =T,r* ™ = (293K)(14)-* =842.0K
2

P
and T, =T,| = |=(842.0 K)(w) ~1263K
P, 3219 kPa

From the definition of cutoff ratio
vy =TI, =, = (1.2)(0.07508 m*/kg) = 0.09010 m*/kg

The remaining state temperatures are then

T, =T, (:—3] - (1263 K)(%j ~1516K
) .

v | 0.09010 -
T, =T3(—3J = (1516 K)( 1 5l ] =567.5K
U4 .

Applying the first law and work expression to the heat addition processes gives

Uin =C, (T —Tp) +C, (T3 = T)
= (0.718 kJ/kg - K)(1263—842.0)K + (1.005 ki/kg - K) (1516 — 1263)K
=556.5kJ/kg

The heat rejected is
Qout =€, (T4 —T;) =(0.718 kd/kg - K)(567.5—293)K =197.1kJ/kg

L Gow _, 1971K¥kg _

0.646

Then, = =0.
Mth Qi 556.5 kJ/kg
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9-35

9-54 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat
added, and the maximum gas pressure and temperature are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2).

Analysis The specific volume of the air at the start of the compression is

RT, _ (0.287 kPa-m®/kg-K)(253K)
P 80kPa

v, = =0.9076 m*/kg P

and the specific volume at the end of the compression is

3
v, =1 09076MKG _ heagamig
r 14
The pressure at the end of the compression is v
v\
P, =P £—1j = P,r* = (80 kPa)(14)** =3219kPa
v

and the maximum pressure is
P, =P; =r,P, =(1.5)(3219kPa) = 4829 kPa

The temperature at the end of the compression is

k-1
T, =T, [:—1J “T,r*t = (253 K)14)4 = 727.1K
2

4829 kPa

and T, =T, 22| = (727.1K)
P 3219 kPa

jleQlK
2

From the definition of cutoff ratio
vy =TI, =rw, = (1.2)(0.06483m?>/kg) = 0.07780 m>/kg

The remaining state temperatures are then

T, =T, (:ij — (1091 K)( gg;zzgj 1309 K
) .

k-1 1.4-1
T, =T, (”—3J — (1309 K)( 0(;097077860] — 490.0K
U4 .

Applying the first law and work expression to the heat addition processes gives
Gin =Cy (Tx =T2) +Cp (T3 =Ty)
=(0.718 kJ/kg - K)(1091-727.1)K + (1.005 kJ/kg - K)(1309 -1091)K
=480.4 kJ/kg
The heat rejected is
Qout =€, (T4 —T;) =(0.718 kd/kg - K)(490.0 — 253)K =170.2 kd/kg

Then, gy, —1-Jou _q 1702KIKG 0
Oin 480.4 kJ/kg
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9-55E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per
unit mass, and the thermal efficiency are to be determined.

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

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

P
Analysis (a) Process 1-2: isentropic compression. o Ui 3 3000 R
E &
u; =92.04 Btu/lbm %,
T1=540R > v, =144.32 4
Jout
T, =1623.6 R 1
v, =Y2y 21y 1 as30)-793— 2 '
2y, o™ o182 h, = 402.05 Btu/lbm v
Process 2-3: P = constant heat addition.
Pvs _ Pavs vs _Ts _ 3000R g4
T, T, v, T, 16236R

h, = 790.68 Btu/lbm

(o)  T5=3000R —> v, ~1180
Gin = hy —h, =790.68 —402.05 = 388.63 Btu/lbm

Process 3-4: isentropic expansion.

"y, ™ 1.848v, " 1848 ™ 1.848

v (1.180)=11.621 —> u, = 250.91 Btu/Ibm

Process 4-1: v = constant heat rejection.
Qout =Us —Uy =250.91-92.04 =158.87 Btu/lbm
Qo _, 158.87 Btu/lbm

. =1-—==1 =59.1%
© T Ui 388.63 Btu/lbm °
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9-56E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per
unit mass, and the thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm.R, ¢, =0.171 Btu/lbom.R, and k=1.4
(Table A-2E).

Analysis (a) Process 1-2: isentropic compression. P

k-1 q//

Y1 0.4 %,

=Ty ~| = (540R)(18.2)** =1724R %,
2

Process 2-3: P = constant heat addition.

Pyvs 3 P,v, v_3_T_3_ 3000 R
T, T, v, T, 1724R

=1.741 v

(b) Gin =hg —h, =c, (T3 —T,)=(0.240 Btu/lom.R)(3000—1724)R =306 Btu/lbm

Process 3-4: isentropic expansion.

k-1 k-1 0.4
1.741
T =T, (”—3] - Ts( “ ] ~ (3000 R)(—ll';“zlJ ~1173R

Process 4-1: v= constant heat rejection.

Qout =Ug —Up =G, (T4 _Tl)
=(0.171 Btw/Ibm.R (1173 540)R =108 Btu/lbm

© . Qout 1 108 Btu/lbm — 64.6%
Qin 306 Btu/lbm
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9-38

9-57 An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the
mean effective pressure are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2).
Analysis (a) Process 1-2: isentropic compression. P

k-1
T, :T{%J = (293K )(20)°* =971.1K

2
Process 2-3: P = constant heat addition.
PV PV, V; T3 2200K

T, T, v, T, 97L1K

2.265

Process 3-4: isentropic expansion.
k-1 k-1 =
T, =T3U:—jj =T3[2'2£45V2 j =T3(2'2r65jk 1 = (2200 K{%)M =920.6 K
Gin =hg —h, =¢, (T3 —T,)=(1.005ki/kg - K}2200 - 971.1)K =1235 ki/kg
Qout =Ug —Uy =C, (T, —T,)=(0.718 ki/kg - K}920.6 - 293)K = 450.6 ki/kg
Wit out = in —Uout =1235—450.6 = 784.4 ki/kg

Wne{yout _ 7844 kJ/kg _ 63 5%

T T 1235 Klkg

RT, (0.287kPa-m%kg-K)293K)

b v ) 95 kPa 9= Ymax
v
Viin =V2 = %
wep - Voetout _ Wretout _ 784.4 kilkg kPa-m® | _ oo \pa
vi-v,  w(-1/1) (0.885m3kg)1-1/20)( kI
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9-39
9-58 A diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the mean
effective pressure are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2).

Analysis (a) Process 1-2: isentropic compression. P '
V k-1 2 qln 3
T, :Tl(u—lJ = (293K )20)** =971.1K Polytropic
2
Process 2-3: P = constant heat addition. 4
PV, PV v, T Qout
373 _ 272 _3:_3:2200K:2,265 e 1
T, T, v, T, 9711K g
v

Process 3-4: polytropic expansion.

n-1 n-1 n-1 0.35

% 2.265V.

T, :T{V_SJ =T3[ 55 zj ;r{@j = (2200 K{%) -1026 K
4 4 r

Gin =hg —h, =¢, (T3 —T,)=(1.005 ki/kg- K )2200-971.1) K =1235 ki/kg

Qout =Ug —U; =C, (T, —T,)=(0.718 ki/kg - K {1026 — 293) K = 526.3 ki/kg
Note that go in this case does not represent the entire heat rejected since some heat is also rejected during the polytropic
process, which is determined from an energy balance on process 3-4:

R(T,-T .287 kJ/kg - K 1026 — 2200) K
Wao = (T, —Ts) _ (0287 ki/kg- K )1026 - 2200) _ 063 kilkg
‘ 1-n 1-1.35
Ein —Eout = AEsystem

U34,in ~Wagout =Ug —Us — Uz4in = Wag0ut +Co (T4 —T,)
=963 ki/kg +(0.718 ki/kg - K 1026 — 2200) K
=120.1 kJ/kg
which means that 120.1 kJ/kg of heat is transferred to the combustion gases during the expansion process. This is
unrealistic since the gas is at a much higher temperature than the surroundings, and a hot gas loses heat during polytropic

expansion. The cause of this unrealistic result is the constant specific heat assumption. If we were to use u data from the
air table, we would obtain

Uagin = Wag out +(Ug —Us)=963+(781.3-1872.4) = -128.1 ki/kg

which is a heat loss as expected. Then g, becomes
Qout = Uagout +Yaz,0u =128.1+526.3 = 654.4 kl/kg

and
Woetout = Oin —Uout =1235—654.4 = 580.6 ki/kg
W
N = net,out _ 580.6 kJ/kg —47.0%
0in 1235 ki/kg
RT, (0.287 kPa-m®/kg- K 293 K
®  v= 1 _ o287 kPamiig foss )=O.885m3/kg=umax
P, 95 kPa
v
Ymin = V2 :%
MEP = Vretout _ Wnetout  _ 580.36 ki/kg 1kPa-m®)_ o0 pa
vi-v, vi(l-1/1)  (0.885 m3kgfL-1/20)( K
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9-59 E Problem 9-58 is reconsidered. The effect of the compression ratio on the net work output, mean effective
pressure, and thermal efficiency is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted.

Analysis Using EES, the problem is solved as follows:

Procedure QTotal(q_12,9_23,q_34,9_41: g_in_total,q_out_total)

g_in_total =0

g_out_total=0

IF (g_12 > 0) THEN g_in_total =q_12 ELSE g_out_total=-q_12

If g_23 > 0 then g_in_total = g_in_total + q_23 else q_out_total = q_out_total - q_23
If g_34 > 0 then g_in_total = g_in_total + g_34 else g_out_total = q_out_total - q_34
If g_41> 0 then g_in_total = g_in_total + q_41 else q_out_total = q_out_total - q_41
END

"Input Data"
T[1]=293 [K]
P[1]=95 [kPa]
T[3] = 2200 [K]
n=1.35
{r_comp = 20}

"Process 1-2 is isentropic compression”
s[1]=entropy(air, T=T[1],P=P[1])

s[2]=s[1]

T[2]=temperature(air, s=s[2], P=P[2])
P2]*v[2)/T[2]=P[11*v[1}/T[1]

PT*v[1]=R*T[1]

R=0.287 [kJ/kg-K]

V[2] = V[1]/ r_comp

"Conservation of energy for process 1 to 2"
q_12-w_12=DELTAu_12

g_12 =0"isentropic process"
DELTAu_12=intenergy(air,T=T[2])-intenergy(air, T=T[1])
"Process 2-3 is constant pressure heat addition”
P[3]=P[2]

s[3]=entropy(air, T=T[3], P=P[3])

P[3]*v[3]=R*T[3]

"Conservation of energy for process 2 to 3"
q_23-w_23 =DELTAu_23

w_23 =P[2]*(V[3] - V[2])"constant pressure process"
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2])
"Process 3-4 is polytropic expansion"

P[3)/P[4] =(V[4]1/V[3])"n

s[4]=entropy(air, T=T[4],P=P[4])

P[4]*v[4]=R*T[4]

"Conservation of energy for process 3 to 4"
q_34-w_34 =DELTAu_34 "q_34is not 0 for the ploytropic process"
DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3])
P[3]*V[3]*n = Const

w_34=(P[4]*V[4]-P[3]*V[3])/(1-n)

"Process 4-1 is constant volume heat rejection”

V[4] = V[1]

"Conservation of energy for process 4 to 1"
g_41-w_41=DELTAu_41

w_41 =0 "constant volume process"
DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4])

Call QTotal(q_12,q_23,9_34,9_41: g_in_total,q_out_total)
w_net=w_12+w_23+w_34+w_41
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Eta_th=w_net/q_in_total*100 "Thermal efficiency, in percent"
"The mean effective pressure is:"
MEP = w_net/(V[1]-V[2])

Fcomp MNth MEP Whet
[kPa] [kJ/kg]
14 47.69 970.8 797.9
16 50.14 985 817.4
18 52.16 992.6 829.8
20 53.85 995.4 837.0
22 55.29 994.9 840.6
24 56.54 992 841.5
Air
2400_ T T T T T T T T T T T T i
2200 3 .
20001 > .
L & i
18001 $ I
i S ]
1600} v & ]
o 10} ) | & y
1200 S / o
1000 2 ) & .
800} & -
600 > -
L n}‘b 4
400 g ]
200 1 1 1 1 1 1 1 1 1 1 1 1
40 45 50 55 60 65 70 75
s [kJ/kg-K]
104 : A.' r : 104
108} N 4108
T 293K 2200 K
a \
==
o 102| 1049 K 4102
D N
%
10! L L G’ 10!
102 101 100 101 102
v [m3/kg]
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850 T T T T T T T T T

840

830

820

810

Whet [KJ/kg]

800

790 1 | 1 | 1 | 1 | 1
14 16 18 20 22 24

MNth

1000 T T T T T T T T T

995

990

985

980

MEP [kPa]

'comp
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9-43

9-60 A four-cylinder ideal diesel engine with air as the working fluid has a compression ratio of 22 and a cutoff ratio of
1.8. The power the engine will deliver at 2300 rpm is to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2).

Analysis Process 1-2: isentropic compression.

k-1
T, =T{%} = (343K)(22)** =1181K

2

Process 2-3: P = constant heat addition.

Py P
3Vs _ oY T, =—2T, =18T, = (1.8)1181K)= 2126 K
T T, Y2

Process 3-4: isentropic expansion.

k-1 k-1 k-1 0.4
Ty =T3[%] =T3(2'5V2j =T3[£j =(2216 K{%) =781K
4 4 r

LU (97 kPa)(0.0020 m®)
RT,  (0.287 kPa-m3/kg - K)(343K)

Qin = m(hs - hz): mcp(TS _Tz)
— (0.001971kg)(L.005 kJ/kg - K)(2216 — 1181)K =1.871kJ

Qout = m(u4 - ul): mc, (T4 _Tl)
=(0.001971kg)(0.718 kJ/kg - K }(781—343)K = 0.6198 kJ

Wogtout = Qin — Qou =1.871-0.6198 =1.251k/rev

=0.001971 kg

Wietout = MWoegout = (2300/60 rev/s)L.251kd/rev)=48.0 kKW

Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus
revolutions).
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9-44

9-61 A four-cylinder ideal diesel engine with nitrogen as the working fluid has a compression ratio of 22 and a cutoff ratio
of 1.8. The power the engine will deliver at 2300 rpm is to be determined.

Assumptions 1 The air-standard assumptions are applicable with nitrogen as the working fluid. 2 Kinetic and potential
energy changes are negligible. 3 Nitrogen is an ideal gas with constant specific heats.

Properties The properties of nitrogen at room temperature are ¢, = 1.039 kJ/kg'K, ¢, =0.743 ki/kg-K, R = 0.2968
kJ/kg-K, and k=1.4 (Table A-2).

Analysis Process 1-2: isentropic compression.
v\
T, :Tl{v—l] = (343 K)(22)** =1181K
2

Process 2-3: P = constant heat addition.

Py P
Vs _ o Ty =37, =1.8T, = (1.8)1181K) = 2126 K
T T, Y2

Process 3-4: isentropic expansion.

k-1 k-1 k-1 0.4
Ty = T{%J =T3( 22, J =T3(£j = (2216 K)(%j = 781K
r

4 V4

2 (97 kPa)(0.0020 m?)
RT,  (0.2968 kPa - m3/kg - K)(343K)

Qi =m(hs —h, )= mcp(T3 -T,)
— (0.001906 kg)(1.039 ki/kg - K)(2216 — 1181)K =1.871k]

Qoue =M(u, - Ul): mc, (T, _Tl)
=(0.001906 kg )(0.743 ki/kg - K {781 - 343)K =0.6202 k]

Woe ot = Qin — Qout =1.871—0.6202 =1.251kJ/rev

=0.001906 kg

Wietout = MWoegout = (2300/60 rev/s)1.251kd/rev)=47.9 kW

Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus
revolutions).
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9-45

9-62 An ideal dual cycle has a compression ratio of 18 and cutoff ratio of 1.1. The power produced by the cycle is to be
determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2a).

Analysis We begin by fixing the temperatures at all states.

k-1
P

T, =T1[ﬁJ —T,rt = (201K)(18) T = 924.7 K

V2

v k
P, = Pl[—lj = Pr* = (90kPa)(18)** =5148kPa

)
P, = P; =r,P, = (1.1)(5148kPa) = 5663kPa v

5663 kPa

=1017K
5148 kPa

T, =T, [%J = (924.7 K)(

2
T, =r.T, =(1.1)(1017 K) =1119K
k-1 - _
T, :Tg(:—jJ =T3(r7°jk T (1119 K)(ll;Bl]M 3658k
Applying the first law to each of the processes gives
W, , =¢, (T, —T;) = (0.718 kJ/kg - K)(924.7 — 291)K = 455.0 ki/kg
Ox—3 =Cp (T3 —Ty) = (1.005kJ/kg-K)(1119-1017)K =102.5 kJ/kg
W, 3 =0, 5 —C, (T3 —T,)=102.5—(0.718 ki/kg - K)(1119-1017)K = 29.26 ki/kg
wy_4 =cC, (T3 —T,) =(0.718 k/kg - K)(1119 - 365.8)K = 540.8 ki/kg
The net work of the cycle is
Wyer = Wg_g +W,_5 —W,;_, =540.8+29.26 —455.0 =115.1kJ/kg
The mass in the device is given by

PV (90 kPa)(0.003m?)
RT,  (0.287 kPa-m3/kg-K)(291K)

m =0.003233kg

The net power produced by this engine is then

Wt = mMwe 1 = (0.003233 kg/cycle)(@15.1kJ/kg)(4000/60 cycle/s) = 24.8 kW
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9-46

9-63 A dual cycle with non-isentropic compression and expansion processes is considered. The power produced by the
cycle is to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kl/kg'K, R = 0.287 kl/kg-K, and
k=14 (Table A-2a).

Analysis We begin by fixing the temperatures at all states.

=Tyr*t = (291K)(18)** =924.7K

%

T, —T Ty T A - >
L S Y P LLSPT > G
T,-T, n 0.85 1

k
P, = Pl(:—lJ = P,r* = (90kPa)(18)"* = 5148 kPa v
2

P, =P; =r,P, = (L1)(5148 kPa) = 5663kPa

5663 kPa

P
Tx=Te [P_Xj = (1037 K)( 5148 kPa

j:114lK
2

Ty =r.T, =(1.1)(1141K) =1255K
k-1 k-1 14-1
Tis =Ty ["—3J =Ts(r—°j - (1255 K)[Ej _4103K
Yy r 18

T,-T
n= %——m =T, —77(T3 =Ty ) = (1255 K) — (0.90)(1255 - 410.3) K = 494.8 K
37 l4s

Applying the first law to each of the processes gives
w,_, =¢, (T, =T;) = (0.718 ki/kg - K)(1037 — 291)K = 535.6 kl/kg
O3 =Cp (T3 —Ty) = (1.005 kJ/kg - K)(1255-1141)K =114.6 ki/kg
W, 3 =0, 3 —C, (T3 —T,) =114.6 - (0.718 ki/kg - K)(1255-1141)K = 32.75 k/kg
Wy 4 =C, (T —T,) = (0.718 ki/kg - K)(1255 - 494.8)K = 545.8 ki/kg

The net work of the cycle is
Wit =Wg_s +W,_3 —W,;_, =545.8+32.75-535.6 = 42.95 kJ/kg

The mass in the device is given by

PV (90 kPa)(0.003m?)
RT,  (0.287 kPa-m3/kg-K)(291K)

m =0.003233kg

The net power produced by this engine is then

Wt = Mwe 1 = (0.003233 kg/cycle)(@2.95 kd/kg)(4000/60 cycle/s)=9.26 kW
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9-47

9-64E An ideal dual cycle has a compression ratio of 15 and cutoff ratio of 1.4. The net work, heat addition, and the
thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are R = 0.3704 psia-ft’/lbm.R (Table A-1E), ¢, = 0.240 Btu/lbm-R,
¢, =0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea).

Analysis Working around the cycle, the germane properties at the various states are

k-1
T, =T (iJ =T,r** = (535R)(15)"* " =1580R
P

K
P, = Pl[:—lj = Pr® = (14.2 psia)(15)"* = 629.2 psia
2

Py =P; =1,P, =(1.1)(629.2 psia) = 692.1 psia

692.1psia

P
=Tz [P_X = (1580 R)( 629.2 psia

J:1738 R

T3 =T, {:—3 =T,r. =(1738R)(1.4) = 2433R
X

v k-1 r k-1 1.4 14-1
T, =T3(—3 :Ts(ch = (2433 R)(l'—SJ =9422R

Applying the first law to each of the processes gives
w;_, =¢, (T, —T;) =(0.171Btu/Ibm-R)(1580-535)R =178.7 Btu/lbm
q,_, =¢, (T, —T,) =(0.171Btu/lom-R)(1738 —1580)R = 27.02 Btu/lbm

Oy_s = Cp (T3 —T,) = (0.240 Btu/Ibm- R)(2433—1738)R =166.8 Btu/lbm

W, 3 =0,_3 —C, (T3 —T,) =166.8 Btu/lbm— (0.171Btu/lbm-R)(2433—-1738)R = 47.96 Btu/lbm
Wy 4 =¢, (T3 —T,) = (0.171 Btu/lbm- R)(2433—942.2)R = 254.9 Btu/lbm
The net work of the cycle is
Wt = W3 4 +W, 5 —W, , = 254.9+47.96-178.7 = 124.2 Btu/lbm
and the net heat addition is
Qin =0y y + 0,3 = 27.02+166.8 =193.8 Btu/lom
Hence, the thermal efficiency is

Wt  124.2 Btu/lom

= =0.641
Qi, 193.8Btu/lbm

h =
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9-48

9-65 A six-cylinder compression ignition engine operates on the ideal Diesel cycle. The maximum temperature in the cycle,
the cutoff ratio, the net work output per cycle, the thermal efficiency, the mean effective pressure, the net power output, and
the specific fuel consumption are to be determined.

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

Properties The properties of air at 850 K are ¢, = 1.110 kJ/kg'K, c, =0.823 ki/kg-K, R = 0.287 kJ/kg-K, and k=1.349
(Table A-2Db).

Analysis (a) Process 1-2: Isentropic compression

k-1 -+ Qin
v
T,=Ty| 2| =(340K)19)"*** =950.1K A_
2 1( j ( )( ) 2 3

v

k
P, = Pl(:—lJ — (95kPa)(19)-**° =5044 kPa
2

The clearance volume and the total volume of the engine at the

beginning of compression process (state 1) are 4
v, +V, V. +0.0045m?* Qout
r= 19=
V. v 1

c c

v

v, =0.0001778 m*

v, =V, +V, =0.0001778+ 0.0032 = 0.003378 m*

The total mass contained in the cylinder is

PV, (95kPa)(0.003378m?)

m 3 =0.003288 kg
RT, (0.287 kPa-m3/kg - K |340 K)
The mass of fuel burned during one cycle is
m-m 0.003288kg) —m
Ap="a _ 7" 2=t 9)-m m, =0.0001134 kg
my M My

Process 2-3: constant pressure heat addition
Qin =M quy 7. = (0.0001134 kg)(42,500 kJ/kg)(0.98) = 4.723 kJ

Qi =mc,, (T; = T,) ——>4.723 kJ = (0.003288 kg)(0.823 kJ/kg.K)(T; —950.1)K —— T, =2244 K
The cutoff ratio is

:T_3 = 224& =2.362
T, 950.1K

Vi _0.003378m°
r 9

(b) v, = =0.0001778m?

V, = BV, = (2.362)(0.0001778 m*) = 0.0004199 m*
V=4,

P3 = Pz
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9-49
Process 3-4: isentropic expansion.

v )" 00004199 m? |
T,=To| 2| =(2244K) == _1084K
v 0.003378 m

K 1.349

% . 3

P, =P, (73] = (5044 kPa{%} =302.9 kPa
4 .

Process 4-1: constant voume heat rejection.

Qout =Mc, (T, — T, )=(0.003288 kg)(0.823 ki/kg - K {1084 — 340)K = 2.013kJ
The net work output and the thermal efficiency are

Wietout = Qin — Qout = 4.723 - 2.013=2.710kJ

Whetout  2.710kJ

- =0.5737 =57.4%
Qn, 4723k

Nt =

(c) The mean effective pressure is determined to be

W 3
MEP = netout _ 2.710 kJ g kPa-m 847 kPa
V-V, (0.003378-0.0001778)m kJ
(d) The power for engine speed of 1750 rpm is
W, =W, 2 = (2.710 kilcycle) 120 (rev/min) (1 min ) ~39.5kW
2 (2revicycle) \ 60s

Note that there are two revolutions in one cycle in four-stroke engines.

(e) Finally, the specific fuel consumption is

m
sfe= Mt _0.0001134kg (10009 ( 3600 kJ) _151g/kWh
W, 2710klkg | 1kg N\ 1kWh
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9-50
9-66 An expression for cutoff ratio of an ideal diesel cycle is to be developed.

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

Analysis Employing the isentropic process equations,
T, =T,r*?
while the ideal gas law gives

T3 :T2 rC = I’crk_lTl

When the first law and the closed system work integral is applied to the
constant pressure heat addition, the result is

Gin =Cp (T3 =T,) =C, (o r* T, —r*71y)

When this is solved for cutoff ratio, the result is

C,r T,
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9-51

9-67 An expression for the thermal efficiency of a dual cycle is to be developed and the thermal efficiency for a given case
is to be calculated.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kl/kg'K, R = 0.287 kl/kg-K, and
k=14 (Table A-2)

Analysis The thermal efficiency of a dual cycle may be expressed as
Qour _q_ ¢, (Ty —Ty)
Qin Cu(rx _T2)+Cp(T3 _Tx)

By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields

N =1-

the result
1 rprck 1
T =1-55 kr(r. 1) +r, -1
r p(fc =D +ry P
where
r,=— and r Y
2 Vx

When r¢ = rp,, we obtain

k+1
1 r, -1
M =1- k-1 2 ;
r k(rg —rp)+r, -1

Forthe case r=20and r, = 2,

1 214+l_1
1- 14-1 2
204411422 -2)+2-1

M = j=0.660
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9-52
9-68 An expression regarding the thermal efficiency of a dual cycle for a special case is to be obtained.

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

Analysis The thermal efficiency of a dual cycle may be expressed as

_ Qout =1- Cy (T4 _Tl)
Qin cu(Tx _T2)+Cp(T3 _Tx)

By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields

the result
rpre -1
NMip =1— K—1 k
r r(re =1 +r, -1 p
where
v
ro=—and r,=—
P PZ ¢ Yy
When r¢ = rp,, we obtain v
1 r;” -1
M =1—

rt k@ —ry)+r, -1

Rearrangement of this result gives

k+1 _1

p k1
=@=nn)r
k(rg —rp)+r, -1 "

r
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9-53

9-69 The five processes of the dual cycle is described. The P-vand T-s diagrams for this cycle is to be sketched. An
expression for the cycle thermal efficiency is to be obtained and the limit of the efficiency is to be evaluated for certain
cases.

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

Analysis (a) The P-vand T-s diagrams for this cycle are as shown.

4

v S

(b) Apply first law to the closed system for processes 2-3, 3-4, and 5-1 to show:
q;, =C, (T3 —T2)+Cp (T4 —T3)
qout = Cv (TS _Tl)

The cycle thermal efficiency is given by

. %o g C,(T,-T.) . T, (Ts /T, -1)
o G, C,(T,-T,)+C,(T,-T,) T, (T, /T, -1)+KT, (T, /T, -1)
T./T -1
Tl =1_T ( — T)
2(T, /T, =1)+k 2(T, /T, -1)
Tl Tl

Process 1-2 is isentropic; therefore,

k-1
LA VR I
Tl V2

Process 2-3 is constant volume; therefore,
T3 _ P3V3 _ P3 _

TZ_PZVZ_PZ_ P
Process 3-4 is constant pressure; therefore,
P4V4 _ PSVS s T4 _V4 =r

T4 T3 - T3 V3 ’

Process 4-5 is isentropic; therefore,

k-1 k-1 k-1 k-1 k-1
To _[Va] _(Va)| _[RMa) _[IV2 _(r_cj
T, V. \'A \A \'A r

Process 5-1 is constant volume; however Ts/T; is found from the following.

T _LTLLT, (n)
T1 T4 T3 T2 Tl r
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The ratio Ts/T; is found from the following.

T, T,T _
3 __3 2 _ rp rk 1
Tl T2 Tl
The efficiency becomes
rr, -1

T = ) ke (r 1)

(c) In the limit as r, approaches unity, the cycle thermal efficiency becomes

y r rr, -1
imn,, =1-<lim
oL r;ﬁlrk‘l(rp —1)+krpr"‘1(rC —1)

I LA
I,k—l k(rc _1) = 1T Diesel

(d) In the limit as r. approaches unity, the cycle thermal efficiency becomes

limnp, =1
rp—>l77th

. _ rr, -1
limn, =1-4lim =1-

-l rp—>1 rk’l(rp —1)+ krlork‘l(rC —1) m

limnp, =1 L _
uld M = . T otto
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9-55

Stirling and Ericsson Cycles

9-70C The Stirling cycle.

9-71C The two isentropic processes of the Carnot cycle are replaced by two constant pressure regeneration processes in the
Ericsson cycle.

9-72C The efficiencies of the Carnot and the Stirling cycles would be the same, the efficiency of the Otto cycle would be
less.

9-73C The efficiencies of the Carnot and the Ericsson cycles would be the same, the efficiency of the Diesel cycle would
be less.

9-74 An ideal steady-flow Ericsson engine with air as the working fluid is considered. The maximum pressure in the cycle,
the net work output, and the thermal efficiency of the cycle are to be determined.

Assumptions Air is an ideal gas.
Properties The gas constant of air is R = 0.287 ki/kg.K (Table A-1).

Analysis (a) The entropy change during process 3-4 is

T
Sy —S3=— Gosow __150KIkg _ g kilkg - K Gin
To 300 K 1200 K+ 1 2
and
e T o P
s4—53—cplnf —RInF3 300 K- 4 3
P Gout
=—(0.287 ki/kg- K)In—4— = -0.5 ki/kg- K S
120 kPa

Ityields P,=685.2 kPa
(b) For reversible cycles,

T T 1200 K
T N L =&(150 ki/kg)=600 k/kg
Gin T T, 300 K

Thus,
Whet out = Qin — dout = 600150 = 450 kJ/kg

(c) The thermal efficiency of this totally reversible cycle is determined from

T
Ny =1-—==1— 300K _ 75 00
T 1200K
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9-56

9-75 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits.
The net work produced per cycle and the thermal efficiency of the cycle are to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and
k=1.4 (Table A-23).

Analysis Since the specific volume is constant during process 2-3,

T
P, =P, To_ (100 kPa)(%j = 266.7 kPa Gin
T 300 K 800K 1 2
Heat is only added to the system during reversible process 1-2. Then,
T, ° P
s,-8y=¢c,In2  -Rn2 300K+ 4 3
T R Jout
s

=0-(0.287 ki/kg- K)In(wj

2000 kPa
=0.5782 ki/kg - K

Qin = T1(S, —3;) = (800 K)(0.5782 kJ/kg - K) = 462.6 k/kg
The thermal efficiency of this totally reversible cycle is determined from

T K
Ny =1——= :1_& =0.625
Ty 800 K

Then,
Wiet = 774yM0;, = (0.625)(1kg)(462.6 kd/kg) =289.1kJ
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9-57

9-76 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits.
The power produced and the rate of heat input are to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg-K, R = 0.287 ki/kg-K, and
k=1.4 (Table A-2a).

Analysis Since the specific volume is constant during process 2-3,

5 T 800K Qin

P, =P, 7" (100 kPa)[Wj = 266.7 kPa 800K 1 5
Heat is only added to the system during reversible process 1-2. Then,
&0
sz—slchInT—2 —Rln& 300K | 4 3

Tl P1 Gout

— 0—(0.287 kilkg- K)In[ 2887 KPa s
2000 kPa

=0.5782kJ/kg- K
Qin = T1(S, —3;) = (800 K)(0.5782 kJ/kg - K) = 462.6 k/kg
The thermal efficiency of this totally reversible cycle is determined from

T K
Ny =1——= :1_& =0.625
Ty 800 K

Then,
Wiet =71 MA;, = (0.625)(1kg)(462.6 ki/kg) = 289.1kJ

The rate at which heat is added to this engine is

Qi, = mg;, N = (Lkg/cycle)@62.6 ki/kg)(1300/60 cycle/s)= 10,020 kW

while the power produced by the engine is

Wit =W =)(289.1kJ/cycle)(1300/60 cycle/s) = 6264 kW
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9-58

9-77 An ideal Ericsson cycle operates between the specified temperature limits. The rate of heat addition is to be
determined.

Analysis The thermal efficiency of this totally reversible cycle is determined

from i
90K | Ly —r2
T
Ny =1——= zl_ﬂ =0.6889
Ty 900 K
According to the general definition of the thermal efficiency, the rate of heat
addition is 280K T4 3
) Qout
: W
Qi =—%= S00KW _ 256 kw S
7y 0.6889

9-78 An ideal Ericsson cycle operates between the specified temperature limits. The power produced by the cycle is to be
determined.

Analysis The power output is 500 kW when the cycle is repeated 2000 times T
per minute. Then the work per cycle is Qin
. 900 K 1 2
w
W, = —2 = SO0KIs g kd/cycle
n (2000/60) cyclels
When the cycle is repeated 3000 times per minute, the power output will be 280K + 4 3
. q
W, =AW, , = (3000/60 cycle/s)(15 ki/cycle) = 750 kw ™~
s

9-79E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir,
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are R = 0.3704 psia-ft*/Ibm.R (Table A-1E), C, =0.240 Btu/lom R,
¢, =0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea).

Analysis From the thermal efficiency relation, T
Qin
w T
ey = e g T ZBtu:1_510R T, —765R -+ 1 2
Qin Ty 6 Btu Ty

State 3 may be used to determine the mass of air in the system,

. 3 510R [ 4 3
motaYs 10 ps'ag(o'Sﬁ ) ~0.02647 Ibm Tout
RT;  (0.3704 psia-ft*/lbm-R)(510 R)

The maximum pressure occurs at state 1,

_MRT, _ (0.02647 Ibm)(0.3704 psia- ft*/lom- R)(765 R)

" 0061 =125psia

P,
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9-59

9-80E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir,
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R, ¢, =0.240 Btu/lomR, ¢, =0.171
Btu/lbm-R, and k =1.4 (Table A-2E).

Analysis From the thermal efficiency relation,

T
W T : Ui
N = net _q_ 'L 25BtU:1_510R ,T,, =874R j7 1 in 2
Qin Ty 6 Btu Ty
State 3 may be used to determine the mass of air in the system,
; 3 1
. PV, _ (19 p5|ag(0.5ft ) —0.02647 Ibm 510R | 4 ] 3
RT;  (0.3704 psia-ft°/lbm-R)(510 R) out

The maximum pressure occurs at state 1,

_mMRT, _ (0.02647 Ibm)(0.3704 psia- ft*/lom-R)(874 R)

P
Ty 0.06 t*

=143 psia

9-81 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat added to the
cycle and the net work produced by the cycle are to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg.K, ¢, =1.005 kJ/kg-K, c, =0.718 ki/kg-K,
and k=1.4 (Table A-2a).

Analysis Applying the ideal gas equation to the isothermal process 3-4 gives

T
P, = Py —2 = (50 kPa)(12) = 600 kPa P
Yy
Since process 4-1 is one of constant volume,
P 4
T, =Ty == |= (208 K)(Mj _1788K 208K | 4 3
P, 600 kPa Jout

Adapting the first law and work integral to the heat addition process gives

Qin =W;_, = RT;In Ya _ (0.287 kJ/kg - K)(1788 K)In(12) = 1275 kJ/kg
Vi

Similarly,

Qout =W3_4 = RT4 Inv—4 =(0.287 kJ/kg - K)(298 K)In[%) =212.5kJ/kg
V3

The net work is then
Wyet = 0in —dout =1275-212.5=1063 kJ/kg
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9-60

9-82 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat transfer in
the regenerator is to be determined.

Assumptions Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg.K, ¢, =1.005 kJ/kg-K, c, =0.718 ki/kg-K,
and k=1.4 (Table A-2a).

Analysis Applying the ideal gas equation to the isothermal process 3-4 gives

T
P, = P =% = (50 kPa)(12) = 600 kPa .
Vs
Since process 4-1 is one of constant volume,
P,
Ty =Ty = | = (298 K)(Mj =1788K 298 K 1 4 3
Py 600 kPa Jout

Application of the first law to process 4-1 gives
Oregen = Cy (Ty —T4) = (0.718 ki/kg - K)(1788 - 298)K = 1070 kJ/kg

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-61

Ideal and Actual Gas-Turbine (Brayton) Cycles

9-83C They are (1) isentropic compression (in a compressor), (2) P = constant heat addition, (3) isentropic expansion (in a
turbine), and (4) P = constant heat rejection.

9-84C For fixed maximum and minimum temperatures, (2) the thermal efficiency increases with pressure ratio, (b) the net
work first increases with pressure ratio, reaches a maximum, and then decreases.

9-85C Back work ratio is the ratio of the compressor (or pump) work input to the turbine work output. It is usually
between 0.40 and 0.6 for gas turbine engines.

9-86C In gas turbine engines a gas is compressed, and thus the compression work requirements are very large since the
steady-flow work is proportional to the specific volume.

9-87C As aresult of turbine and compressor inefficiencies, (a) the back work ratio increases, and (b) the thermal efficiency
decreases.
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9-62

9-88E A simple ideal Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the
compressor exit, the back work ratio, 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 variable specific heats.

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

Analysis (a) Noting that process 1-2 is isentropic, T
, h, =124.27 Btu/lbm
T,=520R — P, =12147 2000 +
P. T, =996.5R
P, =—2P, =(10)1.2147)=12.147 — °
G h, = 240.11 Btu/Ibm
o ] 520 +
(b) Process 3-4 is isentropic, and thus s
hg =504.71 Btu/lom
T, =2000R ——> P, ~1740

LS (174.0)=17.4 —— h, = 265.83 Btu/lom
ry P3 rs 10 4

We.in = hy —hy =240.11-124.27 =115.84 Btu/lom
Wt out =h3 —hy =504.71-265.83 = 238.88 Btu/lom

Then the back-work ratio becomes

Wein 11584 Btu/lbm

= = =48.5%
Wroy  238.88 Btu/lbm

Tow

() i, =hs —h, =504.71-240.11 = 264.60 Btu/lbm
Wietout = Wt out —We,in = 238.88-115.84 =123.04 Btu/lom

_ Wnet,out _ 123.04 Btu/lbm _

M = = =46.5%
Jin 264.60 Btu/Ibm
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9-63

9-89 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. 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 T
assumptions are applicable. 3 Kinetic and potential energy changes are
negligible. 4 Air is an ideal gas with variable specific heats. 1240 K+

Properties The properties of air are given in Table A-17.
Analysis (a) Noting that process 1-2s is isentropic,

hy =295.17 ki/kg 205 K
P, =1.3068 s

T,=295K ——>

P
P, :Fi P,, =(10)(1.3068)=13.07 ——> h,, =570.26 ki/kg and T,y =564.9 K

h,s —h h,s —h
e = 2s 1 h2 — hl + 2s 1
h, —h Ule
=295.17 + % =626.60 ki/kg

hy =1324.93 ki/kg
T, =1240K —>

P, =272.3
3

P, =% P, = (%j(zn.s): 27.23 —> h,, =702.07 kd/kg and T,, = 689.6 K

3
hy —h
/A thﬂ_—h4—> hy =hg =777 (hg = hyq)
3o =1324.93 - (0.87)(1324.93 - 702.07)
= 783.04 kilkg
Thus,
T, = 7644 K

(b) Gin = h —h, =1324.93 - 626.60 = 698.3 ki/kg
Qout =Ny —hy =783.04 — 295.17 = 487.9 ki/kg
Woegout = Gin — Gou = 698.3—487.9 = 210.4 k/kg

Waetout _ 2104 KIKG _ 0 001a_ 5010,

C = =
© = " 983 kilkg
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9-64

13
9-90 E Problem 9-89 is reconsidered. The mass flow rate, pressure ratio, turbine inlet temperature, and the isentropic
efficiencies of the turbine and compressor are to be varied and a general solution for the problem by taking advantage of the
diagram window method for supplying data to EES is to be developed.

Analysis Using EES, the problem is solved as follows:

"Input data - from diagram window"
{P_ratio = 10}

{T[1] = 295 [K]

P[1]= 100 [kPa]

T[3] = 1240 [K]

m_dot = 20 [kg/s]

Eta_c =83/100

Eta_t = 87/100}

"Inlet conditions"
h[1]=ENTHALPY (Air, T=T[1])
s[1]=ENTROPY (Air, T=T[1],P=P[1])

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"

T_s[2]=TEMPERATURE(AIr,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=ENTHALPY (Air,T=T_s[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"
"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

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

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"

"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P_ratio= P[3] /P[4]

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
h_s[4]=ENTHALPY (Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t"
Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

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

"Cycle analysis"

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency"
Bwr=W_dot_c/W_dot_t "Back work ratio"

"The following state points are determined only to produce a T-s plot"
T[2]=temperature(air,h=h[2])

T[4]=temperature(air,h=h[4])

s[2]=entropy(air, T=T[2],P=P[2])

s[4]=entropy(air, T=T[4],P=P[4])
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Bwr n Pratio W, Whet W, Qin
[kW] [kW] [kW] [kW]
0.5229 0.1 2 1818 1659 3477 16587
0.6305 0.1644 4 4033 2364 6396 14373
0.7038 0.1814 6 5543 2333 7876 12862
0.7611 0.1806 8 6723 2110 8833 11682
0.8088 0.1702 10 7705 1822 9527 10700
0.85 0.1533 12 8553 1510 10063 9852
0.8864 0.131 14 9304 1192 10496 9102
0.9192 0.1041 16 9980 877.2 10857 8426
0.9491 0.07272 18 10596 567.9 11164 7809
0.9767 0.03675 20 11165 266.1 11431 7241
0.36 : : : : : 4500
0.32: :4050
0.28 i ]
C 3600 &'
c C 1 X~
0.24 =
: :3150 g
0.2f 1 =2
0.16 :2700
0.12 12250
20
F)ratio
1500 : . —— .
./
1000 i
% 2 4
- 2s 4s
500 + i
1000 kPa
/ p
100 kPa
0 1 L 1 L 1 L 1 L 1 L 1 L 1 L
4.5 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5
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9-66

9-91 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. 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,

P (k-1)/k T
Ty =T, -2 = (295K )10)**** =569.6 K
P, 1240 K-
p (k-2)/k 1 0.4/1.4
Tes =Ts [F“J = (1240 K)(Ej =642.3K
3
7 _hzs_hl_cp(TZS _Tl) T, =T +T25 -T
c= = 2= hh T/ B
h, —h Cp(TZ _Tl) e 25K .
2954+ 2090729 _ 656k
0.83
hy—h, Cp(Ta—T,)
ny=—2—t =1L T4:T3—77T(T3 _T4s)

hs —hss 5T —Tus) ~1240 - (0.87)(1240 - 642.3)

=720K
(b) Gin =hg —hy =c,,(T5 =T, )=(1.005 k/kg - K 1240 — 625.8)K = 617.3 ki/kg
Gout =Ny —hy =, (T, —T,)=(1.005 ki/kg - K720 — 295)K = 427.1 kl/kg
Woetout = Oin — Gout = 617.3—427.1=190.2 kd/kg

©) ny = et 190.2KIKG _ 6 5507 _ 30 g9y
g, 617.3kIkg '
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9-67
9-92E A simple ideal Brayton cycle with helium has a pressure ratio of 14. The power output is 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 Helium is an ideal gas with constant specific heats.

Properties The properties of helium are ¢, = 1.25 Btu/lom-R and k=1.667 (Table A-2Ea).

Analysis Using the isentropic relations for an ideal gas,

p. \(kD/k T
T,= n[?zj =Tyrf V'K = (520 R)(14) 7 = 1495R 1760 R {
1
Similarly,
p (k=1)/k 1 (k-1)/k 1 066771667 520 R4
T, =Ta| =2 =T, — = (1760 R)(—j =612.2K
P "o 14 S

Applying the first law to the constant-pressure heat addition process 2-3 produces
in =€, (T3 =T,) = (1.25Btu/lom-R)(1760-1495)R = 331.3 Btu/lbm

Similarly,
Qout =Cp (T4 —T;) = (1.25Btu/lbm-R)(612.2 - 520)R =115.3 Btu/lbm

The net work production is then
Wyet = in —Oout = 331.3—115.3=216.0 Btu/lbm

and

_ . 1h
W, = mw,, = (100 Ibm/min)(216.0 Btu/lbm)(%] ~509.3hp
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9-68
9-93E A simple Brayton cycle with helium has a pressure ratio of 14. The power output is 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 Helium is an ideal gas with constant specific heats.

Properties The properties of helium at room temperature are ¢, = 1.25 Btu/lbom-R and k= 1.667 (Table A-2Ea).

Analysis For the compression process,

P (k=1)/k T
Tp = T{—Zj =T,r{D' = (520 R)(14)**°"H9%7 =1495 R
P 1
1 1760 R
fe = th _hl _ Cp(TZS _Tl) T2 :Tl +T25 _Tl
h, —hy Cp(r2 -Ty) /o
1495520 520 R

=520+ ———=1546R
0.95

For the isentropic expansion process,

p (k=1)/k 1 (k-1)/k 1 0.667/1.667
T, =Ty 2+ =T,y| — = (1760 R)[—J =612.2R
P, Iy 14

Applying the first law to the constant-pressure heat addition process 2-3 produces
Oin =Cp (T3 —T,) = (1.25Btu/lbm-R)(1760-1546)R = 267.5 Btu/lbm

Similarly,
Qout =Cp (T4 —T1) = (1.25Btu/lbm-R)(612.2-520)R =115.3 Btu/lbm

The net work production is then
Wyet = in —Qout = 267.5-115.3=152.2 Btu/lbm

and

v . . 1lhp
W .. =mw,. = (100 Ibm/min)(152.2 Btu/lbm)] —————— |=358.9h
et = MW = ) )( 42.41 Btu/min ] P
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9-94 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits.

The effects of non-isentropic compressor and turbine on the back-work ratio is to be compared.

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 compression process,

P (k-1)/k T
T, = Tl(_2] = (288 K)(12)*¥** =585.8 K 1
. b, 873K
ne = hys —hy _ Cp (Tos —Th) , =T, Tos Ty
hy—hy ¢, (T,-Ty) Ic 288 K-
585.8 288

=288+—=618.9K
0.90

For the expansion process,

P (k-1)/k 1 0.4/1.4
Ty =Tg| = = (873 K)(—) =429.2K
P, 12

hs—h, Cp(T3-T4)
h3 _h4s Cp(r3 _T4s)

Ty =T —n7 (T3 —Tys)
=873-(0.90)(873-429.2)
=473.6K

nr =

The isentropic and actual work of compressor and turbine are
Weomps = Cp (Tos —Ty) = (1.005ki/kg - K)(585.8 — 288)K = 299.3 k/kg

Wgmp = Cp (T, —Ty) = (1005 kJ/kg - K)(618.9 - 288)K = 332.6 ki/kg
Woryrs =Cp (T3 —~Taq) = (LO05 kI/kg - K)(873 - 429.2)K = 446.0 ki/kg
Wiy =Cp (T3 ~T4) = (LOOS kI/kg - K)(873 - 473.6)K = 401.4 ki/kg

The back work ratio for 90% efficient compressor and isentropic turbine case is

~ Weomp  332.6ki/kg

= = =0.7457
Wrys  446.0ki/kg

Tow

The back work ratio for 90% efficient turbine and isentropic compressor case is

~ Weomps  299.3kJ/kg
Wy  401.4k/kg

Fow 0.7456

The two results are almost identical.
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9-70
9-95 A gas turbine power plant that operates on the simple Brayton cycle with air as the working fluid has a specified
pressure ratio. The required mass flow rate of air is to be determined for two cases.

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 T
¢, =1.005 k/kg-K and k=1.4 (Table A-2).
Analysis (a) Using the isentropic relations, 1000 K- 3
P (k-1)/k
Tos :Tl(—zj = (300 K)12)**** =610.2 K 2s,
P, (k-2)/k 1 \04/L4 300 K- 12 45 4
Ty =Ta| = = (1000 K)(—) =491.7K s
P, 12

Wqcin =has —hy =¢ ) (Tos —T;)=(1.005 ki/kg - K{610.2—300)K =311.75 ki/kg
Wt out =g —Nyg =, (Ts = T,g )= (1.005 ki/kg - K {1000 — 491.7)K =510.84 k/kg
Wq netout = WsT.out —Ws,c,in = 510.84-311.75=199.1 kJ/kg

— Wnet,out _ 70,000 kJ/s =352 kg/S
s W net out 199.1 kd/kg

(b) The net work output is determined to be

Wanetout = WaT.out ~Wac,in =71 Ws,T,0ut —Ws,c,in /’7C
=(0.85)(510.84)—-311.75/0.85 = 67.5 k/kg

W,
ma _ net,out _ 70,000 kd/s ~1037 kg/s
Wa net,out 67.5 ki/kg
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9-71

9-96 An actual gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to
drive the compressor 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 variable specific heats.

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

Analysis (a) Using the isentropic relations, T

T,=300K —— h; =300.19 kJ/kg

T,=580K —— h, =586.04 kl/kg 950 kJ/kg

P, 700 _, 580K | 9g

r
PP 100
Giy = hs —h, ——> h, =950 +586.04 = 1536.04kJ/kg 300K+ 1
— P, =474.11

P
P =P, = [%(474.11): 67.73 —— h,, =905.83 ki/kg
4 P3 3 7

Wy =h, —hy =586.04-300.19 = 285.85 ki/kg
Wr ot =777 (N3 —hyg ) = (0.86)(1536.04 — 905.83) = 542.0 ki/kg

Thus,

_ Wciin  285.85kJ/kg

- - 52.7%
Wroq  542.0 kilkg

Tow

(0)  Woepou = Wi out —We in = 542.0—285.85 = 256.15 ki/kg

Wnet,out _ 256.15 kJ/kg
4, 950 kilkg

=27.0%

M =
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9-72

9-97 A gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to drive the
compressor 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 T
negligible. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are

950 kJ/kg
C, =1.005kJkgK and k=1.4 (Table A-2).

Analysis (a) Using constant specific heats, 580 K- 2s,
r.=—4-=——=79 €1

Qin =hg —h, = Cp(T3 —Tz)——> T3 =T, +qjp/c,
=580 K +(950 kJ/kg)/(1.005 ki/kg - K)
=1525.3K

p (k-1)/k 1 0.4/1.4
Ty =To| =+ =(1525.3K o =8748 K
4s 3 P 7
3

Wein =h, —hy =¢, (T, —T;)=(1.005kJ/kg - K580 —300)K = 281.4 ki/kg
W ou =777 (N3 —hys ) =7, (Ts =T, )= (0.86)(1.005 ki/kg - K )1525.3-874.8)K =562.2 ki/kg
Thus,

Wein  281.4 kl/kg

= = =50.1%
Wrow 962.2 ki/kg

Tow

(b) Woetout = W out —Wein = 562.2 - 281.4 = 280.8 kl/kg

Whet,out _ 280.8 kJ/kg —29.6%
Qi 950 kd/kg '

M =
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9-73

9-98 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,

T
The heat addition is 1 3
. qin
gy = 20 = S00KW _ 55 kg 2
m 1kgls 4
Z
Applying the first law to the heat addition process, 273 K-+ f q 4
out
Qin =Cp(TCs‘ _Tz) S

500 k/kg
1.005 ki/kg - K

Ty =T, +3n _5p71K +
C

p

=1025K

The temperature at the exit of the turbine is

1 (k-1)/k 1 0.4/1.4
T, =T.| — = (1025K)| — =5309K
4 3 rp 10

Applying the first law to the adiabatic turbine and the compressor produce
Wy =c, (T3 —T,) = (1.005 ki/kg- K)(1025-530.9)K = 496.6 ki/kg

We =c, (T, —T;) = (1.005 kJ/kg - K)(527.1- 273)K = 255.4 ki/kg

The net power produced by the engine is then

Wi = MWy —wWe) = (Lkg/s)(496.6 — 255.4)kd/kg = 241.2 KW

Finally the thermal efficiency is

W
N = —2 = 28L2KW _ ) 455
Q,,  500kw
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9-74

9-99 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,

T
The heat addition is 1 3
. qin
gy = 20 = S00KW _ 55 kg 2
m 1kgls 7
Z
Applying the first law to the heat addition process, 273 K-+ f q 4
out
Qin ch(TS _TZ) S

500 k/kg
1.005 ki/kg - K

T, =T, +In _591 8K +
C

p

=1089 K

The temperature at the exit of the turbine is

1 (k-1)/k 1 0.4/1.4
T, =T, — = (1089 K)| — =502.3K
4 3 rp 15

Applying the first law to the adiabatic turbine and the compressor produce
Wy =c, (T3 —T,) = (1.005 ki/kg - K)(1089-502.3)K = 589.6 ki/kg

We =c, (T, —T;) = (1.005 k/kg - K)(591.8— 273)K = 320.4 ki/kg

The net power produced by the engine is then

W, = MWy —we) = (Lkg/s)(589.6 — 320.4)k/kg = 269.2 KW

Finally the thermal efficiency is

W .
g = e _ 2092KW ) o
Q, 500kw
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9-75

9-100 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal
efficiency are to be determined.

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

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1).

Analysis (a) For this problem, we use the properties from EES software.
Remember that for an ideal gas, enthalpy is a function of temperature )
only whereas entropy is functions of both temperature and pressure. Combustion

. chamber
Process 1-2: Compression

T, =40°C—>h, =313.6 ki/kg 2 MPa

T, =40°C

s, =5.749 ki/kg - K
P, =100 kPa Compress.
P, = 2000 kPa

100 kPa

}th =736.7 ki/kg

s, =s; =5.749 ki/kg.K LT so0oc
hy —h -

e =2 ggs 7678186 11 4kikg
h, —h, h, —313.6

Process 3-4: Expansion

T, =650°C—>h, = 959.2 ki/kg
h3 - h4s h3 - h4s

We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic
efficiency relation, we find h; = 1873 kJ/kg, Ts = 1421°C, s3 = 6.736 kJ/kg.K. The solution by hand would require a trial-
error approach.

h_3=enthalpy(Air, T=T_3)
s_3=entropy(Air, T=T_3, P=P_2)
h_4s=enthalpy(Air, P=P_1, s=s_3)
The mass flow rate is determined from
PV, (100 kPa)(700/60 m® /)
RT, (0.287 kPa-m3/kg - K |40+ 273K)
The net power output is

We,, =m(h, —h,) = (12.99 kg/s)(811.4 — 313.6)k/kg = 6464 kKW

nT =

m

=12.99kg/s

Wi out =M(hg —h,) = (12.99 kg/s)(1873 — 959.2)kJ/kg =11,868 KW
Wogt =Wy o —Wo i =11,868 — 6464 = 5404 kW
(b) The back work ratio is

~ Wein  6464kW
Wi 11868KW

o =0.545

(c) The rate of heat input and the thermal efficiency are
Qi = m(h; —h,) =(12.99 kg/s)(1873-811.4)kJ/kg =13,788 kW

Woet 5404 kW

et _ = 0.392=39.2%
Q, 13788kw

Mth =

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-76

9-101 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits.
The cycle is to be sketched on the T-s cycle and the isentropic efficiency of the turbine and the cycle 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 are given as ¢, = 0.718 kJ/kg-K,
¢, = 1.005 kJ/kg:K, R = 0.287 kl/kg-K, k = 1.4.

Analysis (b) For the compression process, T
WComp = me (T, -Ty) 873 K+
= (200 kg/s)(1.005 kJ/kg - K)(330-30)K
= 60,300 kW
For the turbine during the isentropic process, 303 K
(k-1)/k 0.4/1.4
P
Tas =Ta| =+ - (1400 K)[ 100 kpaj —772.9K >
P 800 kPa

Wiy s =Me , (T ~ T4, ) = (200 kg/s) (1.005 kJ/kg - K)(1400 - 772.9)K =126,050 kKW

The actual power output from the turbine is
Wnet =WTurb _WCOmp
Wiy =Wer + Wy = 60,000+ 60,300 =120,300 kW
The isentropic efficiency of the turbine is then

Wryp 120,300 kW

MTurb = -

- = 0.954 = 95.4%
Woyps 126,050 kW

(c) The rate of heat input is

Qin =Mc, (T3 —T,) = (200 kg/s)(1.005 kJ/kg - K)[(1400 — (330 + 273)]K = 160,200 kW
The thermal efficiency is then

Wi 60,000 kW

et - =0.375=37.5%
Q, 160,200 kW

M =
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9-77

9-102 A modified Brayton cycle with air as the working fluid operates at a specified pressure ratio. The T-s diagram is to be
sketched and the temperature and pressure at the exit of the high-pressure turbine and the mass flow rate of air 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 are given as ¢, = 0.718 kJ/kg-K, ¢, = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4.

Analysis (b) For the compression process,

I:’2 i 0.4/1.4 T —
T, :Tl[FlJ =(273K)(8) =4945K 1500 K | Ps =P,
The power input to the compressor is equal to the power output P4
from the high-pressure turbine. Then, P
WComp,in =WHPTurb,0ut
me, (T, =T,) =mc, (T; —T,4) 273K +

T, =Ty =T3-T,
T,=T3+T, -T, =1500+273-494.5=1278.5K

The pressure at this state is

k/(k-1) k/(k-1) 1.4/0.4
& = T—4 —> P, =rP, T—4 =8(100 kPa)(mJ =457.3kPa
Ps T3 Ts 1500 K

(c) The temperature at state 5 is determined from

(k=1)7k 0.4/1.4

P

T =T, [P_SJ =(1278.5 K)(E);)—s%j =828.1K
4 .

The net power is that generated by the low-pressure turbine since the power output from the high-pressure turbine is equal
to the power input to the compressor. Then,

Wipryn = Me p(Ta —Ts)
. Wiprap 200,000 KW
c,(T,~Ts) (L005kI/kg-K)(1278.5-828.1)K

=441.8kgl/s

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-78

9-103 A simple Brayton cycle with air as the working fluid operates at a specified pressure ratio and between the specified
temperature and pressure limits. The cycle is to be sketched on the T-s cycle and the volume flow rate of the air into the
compressor is to be determined. Also, the effect of compressor inlet temperature on the mass flow rate and the net power
output are to be investigated.

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 are given as ¢, = 0.718 kJ/kg-K, ¢, = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4.

Analysis (b) For the compression process,

P (k-1)/k
Ty, = Tl[—ZJ = (273K)(7)*4** = 476.0K
Pl
T
n _ V\./Comp,s _ me (Tys —T1) _ T, -T1 1500 K+
Comp =~ =— =
o Weomp  MCp (T, =T) T, -Ty
0.80 2760-273 >T, =526.8K
Tp =213 213K+

For the expansion process,

= (k-1)/k 1 0.4/1.4
Ty =T, 4 = (1500 K)(—J =860.3K
P; 7

WTUI‘b _ me(T3 _T4) _ T3 _T4

Mrurb = - == =
N WTurb,s me (TS _T4s) T3 - T4s
0.90—20-Ta T, =924.3K
1500 - 860.3

Given the net power, the mass flow rate is determined from
Wnet :WTurb _WCOmp = me (TS _TA) - mcp (Tz _Tl)
Wigr =the, [(Tg = T) = (T, = Ty)]

m — Wnet
Col(T3 —Ty) = (T, - Ty)]
~ 150,000 kW
(1.005 k/kg - K)[(1500 — 924.3) — (526.8 — 273)]
=463.7 kg/s

The specific volume and the volume flow rate at the inlet of the compressor are

RT, _ (0.287 ki/kg - K)(273K)
P, 100 kPa

v, = =0.7835m%/kg

V, = v, = (463.7 kg/s)(0.7835 m3/kg) = 363.2m?3/s
(c) For a fixed compressor inlet velocity and flow area, when the compressor inlet temperature increases, the specific
volume increases since v = % . When specific volume increases, the mass flow rate decreases since m = v . Note that
v

volume flow rate is the same since inlet velocity and flow area are fixed (¢ = AV ). When mass flow rate decreases, the net
power decreases since W o = M(Wx, — Weomp ) - Therefore, when the inlet temperature increases, both mass flow rate and

the net power decrease.
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9-79

Brayton Cycle with Regeneration

9-104C 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.

9-105C 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 a result, the thermal efficiency will decrease.

9-106C The extent to which a regenerator approaches an ideal regenerator is called the effectiveness ¢, and is defined as

&= qregen, act /qregen, max-

9-107C (b) turbine exit.

9-108C The steam injected increases the mass flow rate through the turbine and thus the power output. This, in turn,
increases the thermal efficiency since n =W /Q;, and W increases while Qj, remains constant. Steam can be obtained by

utilizing the hot exhaust gases.
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9-80

9-109 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are 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 According to the isentropic process expressions for an ideal gas,

T2 :Tlrékfl)/k — (293 K)(8) 0.4/1.4 — 5308 K

1 (k=D 7k 1 0.4/1.4 T
T5 =T, (Ej = (1073 K)(gj =592.3K 1073 K |
When the first law is applied to the heat exchanger, the result is
T3—T, =Ts—Ts
293 K +
while the regenerator temperature specification gives

T3 =T; -10=592.3-10=582.3K
The simultaneous solution of these two results gives
Te =Ts —(T;—T,)=592.3—(582.3-530.8) =540.8 K
Application of the first law to the turbine and compressor gives
Wpet =Cp(Ty —T5)—C, (T, —Ty)
= (1.005 kJ/kg - K)(1073-592.3) K — (1.005 kJ/kg - K)(530.8 — 293) K
= 244.1kJ/kg

Then,

o Wnet __150KW 0.6145kg/s

W 244.1ki/kg

Applying the first law to the combustion chamber produces

Qi = e, (T, —T3) = (0.6145 kg/s) (1.005 ki/kg - K)(1073 - 582.3)K = 303.0 kW
Similarly,

Qout =M, (T —T;) = (0.6145 kg/s) (1.005 ki/kg - K)(540.8 - 293)K =153.0 kW
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9-81

9-110 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are 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 For the compression and expansion processes we have

Ty =Tyr V' = (293 K)(8)**** =530.8K T
c -T T, -T 1073 KA
e = p(TZS 1) \T2 =T1+ 2s 1
Cp (T, -Ty) lc
= 293+M= 566.3K
0.87 293 K -
1 (k-1)/k 10414 .
Toe =Ty — = (1073 K)(—j =592.3K
Mo 8
c,(T,-Ts)
pla =15
= Ts =Ty -1 (T, T
T Cp(T4_T55) 5 4 =17 (Ty —Tss)

=1073-(0.93)(1073-592.3)
=625.9K
When the first law is applied to the heat exchanger, the result is
T3-T, =Ts—Tg
while the regenerator temperature specification gives
T3 =T5 -10=625.9-10=6159K
The simultaneous solution of these two results gives
Te =Ts—(T3—-T,)=625.9-(615.9-566.3) =576.3K
Application of the first law to the turbine and compressor gives
Wigt =Cp (T4 =T5) =€ (T, =Ty)
= (1.005 kJ/kg - K)(1073-625.9) K — (1.005 kJ/kg - K)(566.3—293) K
=174.7 kJ/kg

Then,

= Wnet _ 1S0KW ) ooae g
Woe  174.7kJlkg

Applying the first law to the combustion chamber produces
Qi = mc, (T, —T3) = (0.8586 kg/s)(1.005 kJ/kg - K)(1073 - 615.9)K = 394.4 kW
Similarly,

Qout =MC, (Te —T;) = (0.8586 kg/s)(L.005 ki/kg - K)(576.3— 293)K = 244.5 kKW
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9-82

9-111 A Brayton cycle with regeneration is considered. The thermal efficiencies of the cycle for parallel-flow and counter-
flow arrangements of the regenerator are to be compared.

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 c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a).

Analysis According to the isentropic process expressions for an ideal gas,

T, =Tyr{ D = (203 K)(7)*** =510.9K

T
1 (k-1)7k 110414
Ts =T, — = (1000 K)(—j =5735K 1000K
Mo 7
When the first law is applied to the heat exchanger as originally
arranged, the result is 293K |-

T3 _T2 :TS _T6
while the regenerator temperature specification gives
T, =T;-6=5735-6=567.5K
The simultaneous solution of these two results gives
Tg =Ts —Ty+T, =573.5-567.5+510.9 =516.9K

The thermal efficiency of the cycle is then

M =1= Zoi:t =1- Ij :E =1 1502(1;%;2?.1 =0.482
For the rearranged version of this cycle,
T,=T;—6
An energy balance on the heat exchanger gives T
Ty—T, =Te -T, 1000 K
The solution of these two equations is
T, =539.2K seak |
Ts =545.2K
The thermal efficiency of the cycle is then °
7o =1- Qout _ Te-T, _1- 545.2-293 _ 0.453

Ui T,-T; ~ 1000-539.2
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9-83

9-112E An ideal Brayton cycle with regeneration has a pressure ratio of 11. The thermal efficiency of the cycle is to be

determined with and without regenerator cases.

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 c, = 0.24 Btu/lom-R and k = 1.4 (Table A-2Ea).

Analysis According to the isentropic process expressions for an ideal gas,

T, =T,r$ % = (560 R)(11) *4** =1111R

1 (k=1)/k 1\0414
Ts =Tyl — = (2400 R)[—] =1210R
I 11
The regenerator is ideal (i.e., the effectiveness is 100%) and thus,
T, =T; =1210R
T =T, =1111R
The thermal efficiency of the cycle is then
Qout _1- Te—-Ty 1 1111-560

= —0.537=53.7%
T, - T, 24001210

N =1-

in
The solution without a regenerator is as follows:

T, =Tyr{’% = (560 R)(11) *#** =1111R

L (k-1)/k 1 0.4/1.4
T, =T — = (2400 R)| — =1210R
4 3 rp 11

Qo _,_Ta=Ty _, 1210-560

= =0.496 = 49.6%
Ui T, - T, 2400 -1111

N =1-

2400 R

560 R +

2400 R+

560 R
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9-84

9-113E A car is powered by a gas turbine with a pressure ratio of 4. The thermal efficiency of the car and the mass flow
rate of air for a net power output of 95 hp are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 The ambient air is 540
R and 14.5 psia. 4 The effectiveness of the regenerator is 0.9, and the isentropic efficiencies for both the compressor and
the turbine are 80%. 5 The combustion gases can be treated as air.

Properties The properties of air at the compressor and turbine inlet temperatures can be obtained from Table A-17E.
Analysis The gas turbine cycle with regeneration can be analyzed as follows:

h, =129.06 Btu/lbm
T, =540 R ——>

P, =1.386 T
1
P
P, = FZ P, =(4)1.386)=5.544 ——> h,, =192.0 Btu/lbm 2160 R-
1
h; =549.35 Btu/lom
Ta=2100R —> 5 53010 B
rs .
P
P, =P, :(EJ(230.12):57.53 ——> h,, =372.2 Btu/lbm 540 R |
©opp o4 S
and
hys —h .0-129.
Neomp =2 — 0.80 - 1920-129.06 h, = 207.74 Btu/lbm
h, —h, h, —129.06
hs —h 35_
M = —> 080=—29387N | h, = 407.63 Btu/lbm
hg —hyq 549.35-372.2

Then the thermal efficiency of the gas turbine cycle becomes
Oregen = £(hy —hy) =0.9(407.63-207.74) =179.9 Btu/lbm

Gin = (N5 — ;) — Gregen = (549.35—207.74) ~179.9 = 161.7 Btu/lbm
Woetout = Wr out —Wein = (N3 —hy) —(h, —hy) = (549.35— 407.63) — (207.74—129.06) = 63.0 Btu/lbm

Wnet,out _ 63.0 Btu/lbm

= =0.39=39%
Oin 161.7 Btu/lbm

M =

Finally, the mass flow rate of air through the turbine becomes

. W et 95 hp 0.7068 Btu/s
Myir = =
w 63.0 Btu/lbm lhp

net

J: 1.07 Ibm/s
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9-85

9-114 The thermal efficiency and power output of an actual gas turbine are given. The isentropic efficiency of the
turbine and of the compressor, and the thermal efficiency of the gas turbine modified with a regenerator are to be
determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 3 The
mass flow rates of air and of the combustion gases are the same, and the properties of combustion gases are the same as
those of air.

Properties The properties of air are given in Table A-17.
Analysis The properties at various states are

h; =303.21 kd/kg T

T, =30°C=303K —> P, 14356

P

5}

= % P, =(14.7)1.4356)=21.10—— h,, =653.25 ki/kg
1

hy =1710.0 ki/kg -

T; =1288°C=1561 K — P, =7125

303 K

p —Fip _ (ij(nz.s): 48.47 — > h,, =825.23 kllkg s
TR e (147

The net work output and the heat input per unit mass are

_ Woet _ 159,000 kW ( 36005
"7 m  1,536,000kg/h | 1h
g, = Woet _ 372.66KIKg 130 6 g1k
M 0.359
qy, =hs —h, — h, =h; —q;, =1710-1038 = 672.0 k/kg
Gout = Tin — Wi =1038.0 — 372.66 = 665.34 k/kg
Qoue =N =y = h, =0oy + Ny =665.34+303.21=968.55 ki/kg — T, =931.7 K =658.7°C

j =372.66 kilkg

Then the compressor and turbine efficiencies become
hy —h, 1710-968.55
hy —h,, 1710-825.23

hy, —h,  653.25—303.21
hy—h,  672-303.21

=0.838=83.8%

=

=0.949=94.9%

Tlc =

When a regenerator is added, the new heat input and the thermal efficiency become
Uregen = €(Ny —hy) = (0.65)(968.55 - 672.0) = 192.8 kJ/kg
Qin.new = din — regen =1038 —192.8 =845.2 kJ/kg

Wet _ 372.66KIKY _ 0 40t s 10
Ginpew  845.2 kJ/kg

Mthnew =

Discussion Note a 65% efficient regenerator would increase the thermal efficiency of this gas turbine from 35.9% to
44.1%.
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9-86

13
9-115 E Problem 9-114 is reconsidered. A solution that allows different isentropic efficiencies for the compressor and
turbine is to be developed and the effect of the isentropic efficiencies on net work done and the heat supplied to the cycle is
to be studied. Also, the T-s diagram for the cycle is to be plotted.

Analysis Using EES, the problem is solved as follows:

"Input data"

T[3] = 1288 [C]

Pratio = 14.7

T[1] =30 [C]

P[1]= 100 [kPa]

{T[4]=659 [C]}

{W_dot_net=159 [MW] }"We omit the information about the cycle net work"
m_dot = 1536000 [kg/h]*Convert(kg/h,kg/s)

{Eta_th_noreg=0.359} "We omit the information about the cycle efficiency."
Eta _reg = 0.65

Eta_c = 0.84 "Compressor isentropic efficiency"

Eta_t = 0.95 "Turbien isentropic efficiency"

"Isentropic Compressor anaysis"

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

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P[2] = Pratio*P[1]

s_s[2]=ENTROPY (Air, T=T_s[2],P=P[2])

"T_s[2] is the isentropic value of T[2] at compressor exit"

Eta_c = W_dot_compisen/W_dot_comp

"compressor adiabatic efficiency, W_dot_comp > W_dot_compisen"

"Conservation of energy for the compressor for the isentropic case:
E_dot_in - E_dot_out = DELTAE_dot=0 for steady-flow"
m_dot*h[1] + W_dot_compisen = m_dot*h_s[2]
h[1]=ENTHALPY (Air, T=T[1])

h_s[2]=ENTHALPY (Air, T=T_s[2])

"Actual compressor analysis:"
m_dot*h[1] + W_dot_comp = m_dot*h[2]
h[2]=ENTHALPY (Air, T=T[2])
s[2]=ENTROPY (Air,T=T[2], P=P[2])

"External heat exchanger analysis"

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0
E_dot_in - E_dot_out =DELTAE_dot_cv =0 for steady flow"
m_dot*h[2] + Q_dot_in_noreg = m_dot*h[3]
g_in_noreg=Q_dot_in_noreg/m_dot

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

P[3]=P[2]"process 2-3 is SSSF constant pressure"

"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P[4] = P[3] /Pratio

s_s[4]=ENTROPY(Air, T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit"
Eta_t = W_dot_turb /W_dot_turbisen "turbine adiabatic efficiency, W_dot_turbisen > W_dot_turb"

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0
E_dot_in -E_dot_out = DELTAE_dot_cv = 0 for steady-flow"

m_dot*h[3] = W_dot_turbisen + m_dot*h_s[4]
h_s[4]=ENTHALPY (Air, T=T_s[4])
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9-87

"Actual Turbine analysis:"

m_dot*h[3] = W_dot_turb + m_dot*h[4]
h[4]=ENTHALPY (Air, T=T[4])
s[4]=ENTROPY (Air,T=T[4], P=P[4])

"Cycle analysis"

"Using the definition of the net cycle work and 1 MW = 1000 kW:"
W_dot_net*1000=W_dot_turb-W_dot_comp "kJ/s"
Eta_th_noreg=W_dot_net*1000/Q_dot_in_noreg"Cycle thermal efficiency"
Bwr=W_dot_comp/W_dot_turb"Back work ratio"

"With the regenerator the heat added in the external heat exchanger is"
m_dot*h[5] + Q_dot_in_withreg = m_dot*h[3]
g_in_withreg=Q_dot_in_withreg/m_dot

h[5]=ENTHALPY (Air, T=T[5])
s[5]=ENTROPY (Air, T=T[5], P=P[5])
P[5]=P[2]

"The regenerator effectiveness gives h[5] and thus T[5] as:"
Eta_reg = (h[5]-h[2])/(h[4]-h[2])

"Energy balance on regenerator gives h[6] and thus T[6] as:"
m_dot*h[2] + m_dot*h[4]=m_dot*h[5] + m_dot*h[6]
h[6]=ENTHALPY (Air, T=T[6])

s[6]=ENTROPY (Air,T=T[6], P=P[6])

P[6]=P[4]

"Cycle thermal efficiency with regenerator"”
Eta_th_withreg=W_dot_net*1000/Q_dot_in_withreg

"The following data is used to complete the Array Table for plotting purposes."
s_s[1]=s[1]

T_s[1]=T[1]

s_s[3]=s[3]

T_s[3]=T[3]

s_s[5]=ENTROPY (Air, T=T[5],P=P[5])

T_s[5]=T[5]

s_s[6]=s[6]

T_s[6]=T[6]
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Nt Ne MNth,noreg MNth,withreg c:linnoreg c:linwithreg Wnet
[kW] [kW] [kW]
0.7 0.84 0.2044 0.27 422152 319582 86.3
0.75 0.84 0.2491 0.3169 422152 331856 105.2
0.8 0.84 0.2939 0.3605 422152 344129 124.1
0.85 0.84 0.3386 0.4011 422152 356403 142.9
0.9 0.84 0.3833 0.4389 422152 368676 161.8
0.95 0.84 0.4281 0.4744 422152 380950 180.7
1 0.84 0.4728 0.5076 422152 393223 199.6
T-s Diagram for Gas Turbine with Regeneration
1700—— . . . . . 200
1500} 1470 kPa i 180
1300} 3 L
1100} 1 _
g 900: 100 kPa 1 i 140
~ 700} E ©
sool . 4S4 1 ‘2 120
300} 6 1 100
100: i
i 80 . . . .
Qoo 0.7 0.75 0.8 0.85 0.9 0.95 1
45 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 nt
s [kJ/kg-K]
430000 0.55
410000 no regeneration 0.5 7
E 390000 7 0.45 7
= | with regeneration
‘G 370000 i ) £ 04
| with regeneration c L
350000 0.35 |
- 0.3 no regeneration
330000
0.25
310000 s : I
0.7 0.75 0.8 0.85 0.9 0.95 1 0.2 ‘ ‘ ‘
Nt 0.7 0.75 0.8 0.85 0.9 0.95 1
Nt
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9-89

9-116 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine
exit, the net work output, and the thermal efficiency are to be determined.

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

Properties The properties of air are given in Table A-17. 1150 K+~
Analysis (a) The properties of air at various states are

h, =310.24 k/kg

Ty =310K —> P, =1.5546

310 K+

P
P, = Fi P,, =(7)1.5546)=10.88 ——> h,, =541.26 ki/kg
h23 B hl

A h, =hy +(hys —hy )/ 77¢ =310.24 +(541.26 —310.24)/(0.75) = 618.26 kl/kg
211

Nc =

hy =1219.25 ki/kg
T, =1150 K ——>

P, =200.15

P, =—%P, =|=(200.15)=28.59 —> h,, = 711.80 ki/kg

4 P3 3 7

hs —h

nr :h3—h4 —— h, =hy =757 (hy —h,, ) =1219.25-(0.82)(1219.25 - 711.80) = 803.14 ki/kg
37 4s

Thus,
T, = 782.8 K

(b) Whet =Wt out —Weiin = (h3 - h4 )_ (hZ - hl)
=(1219.25-803.14)— (618.26 —310.24)
=108.09 kJ/kg

hs —h
42 =618.26 +(0.65)(803.14 - 618.26)
= 738.43 kilkg
Then,

Gin = hs —h =1219.25-738.43 = 480.82 kJ/kg

Wy  108.09 ki/kg

- =22.5%
0 480.82 k/kg

M =
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9-90
9-117 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 ¢, = 1.005 kJ/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

P (k-1)/k

T, =T1[?2J = (290 K)8)*#** =525.3 K 1100 K |
1

p (k-1)/k 1 0.4/1.4
T, =Ty % =(1100 K)(—j =607.2K

P; 8

290K - 17
£=100% —— T5 =T, =607.2 K and Ty =T, =525.3 K S
C,(Te =T T.-T 3-

pe 1o g p(Te—T) | Te-T, , 5253-290

Gn  Cp(Ts-Ts) = T3—Ts  1100-607.2
Woer =771 Qi = (0.5225)75,000 kW) = 39,188 kW

(b) Assuming variable specific heats,

h, = 290.16 ki/kg

Ty = 290K — P, =1.2311

2

P
P, = FZ P, =(8)1.2311)=9.8488 —— h, =526.12 ki/kg
1

h; =1161.07 kJ/kg

T =U00K — o 167

P
P =—2P = (1](167.1): 20.89 —— h, =651.37 ki/kg
4 P3 3 8
&=100% —> hg =h, =651.37 ki/kg and hy = h, =526.12 ki/kg
he —h -
Qo _, Me—Phy _, 52612-29016 _ .
N hy —hs 1161.07 —651.37

W,er =77 Qi = (0.5371)(75,000 kW)= 40,283 kW

M =1-
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9-118 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 variable specific heats. 3 Kinetic and
potential energy changes are negligible.

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

Analysis (a) The properties at various states are T
rp=P2/P1:900/100=9 1400 K -
T, =310 K —— h, =310.24 kl/kg
T, =650 K ——> h, =659.84 ki/kg 650 K |
T, =1400 K ——> h; =1515.42 kJ/kg
P, =450.5 310 K+ .
P =5 P =g (450.5)=50.06 —> h, =832.44 ki/kg
3
nr=——"——>hy=h; _77T(h3 _h4s)

g = s —1515.42 — (0.90)1515.42 — 832.44)

=900.74 ki/kg
Uregen = &(h4 —hy)=(0.80)(900.74 — 659.84)=192.7 kJ/kg

(b) Whet =W out —Wein = (hs —hy)—(h, —h;)
= (1515.42 — 900.74) — (659.84 — 310.24) = 265.08 kJ/kg
Gin = (N3 = h) = Gregen =(1515.42 — 659.84)—192.7 = 662.88 ki/kg

Woet _ 265.08KIKG _ o joo 40 o0
O 662.88 kilkg

i =
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9-92

9-119 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

¢, = 1005 ki/kg.K and k = 1.4 (Table A-2a). T
Analysis (a) Using the isentropic relations and turbine efficiency, 1400 K4
r, =P, /P =900/100=9
P (k-1)/k 1)\04/14 650 K
Ty =Ts [—4J = (1400 K)(—) =747.3K
Py 9 310K |
h; —h cp(Ts-T,) S
77T:hs_h4 :cp(T T ) T4:T3—77T(T3‘T4s)
3T TR s =1400 - (0.90)1400 — 747.3)

=812.6 K
Uregen = &(hy =y )=ec, (T, —T,)=(0.80)1.005 ki/kg - K812.6 — 650)K =130.7 kJ/kg

(b) Whet =Wt out = Wein :Cp(T3 _T4)_Cp(T2 _Tl)
=(1.005 kJ/kg - K)[(1400 — 812.6) - (650 — 310)JK = 248.7 ki/kg
Qin = (hs - hz)_ Uregen =Cp (T3 _TZ)_ Uregen
=(1.005 kJ/kg - K )(1400 — 650)K —130.7 = 623.1 ki/kg

Wi  248.7 ki/kg

= =0.399=39.9%
Qi, 623.1kJ/kg

Mth =
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9-120 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 variable specific heats. 3 Kinetic and
potential energy changes are negligible.

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

T
Analysis (a) The properties at various states are
r, =P, /P, =900/100=9 1400 K+ Gin 3
5
T, =310 K —— h; =310.24 k/kg 2 4
T, =650 K ——> h, =659.84 ki/kg 650 K 25 5
T, =1400 K—— h; =1515.42 ki/kg 310K 1
P,, =450.5 s
P, 1
P =5 P =5 (450.5)=50.06 —— h,, =832.44 ki/kg
3
hy —h,
N =W—> hy =hg =777 (g — hys )
3 7 ll4s

=1515.42 — (0.90)(1515.42 — 832.44)
=900.74 kJ/kg
Uregen = &(hy =y )=(0.70)(900.74 - 659.84) = 168.6 kJ/kg

(b) Whet =Wt out —We,in = (hs —hy)=(h, =)
= (1515.42 — 900.74) — (659.84 — 310.24) = 265.08 ki/kg
Gin = (N3 = Ny ) — Gregen =(1515.42 — 659.84)—168.6 = 687.18 ki/kg

Woet _ 265.08KIKG _ o poc g oo
4,  687.18 ki/kg

i =
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9-121 An expression for the thermal efficiency of an ideal Brayton cycle with an ideal regenerator is to be developed.

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.

Analysis The expressions for the isentropic compression and expansion processes are

T, :Tlrék—l)/k

) (k-1)/k
T4 i TS [r_] |
p

For an ideal regenerator,
T =T, 1
TG = T2

The thermal efficiency of the cycle is

Qout —1— Te—Ty _1_T_1 (T /T1) -1

Qin T3 —Ts T3 1-(T5 /T3)
L, @)1

T3 1-(T, /T3)

T, rék—l)/k 1
T, 1- rp—(k—l)/k

M =1-

T
—1_1 (kDK
P
Ts
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9-95

Brayton Cycle with Intercooling, Reheating, and Regeneration

9-122C As the number of compression and expansion stages are increased and regeneration is employed, the ideal Brayton
cycle will approach the Ericsson cycle.

9-123C Because the steady-flow work is proportional to the specific volume of the gas. Intercooling decreases the average
specific volume of the gas during compression, and thus the compressor work. Reheating increases the average specific
volume of the gas, and thus the turbine work output.

9-124C (a) decrease, (b) decrease, and (c) decrease.

9-125C (a) increase, (b) decrease, and (c) decrease.

9-126C (a) increase, (b) decrease, (c) decrease, and (d) increase.

9-127C (a) increase, (b) decrease, (c) increase, and (d) decrease.

9-128C (c) The Carnot (or Ericsson) cycle efficiency.
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9-96

9-129 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 Air is an ideal
gas with variable specific heats. 3 Kinetic and potential energy changes are
negligible.

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,
h; =300.19 kJ/kg

T=300K—=p 1386

P.
P, = ?2 P, =(3)1.386)=4.158 —— h, =h, =411.26 ki/kg

f2
1

T, =1200 K ——> P, - 238

P
P, =-LP, = (EJ(Z%): 79.33 — > hg = hy = 946.36 ki/kg
P " (3

Wein =2(h, —hy )= 2(411.26 -300.19) = 222.14 ki/kg
Wr ot = 2(hs —hg )= 2(1277.79 - 946.36) = 662.86 ki/kg

Thus,

Wein 22214 KIKg 33.5%

f = =
" Wrow  662.86 kikg

1200 K+

300 K+

Qin = (hs —h, )+ (h; —hg)=(1277.79-411.26)+(1277.79 - 946.36) = 1197.96 ki/kg

Whet = Wt out —We in = 662.86 —222.14 = 440.72 kJ/kg

Woy 44072 kJkg

- = 36.8%
9, 1197.96 ki/kg

M =

(b) When a regenerator is used, r,, remains the same. The thermal efficiency in this case becomes

Uregen = &(hg —h, )= (0.75)(946.36 — 411.26) = 401.33 k/kg

W _ 440.72 kilkg _

= 55.3%
Qin  796.63 ki/kg

h =
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9-97

9-130 A 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 Air is an ideal gas with variable specific heats. 3 Kinetic and
potential energy changes are negligible.

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.

Then,
T, =300 K — h; =300.19 kJ/kg T
P, =1.386
1
P
P, = FZ P, =(3)1.386)=4.158 —— h,, =h,, =411.26 ki/kg
1
h,s —h
e :ﬁ ——hy=hy,=h +(h25 - hl)/ﬂc
2 =300.19 +(411.26 - 300.19)/(0.84)
= 432.42 ki/kg
Ts =1200 K ——> hg =h, =1277.79 ki/kg s
P, =238
P 1
P, = P_Z P, = (§](238): 79.33 — > hg, = hg, =946.36 ki/kg
hs —h
Uy =ﬁ—> hg =hg =hg — 77 (s —hg, )
> o =1277.79 - (0.88)(1277.79 — 946.36)
= 986.13 ki/kg
We iy =2(h, — hy )=2(432.42 - 300.19) = 264.46 ki/kg
Wr ot = 2(hg — hg ) =2(1277.79 — 986.13) = 583.32 k/kg
Thus,

_ Weiin

_ 26446 kl/kg _ 0.453=45.3%

r. = =
" Wy 583.32 klikg

Gin = (hs —hy )+ (h; —hg )= (1277.79 — 432.42) + (1277.79 — 986.13) =1137.03 kJ/kg
Wiet =Wy oy — We jn = 583.32 — 264.46 = 318.86 ki/kg

W,  318.86 ki/kg

= =0.280 =28.0%
q,  1137.03 ki/kg

MM =

(b) When a regenerator is used, ry,, remains the same. The thermal efficiency in this case becomes

Oregen = &(Ng — ) =(0.75)(986.13 — 432.42) = 415.28 ki/kg
Gin = inold — Oregen =1137.03 — 415.28 =721.75 ki/kg

Waet _ 31886 KIKG _ 110 44 50
Qi 721.75 ki/kg

M =
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9-98

9-131E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered.
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are 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 ¢, = 0.24 Btu/lom-R and k = 1.4 (Table A-2Ea).

Analysis The pressure ratio for each stage is

r, =12 =3.464 -
According to the isentropic process expressions for an ideal gas, + 6 .8
T, =T, =TyrD'% = (520 R)(3.464) ¥4 = 7416 R ; 9
Since this is an ideal cycle, 4
Tg =T, =Ty =T, +50=741.6+50=791.6 R 520R | 3 1 !
For the isentropic expansion processes, g

Tg =Tg =Tor D' = (791.6 R)(3.464) 44 =1129 R
The heat input is

Qin =2¢,(Tg —Ts) = 2(0.24 Btu/lom-R)(1129-791.6) R =162.0 Btu/lom
The mass flow rate is then

. Qin _ 500Btu/s

————=3.0861bm/s
0, 162.0 Btu/lbm

Application of the first law to the expansion process 6-7 gives

W6—7,out =mc, (T —T7)

= (3.086 Ibm/s)(0.24 Btu/lbm - R)(1129 - 791.6) R __Lkw
0.94782 Btu/s
=263.6 kW
The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it

becomes
le,in =mc, (T, -T,)

= (3.086 Ibm/s)(0.24 Btu/lbm-R)(741.6 —520) R 1k—W
0.94782 Btu/s

=173.2kW
Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is
Qout = Zme (T2 _TS)
= 2(3.086 Ibm/s)(0.24 Btu/lbm-R)(741.6 —520) R
=328.3Btu/s
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9-99

9-132E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered.
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are 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 ¢, = 0.24 Btu/lom-R and k = 1.4 (Table A-2Ea).

Analysis The pressure ratio for each stage is

r, =12 =3.464
T
For the compression processes, |
Ty =Tyge =Tyr§D'% = (520 R)(3.464) ¥ = 7416 R
c -T T, T
Nlc = o (T2, ) T, =T, =T1+—2s :
¢, (T, -Ty) e
741.6-520 520 R 7

=520+ ———=780.7R
0.85

Since the regenerator is ideal,

Ty =T, =Ty =T, +50=780.7+50=830.7R
For the expansion processes,

Tgs =Tgs = T,r{ V¥ =(830.7 R)(3.464) >4 =1185R
_Cp (Te =T7)
¢ (Tes—T7)
The heat input is

Gin = 2¢, (T —T5) = 2(0.24 Btu/lbm- R)(1150—830.7) R =153.3 Btu/lbm

" Te =Tg =T, +77r (Tes —T7) =830.7 +(0.90)(1185-830.7) =1150 R

The mass flow rate is then

o Qi _ 500Btuls

——————— =3.262Ibm/s
Qi, 153.3Btu/lbm

Application of the first law to the expansion process 6-7 gives
V\‘/6—7,out = mcp (Te =T7)

= (3.262 Ibm/s)(0.24 Btu/lbm - R)(1150 — 830.7) R( L1kW

————— | =263.7 kW
0.94782 Btul/s

The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it
becomes

le,in =mc, (T, -T)

— (3.262 Ibm/s)(0.24 Btu/lbm - R)(780.7 —520) R( LkW

———— [=215.3kW
0.94782 Btu/s

Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is

Qout = 2rhcp (T, -Ts)
= 2(3.262 Ibm/s)(0.24 Btu/lbm- R)(780.7 —520) R = 408.2 Btu/s
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9-100

9-133 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

T, =T, =Ty = (290 K)(4)*“** = 430.9K

Ts =T, +20=1430.9+20=4509K T o
6
Qin =Cp(Ts = Ts)
TG =T5 +&:450.9K+M:749.4K . 9
Cp 1.005 kJ/kg - K 7
4
(k=D/k 0.4/1.4
T =T = =(749.4 K)(lj =504.3K 290K 3 1
rp 4 S
Ty =T, + 0" _ 543K +—0KIKG __gp) gic
c

) 1.005 k/kg - K

1 (k=1)/k 1 0.4/1.4
To =Tg| — =(802.8 K)(—j =540.2K
r 4

Typ =Ty —20=540.2-20=520.2K
The heat input is
d;, =300+ 300 = 600 kJ/kg

The heat rejected is
Qout =Cp(T1o —T1)+Cp (T2 =T3)
=(1.005kJ/kg - K)(520.2— 290+ 430.9-290) R
=373.0 kd/kg
The thermal efficiency of the cycle is then

Qou _, 3730
Gin 600

Ny =1- =0.378
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9-101

9-134 A regenerative gas-turbine cycle with three stages of compression and three 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

T, =T, =Te =Tyr{'* = (200 K)(4)*4** = 430.9K T
1 12
T, =T +20=430.9+20=450.9K °
Qi =, (Ts —Ty) 9 11 13
_ 7
To =T+ _ 4509k +—00KKI 2494k 6. .4 .2 14
Cy 1.005 ki/kg - K
290 K -+

) (k=1)/k 10414 2 01
Ty =Tg| — = (749.4 K)(—] =504.3K °

rp 4

T =To+ 0 _5043K 400 kIkg
c 1005 ki/kg-K

p

1 (k-1)/k 1 0.4/1.4
Ty =T — =(802.8 K)(—j =540.2K
Mo 4

=802.8K

Ty =Ty + % 5402 K+ S00KIKG
Cp 1.005 kJ/kg - K

=838.7K

1 (k-1)/k 10414
Ty =Ty (r—J — (838.7 K)[Zj ~564.4K
P

Tys =Tys —20=564.4—20=544.4K

The heat input is
d;, =300+300+300=900kJ/kg

The heat rejected is
Qout =Cp(Tyq —T1)+Cp (T =Tg)+Cy (T4 —Ts)
=(1.005 kJ/kg - K)(544.4 — 290 + 430.9 - 290 + 430.9 - 290) R
=538.9 kJ/kg

The thermal efficiency of the cycle is then

5389

7 =1- Jout _g == =0.401=40.1%

Qin
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9-102

9-135 A regenerative gas-turbine cycle with three stages of compression and three 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 Since all compressors share the same compression ratio and begin at the same temperature,

T, =T, =Tg =Tyl = (290 K)(4)*“** = 430.9K

From the problem statement, 1 12
The relations for heat input and expansion processes are 9 1113
q / 14
Qin =Cp(Tg =T7) —>Tg =T, +C_m By 4412
P 200K+ 5 ¥3 ]

NEL 3
)

q ) (k=1)/k
in
Tio :T9+_I’ Ty =Tio| —

Cp r

q ) (k-1)/k
in
T =Ty+—, Tig=Tpl—

Cp M

The simultaneous solution of above equations using EES software gives the following results
T, =520.7K, Tg=819.2K, T4=551.3K
T, =849.8K, T;;=5719K, T;,=8704K, T;3=5857K
From an energy balance on the regenerator,
T —Tg =Tz — Ty
(Ty3—65)—Tg =Ty3 —Tyy — Ty =Tg +65=430.9+65=4959K
The heat input is
d;, =300+300-+300=900kJ/kg

The heat rejected is

Qout =Cp(Ta —Ty) +Cp (T, —T3) + ¢, (T, —Ts)
= (1.005 kJ/kg - K)(495.9 — 290 + 430.9 — 290 + 430.9 — 290) R
=490.1kJ/kg
The thermal efficiency of the cycle is then
490.1

- :1_%=1—W=0.455=45.5%
in
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9-103

Jet-Propulsion Cycles

9-136C The power developed from the thrust of the engine is called the propulsive power. It is equal to thrust times the
aircraft velocity.

9-137C The ratio of the propulsive power developed and the rate of heat input is called the propulsive efficiency. It is
determined by calculating these two quantities separately, and taking their ratio.

9-138C It reduces the exit velocity, and thus the thrust.
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9-104
9-139E A turboprop engine operating on an ideal cycle is considered. The thrust force generated 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 = 0.3704 psia-ft¥/lom-R (Table A-1E), Cp, = 0.24 Btu/lbm-R and k
= 1.4 (Table A-2Ea).

Analysis Working across the two isentropic processes of the cycle yields

T, =T,r{ % = (450 R)(10)*4* =868.8 R T i 3
1 (k-1)/k 1041 4
To =T — — (1400R)| — —725.1R 2
Mo 10 5
Since the work produced by expansion 3-4 equals that used by 1 Cout
compression 1-2, an energy balance gives S

T,=T3—(T, -T,)=1400-(868.8-450) =981.2R
The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller,
Ve%(it _Virflet

2

which when solved for the velocity at which the air leaves the propeller gives

r’hecp(T4 _TS) = rﬁp

1/2
m
Vexit = 2._ecp(T4 _T5)+Viﬁlet
My

1/2
21a2
= Zi(0.24 Btu/lbm-R)(981.2-725.1)R m +(600ft/s)2
20 1 Btu/lbm

=716.9ft/s

The mass flow rate through the propeller is

RT, _ (0.3704 psia - ft*)(450 R)

vy = . =20.84ft*/lom
P, 8 psia
2 2
iy = AV, _aD?V, _z(10ft) 600f3t/s _ 2961 lbm/s
v, 4 v, 4 20.84ft3/Ibm

The thrust force generated by this propeller is then

1ibf

F=m it —Vinlet) = (22611bm/s)(716.9 — 600)ft/s) ————
p (Vexn |nlet) ( )( ) {32174 Ibm -ft/82

]=8215|bf
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9-105
9-140E A turboprop engine operating on an ideal cycle is considered. The thrust force generated 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 = 0.3704 psia-ft¥/lom-R (Table A-1E), Cp, = 0.24 Btu/lbm-R and k
= 1.4 (Table A-2Ea).

Analysis Working across the two isentropic processes of the cycle yields

T 3

T, =T,r{ D% = (450 R)(10) *** =868.8 R Clin
4

1 (k-1)7k 1|04 2
T =T, — = (1400 R)| — =725.1R
5 3[ rp J ( )(10] 5
. . . 1 Gout
Since the work produced by expansion 3-4 equals that used by compression

1-2, an energy balance gives S
T, =T3—(T, -T;) =1400-(868.8—450) =981.2 R

The mass flow rate through the propeller is

_RT _ (03704 psia-ft*)(450 R)
P 8 psia
2 2
h, - AV, D%V, _ z(8ft) GOOf:/s 1447 1bms
vi 4y 4 20.84ft%/lom

v, = 20.84 ft*/lbm

According to the previous problem,

My 2261lbm/s

e =—— =113.11bm/s
20 20

The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller,
Ve%(it _Virflet

2

which when solved for the velocity at which the air leaves the propeller gives

r’hecp(T4 _TS) = rﬁp

1/2
m
Vexit = 2.—eCp(T4 _T5)+Vir21Iet
My

1447 Ibm/s 1 Btu/lbm

=775.0ft/s

1/2
271a2
= lzw(o.m Btu/lbm - R)(981.2—725.1)R[m]+(600 ft/s)2]

The thrust force generated by this propeller is then

11bf

F=m i Vi = (1447 Ibm/s)(775-600)ft/s) ————
p(Vexlt |n|et) ( )( ) (32.174Ibm -ft/52

J:7870Ibf
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9-106

9-141 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, C, = 1.005 kJ/kg-K and k = 1.4 (Table A-
2a).

Analysis The total mass flow rate is

3
o, < BT _ Q287K m)@SIK) ) yer s, T | 3
P 50 kPa Gin
2 2 4
LAV D’ Vi #(25m)* 200 m!s _ 676.1kgls )
5
Now,
' 1 Qout
h :E:M:M.Blkg/s s

° 8
The mass flow rate through the fan is

M =m—r, =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= rhf (Vexit _Vinlet)

F
Veit =Vinter +—— = (200 m/s) +

50,000 N { 1kg-m/s?
m 591.6 kg/s

=284.5m/s
1IN

An energy balance on the stream passing through the fan gives

Cp O—4 _Ts) _ Ve%(it _Zviﬁlet
T5 _ -|-4 _ Veiitz_viﬁlet
Cp
_ g (2845mls) 2 _ (200 m/s)? ( 1kJ/kg j
2(1.005 kJ/kg - K) 1000 m?/s?
=232.6K
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9-107
9-142 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced
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 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, C, = 1.005 kJ/kg-K and k = 1.4 (Table A-

2a).
Analysis (a) We assume the aircraft is stationary and the air is moving
towards the aircraft at a velocity of V; = 240 m/s. Ideally, the air will T
leave the diffuser with a negligible velocity (V, = 0). 4
Diffuser: Qlin ;
Ein - I:;out = AI:;system 0 (steady) E— Ein = Eout 3
0
Vi V2
2 1 Qout
0=c,(T, -Ty)-Vy* /2 s
v 2 2
T, =T+ 260K + (240 m/s) 1 kJ/ng |- 2887k
2c, (2)(1.005 ki/kg - K){ 1000 m?/s
k/(k-1) 1.4/0.4
T .
P, =P -2 =(45 kPa 288.7 K =64.88 kPa
T, 260 K
Compressor:
P, =P, =(r, P, )=(13)(64.88 kPa)=843.5 kPa
P (k-1)/k
T,=T, [P—3j = (288.7 K)13)**** =600.7 K
2
Turbine:
Weompin = Wiurb,out — h3 - h2 = h4 - h5 —>Cp (TB _Tz): Cp (T4 _TS)
or Tg =T, -T3 +T, =830-600.7 + 288.7 =518.0 K
Nozzle:
(k-1)/k 0.4/1.4
P 45 kP
To =Ta| == ~(830K)| ———— |  =359.3K
P, 843.5 kPa
Ein - Eout = AEsystemdjO (seac) B Ein = Eout

2 2&0
VG _V5 2
1000 m?/s?
or Vg =Veyir =.|(2)1.005 ki/kg - K)(518.0 - 359.3)K| ————— | =564.8 m/s
1 kJ/kg
The mass flow rate through the engine is
3
o :ﬂ _ (0.287 kPa - m~)(260 K) _1.658 m3/kg
P 45 kPa
2 2
. AV, _ D V_lzyz(l.G m) 240 m3/s — 291.0kgls
(41 4 (41 4 1.658m /kg
The thrust force generated is then
F =MVt —Viner) = (291.0 kg/s)(564.8 — 240)m/s Lz =94,520N
1kg-m/s
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9-108
9-143 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 ¢, = 1.005 kJ/kg.K and k = 1.4 (Table A-2a).
Analysis (a) We assume the aircraft is stationary and the air is moving
towards the aircraft at a velocity of V; = 320 m/s. Ideally, the air will

leave the diffuser with a negligible velocity (V, = 0). T
Diffuser:
. . . 20 (stead . .
Ein —Eout = AEsystem 0 (ead) —>Ejp =Equt
V27 vy
hy+V212=h, +V} [2——0=h, —h, +-2 L
0=c,(T,-T,)-V /2 .
v 2 2
T, =T, +-1 = 241K + (820 mis) Lk | 919k
2c, (2)(2.005 ki/kg - K)| 1000 m?2/s2

k/(k-1) 1.4/0.4
T .
P,=P|-% = (32 kPa 291.9K =62.6 kPa
T, 241 K

Compressor:
P; =P, =(r, (P,)=(12)(62.6 kPa) = 751.2 kPa

= (291.9 K)12)*#** =593.7 K

Turbine:
Weompin = Wiurbout — h3 - h2 = h4 _h5 — Cp<T3 _TZ): Cp(T4 _TS)

or T =T, —T3 +T, =1400 —593.7 + 291.9 =1098.2K

Nozzle:
(k-1)/k 0.4/1.4
P 32 kP
Te=T,| - —(400K) =22 | _se8.2K
P, 751.2 kPa

. . . 0 (stead .
Ein —Eout = AEsystem (eac) —E, =E

in out

J0
Ve -V
0=hg —hg +—2—2

1000 m?/s?

Vg = _[(2)1.005 kJ/kg - K §1098.2 —568.2 )K
o v, J(X oK) W

J =1032 m/s

(b) W, = mM(Veyit —Vintet Maireranr = (60 kg/s 1032 —320)m/s(320 m/s _ kg | _ 13,670 kW
1000 m?/s?
() Qip =m(h, —hg)=mc, (T, —T,)= (60 kg/s)1.005 ki/kg - K {1400 —593.7)K = 48,620 ki/s

o :QJ: 48,620 kJ/s _1.14kgls
HV 42,700 kJ/kg
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9-109

9-144 A turbojet aircraft is flying at an altitude of 9150 m. 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.

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

Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of
V1 =320 m/s. Ideally, the air will leave the diffuser with a negligible velocity (V, = 0).

Diffuser:
- - - &0 (stead
Ein —Eout = AEsystem (eac)
Ein = Eou

&0
V2T _v2
0=h, —h, +-2 1

0=c,(T,-Ty)-V," /2 s

V2 (320 m/s)? ( 1kJ/kg

T, =T, +—— =241K +
271 ¢ (2)(2.005 ki/kg - K )| 1000 m?2/s?

J =2919K
P

k/(k-1) 1.4/0.4
T .
P,=P|-% =(32 kPa 2919 K =62.6 kPa
T, 241 K

Compressor:

P, =P, =(r, (P,)=(12)(62.6 kPa) = 751.2 kPa

P (k-1)7k

Tss =T, [P—3J = (291.9 K)12)*#"* =593.7 K
2

hs —h;, Cp(TS —Tz)

Ty =T, +(Tgs — T2 )/ ¢ =291.9+(593.7 - 291.9)/(0.80) = 669.2 K

Ic =

Turbine:

Wcomp,in = Wyyrpout — h3 - h2 = h4 _h5 — Cp(T3 _TZ): Cp(T4 _Ts)
or,
Ts =T, —T3+T, =1400-669.2+291.9 =1022.7 K
h4 _h5 _ Cp(T4 _TS)
hy —Nsg Cp(T4 ~Tss)
Toe =T, —(T4 —Ts)/ 17y =1400—(1400-1022.7)/0.85 = 956.1 K

k/(k-1) 1.4/0.4
T 956.1 K
P, =P,| == =(751.2 kPa =197.7 kPa
T, 1400 K

nr=
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Nozzle:

P (k=1)/k
Tg :Ts[P—ﬁJ =(1022.7 K)(

5
- : - J0 (stead:
Ein —Eout = AEsystem (ead)
Ein -E

out

or,

32 kPa

197.7 kPa

0.4/1.4
J =607.8 K

Ve = J(2X1.005 kd/kg - K }1022.7 —607.8)K(

(b) Wp = rh(Vexit ~Vinlet )‘/aircraft

= (60 kg/s)913.2 -320)m/s(320 m/s{

=11,390 kW

() Qi =m(h, —hg)=mc, (T, —T5)=(60 kg/s)1.005 ki/kg- K )1400-669.2)K = 44,067 k/s

. Q. 44,067 kils
Mivel =, = 75 onn Lo
HV ~ 42,700 ki/kg

=1.03 kg/s

1 kJ/kg

1000 m?/s?

1ki/kg

1000 mZ/SZ]

j =913.2 m/s

9-110
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9-111

9-145 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the
brakes to hold the plane stationary is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit.

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

Analysis (a) Using variable specific heats for air,

Compressor: 3
q.
T, =290 K ——> h, =290.16 ki/kg ’ A
P, =1.2311 2
P, 5
P, =5 Py = (9)1.2311)=11.08 ——> h, =544.07 kl/kg
1 1
S

Qin = Mg x HV =(0.5 kg/s)(42,700 ki/kg) = 21,350 ki/s

Qi _21,350kJis
i = = 0 kgls

=1067.5 ki/kg

Qin =3 —h, ——> hy =h, +@;, =544.07 +1067.5=1611.6 kllkg—> P, =568.5

Turbine:

Wcomp,in =Wyrh,out — h2 - hl = h3 - h4
or
h, = h3 —h, + h; =1611.6 — 544.07 + 290.16 =1357.7 kJ/kg

Nozzle:

P,
P, =P, [P—Sj = (568.5)(%) =63.17 ——> h, =888.56 kJ/kg
3
. . . & d
Ein —Eout = AEsy'stem 0 Gteady)
Ein = E'out
2&;0

Ve -V
ozhs_h4+¥

or

1000 m?/s?
Vs =4/2(h, —hs ) = _|(2)1357.7 — 888.56 )kI/kg kg =968.6 m/s

%}WON

Brake force = Thrust = M(Veyi —Viner )= (20 kg/s)(968.6 —0)m/s
1kg-ml/s
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9-112

13
9-146 E Problem 9-145 is reconsidered. The effect of compressor inlet temperature on the force that must be applied to
the brakes to hold the plane stationary is to be investigated.

Analysis Using EES, the problem is solved as follows:

P_ratio =9

T 1=7[C]

T[1] = T_1+273 "[K]"
P[1]= 95 [kPa]
P[5]=P[1]

Vel[1]=0 [m/s]

V_dot[1] = 18.1 [m"3/s]
HV_fuel = 42700 [kJ/kg]
m_dot_fuel = 0.5 [kg/s]
Eta c=1.0

Eta t=1.0

Eta N=1.0

"Inlet conditions"

h[1]=ENTHALPY (Air, T=T[1])

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

v[1]=volume(Air, T=T[1],P=P[1])

m_dot = V_dot[1]/v[1]

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"

T_s[2]=TEMPERATURE(AIr,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=ENTHALPY (Air, T=T_s[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"

"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

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

Q_dot_in =m_dot_fuel*HV_fuel

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"

"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

{P_ratio= P[3] /P[4]}

T_s[4]=TEMPERATURE(AIir,h=h_s[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
{h_s[4]=ENTHALPY(Air,T=T_s[4])} "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t"
Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"
T[4]=TEMPERATURE(Air,h=h[4])

P[4]=pressure(Air,s=s_s[4],h=h_s[4])

"Cycle analysis"

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"

W_dot_net = 0 [kW]

"Exit nozzle analysis:"
s[4]=entropy(‘air', T=T[4],P=P[4])
s_s[5]=s[4] "For the ideal case the entropies are constant across the nozzle"

T_s[5]=TEMPERATURE(Air,s=s_s[5], P=P[5]) "T_s[5] is the isentropic value of T[5] at nozzle exit"
h_s[5]=ENTHALPY (Air, T=T_s[5])

Eta_N=(h[4]-h[5])/(h[4]-h_s[5])

m_dot*h[4] = m_dot*(h_s[5] + Vel_s[5]"2/2*convert(m"2/s"2,kJ/kg))
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m_dot*h[4] = m_dot*(h[5] + Vel[5]*2/2*convert(m"2/s"2,kJ/kg))

T[5]=TEMPERATURE(Air,h=h[5])

s[5]=entropy(‘air', T=T[5],P=P[5])

"Brake Force to hold the aircraft:"
Thrust = m_dot*(Vel[5] - Vel[1]) "[N]"

BrakeForce = Thrust "[N]"
"The following state points are determined only to produce a T-s plot"

T[2]=temperature('air',h=h[2])

s[2]=entropy(‘air', T=T[2],P=P[2])

Brake m T3 T4 21250 p———

Force | [kg/s] [K] [C] i

[N] 20800 [

21232 | 23.68 | 1284 | -20 -

21007 | 23.22 | 1307 | -15 = L

20788 | 22.78 | 1330 | -10 o 20350[

20576 | 22.35 | 1352 -5 o i

20369 | 21.94 | 1375 | 0O £ r

20168 | 2155 | 1398 | 5 % 19900

19972 | 21.17 | 1420 10 & i

19782 20.8 1443 15 1oas0l

19596 | 20.45 | 1466 | 20 L

19415 20.1 1488 | 25 [

19238 | 19.77 1510 30 19000+ o\ M L N N

-20 -10 0 10 20 30
T, [C]
Air
855 kPa
1500 |- J108
95 kPa
1000 |- 4108
%3
= 2s
500 |- /I 5x102
1
0 1 ) I . L I L 1 OXIOO
4.5 5.0 5.5 6.5 7.0 7.5 8.5
s [kJ/kg-K]

9-113
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9-114
9-147 Air enters a turbojet engine. The thrust produced by this turbojet engine is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
variable specific heats. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and the nozzle exit.

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

Analysis We assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of V,; = 300 m/s.
Taking the entire engine as our control volume and writing the steady-flow energy balance yield

T,=280K —— h =28013kJ/kg

T,=700K —— h,=71327kJ/kg 15,000 kJ/s
o o
Ein —Eou = AEsystem 0 (reac) 7°C —
E. =Eou 300 m/s——» —» 427°C
16 kg/s

Q;, +m(hy +V;? 12) =m(h, +V2 /2) 1 N—  _ —

2 2
Qin :m[hz _h1+uj
2
V.2 —(300 m/s)? [ 1ki/k
15,000 kJ/s = (16 kg/s) 713.27 — 280.13+ -2 (300 mis) J 0
2 1000 m*/s

It gives
V, = 1048 m/s
Thus,

F, = m(V, —V;) = (16 kg/s)1048 —300)m/s = 11,968 N
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9-115

Second-Law Analysis of Gas Power Cycles

9-148 The process with the highest exergy destruction for an ideal Otto cycle described in Prob. 9-36 is to be determined.

Analysis From Prob. 9-36, ¢;, = 582.5 kJ/kg, Qout = 253.6 ki/kg, T; =288 K, T, = 661.7 K, T3 = 1473 K, and T4 = 641.2 K.
The exergy destruction during a process of the cycle is

di q
Xgest = T0Sgen =TO(A5_$+T0ut J )
source sink 3
Application of this equation for each process of the cycle gives .
Xgest1.2 =0 (isentropic process) ,
1
T
S3 =S =545, =C, In—2 +RIn22
T, v, g
=(0.718 kJ/kg-K)In 173K +0=0.5746 k/kg - K
661.7K
T 3
di .
Xdest2-3 = To(s3 -S, _$] -
source
2
_ (288 K)| 05746 kifkg - K — 222 KIkg
1473K 4
=51.59kJ/kg ) o
Xgest3-4 =0  (isentropic process) 3
q
Xdest,41 = Ty (Sl —S, + L“t]
sink
_ (288 K)| —0.5746 kijkg - K + 2222 kIkg
288K

= 88.12 kJ/kg

The largest exergy destruction in the cycle occurs during the heat-rejection process.
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9-116

9-149E The exergy destruction associated with the heat rejection process of the Diesel cycle described in Prob. 9-55E and
the exergy at the end of the expansion stroke are to be determined.

Analysis From Prob. 9-55E, qq, = 158.9 Btu/lbm, T, = 540 R, P; = 14.7 psia, T, = 1420.6 R, P, = 38.62 psiaand v4 = v;.

The entropy change during process 4-1 is

S1784 = Sf@54OR - 52@1420.6R —RIn(P,/P;)
— 0.60078 — 0.83984  (0.06855) In(14.7 / 38.62)
=-0.1728 Btu/lbm-R

Thus,

UR,41

158.9 Btu/lbm
Xdestroyed,Al = T0 S1 =S, + T -

540R

J = (540R{—0.1728 Btu/lbm-R + j =65.6 Btu/lom

R

Noting that state 4 is identical to the state of the surroundings, the exergy at the end of the power stroke (state 4) is
determined from

Py = (U4 _Uo)_To(54 —So )+ Po(V4 —Vo)

where
Uy —Ug =Uy —U; =0, =158.9 Btu/lbm-R
U4 _VO :U4 _Ul :0
S, —Sg =S4 —S; =0.1741 Btu/lom- R
Thus,

¢, = (158.9 Btu/lbm)—(540R }0.1728 Btu/lbm- R )+ 0 = 65.6 Btu/lom

Discussion Note that the exergy at state 4 is identical to the exergy destruction for the process 4-1 since state 1 is identical
to the dead state, and the entire exergy at state 4 is wasted during process 4-1.
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9-117
9-150 The exergy loss of each process for an ideal dual cycle described in Prob. 9-63 is to be determined.

Analysis From Prob. 9-63, Qinx.s = 114.6 kJ/kg, T; =291 K, T, = 1037 K, T, = 1141 K, T3 = 1255 K, and T, = 494.8 K.
Also,

Gin 2_x = Cy (Ty = T,) = (0.718 ki/kg - K)(1141-1037)K = 74.67 ki/kg

Gout = Co (T4 —=T,) = (0.718 ki/kg - K)(494.8— 291)K =146.3 ki/kg

P X 3
The exergy destruction during a process of the cycle is N v
q q 2 )
Xdest = TOSgen =Ty (AS - +T.;UtJ > Cout
source sink 1
Application of this equation for each process of the cycle gives ”
T P
;-8 =C, In-=—RIn—=
Tl Pl
=(1.005kJ/kg-K)In 1037K _ (0.287 kJ/kg - K) Inw
291K 90 kPa
=0.1158 kJ/kg - K
Xdest 1-2 = To (S —S1) = (291 K)(0.1158 ki/kg - K) = 33.7 kd/kg
T
S, —S, =C, In—*+ Rin Yx
T, v
=(0.718 ki/kg-K) In ALK | 52 0.06862 kd/kg - K
1037 K
Xgest 2.x = To| Sx —S2 — din2x | _ (291K)| 0.06862 ki/kg - K _14b7kkg ) _; 65 kJ/kg
Y source 1255 K
T P
S3—5, =C, IN—>—RIn—* = (1.005k/kg - K) In 1255K - 0.09571 kd/kg - K
T, P, 1141K
Xgest x-3 = To| S3 =Sy — dinxs | (291 K)(0.09571 kd/kg - K —M] =1.28kJ/kg
Y source 1255 K

T T
s, —85=¢, IN—-4+RINY4 =¢, In-% +RIn
T3 V3 T3 le
494.8K
1255 K

Xgest, 3-4 = 10(S4 —S3) = (291K)(0.1339 kJ/kg - K) = 39.0 kJ/kg

=(0.718 ki/kg - K) In +(0.287 ki/kg - K) In % = 0.1339 ki/kg - K

.
s, —5, =C, IN~L+RInYL = (0.718 ki/kg - K) In —222K

+0=-0.3811kJ/kg - K
T, v, 494.8 K

Xestn = To(sl s, +q°—“t] — (291 K)(— 0.3811 kJ/kg -K + —35.4kJ/kg

sink

146.3 ki/kg j

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-118
9-151 The exergy loss of each process for an air-standard Stirling cycle described in Prob. 9-81 is to be determined.

Analysis From Prob. 9-81, q;, = 1275 kJ/Kg, 0ot = 212.5 kd/kg, T, =T, = 1788 K, T3 = T, = 298 K. The exergy destruction
during a process of the cycle is

X dest :Tosgen :TO(AS_ di +-gout J T
source sink Qin
-+ 1 2
Application of this equation for each process of the cycle gives
T
s, -5, =¢, In-2+RIn 22
T “ 14 3
=0+ (0.287 kJ/kg - K) In(12) = 0.7132 kJ/kg - K out
S
q.
Xgest,12 = To [52 -5 —%]
source

=0.034kJ/kg =0

— (298 K)(o.mz Kilkg - K —Mj

T v
S,—S3=C, In=2+RIn-%
T3 Y3

= 0+(0.287 ki/kg - K) In[éj = -0.7132 ki/kg - K

Jout
Xdest, 3-4 :To(s4 —Sz3t——

sink
212.5kJ/kg

= (298 K)| - 0.7132 kJ/kg - K +
298K

j =-0.034kJ/kg =0

These results are not surprising since Stirling cycle is totally reversible. Exergy destructions are not calculated for processes
2-3 and 4-1 because there is no interaction with the surroundings during these processes to alter the exergy destruction.
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9-119

9-152 The exergy destruction associated with each of the processes of the Brayton cycle described in Prob. 9-89 is to be
determined.

Analysis From Prob. 9-89, ¢;, = 698.3 kJ/kg, qou = 487.9 ki/kg, and

Thus,

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

T,=205K —s; =1.68515k/kg - K

h, = 626.60 kilkg ——> s = 2.44117 ki/kg - K
T,=1240K — 5] =3.21751ki/kg - K

h, = 783.04 kilkg ——> s; = 2.66807 ki/kg - K

o o P,
Xgestroyed,12 = 10Sgen12 = 10 (52 - Sl)ZTo[Sz -5 — RlnF =
1

=(310 K )(2.44117 —1.68515 — (0.287 kl/kg - K )In(10)) = 29.51 kJ/kg

dr,23 o Py O Qin
Xgestroyed, 23 = 10Sgen,23 = To| S3 — S2 +T_ =Toy| S35 — RInP— +—
R 2 H
698.3 ki/kg

= (310 K) 3.21751-2.44117 -
1600 K

] =105.4 kJ/kg

o e P,
Xgestroyed, 34 = 10Sgen.34 = 1o (54 - 53):1—0(54 —s3 —RlIn P =
3

= (310 K )(2.66807 — 3.21751~ (0.287 kJ/kg - K)In(1/10)) = 34.53 kJ/kg

ORr,41 o o P <0 Uout
X destroyed, 41 :Tosgen,41 =To| S1 =S4 + T =To| S1 =S4 — RInP_ + T
R 4 L

=183.2 kJ/Kg

~(310 K)(1.68515 — 2.66807 + MJ
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9-120
9-153 Exergy analysis is to be used to answer the question in Prob. 9-94.

Analysis From Prob. 9-94, T; = 288 K, T, =585.8 K, T, = 618.9 K, T; =873 K, T4 = 429.2 K, T, = 473.6 K, r, = 12. The
exergy change of a flow stream between an inlet and exit state is given by

Ay =hy —h; =Ty (S —$;)

This is also the expression for reversible work. Application of this equation T
for isentropic and actual compression processes gives 873K
T P
Sps =S, =Cp IN=—RIn—=
Tl 1
_ (1,005 kirkg - K) In 2328K _ 6 287 kiikg - K) In(12) 288 KT
288 K
=0.0003998 ki/kg - K S

Wrev,1-2s =Cp (TZS _Tl) -To (323 _Sl)
= (1.005 kJ/kg - K)(585.8 — 288)K — (288 K)(0.0003998 kJ/kg - K) = 299.2 kJ/kg
S, =81 =Cp InT—Z—RIni
Tl Pl
618.9K
288K

= (1.005 kd/kg - K) In —(0.287 ki/kg - K) In(12) = 0.05564 ki/kg - K

Wiev1-2 =Cp (T2 =T1) =To (S, —51)
— (L.005 k/kg - K)(618.9 — 288)K — (288 K)(0.05564 k/kg - K) = 316.5 ki/kg

The irreversibilities therefore increase the minimum work that must be supplied to the compressor by

AWI’GV,C - WTEV,].*Z - Wrev,l—Zs = 316.5 - 299.2 - 17.3 kJ/kg

Repeating the calculations for the turbine,

T P
S3—S4s =Cp IN—>—RIn—2
4s P4

— (1005 ki/kg - K) In 273K

429.2K

—(0.287 kJ/kg - K) In(12) = 0.0003944 kJ/kg - K

Wiey 345 =Cp (T3 =Tas) —To (S5 —Sss)
— (1.005 ki/kg - K)(873— 429.2)K — (288 K)(0.0003944 ki/kg - K) = 445.9 ki/kg

T P
S3—54=Cp In_l_—3—RInP—3
4 4

= (L.005 kd/kg - K) In 8773 K

—(0.287 kJ/kg - K) In(12) = —0.09854 kJ/kg - K
173 6K ( g9-K)In(12) g
Wrey,3-4 =Cp (T3 =Tas) =T (S5 —Sus)

= (1.005 kJ/kg - K)(873—473.6)K — (288 K)(—0.09854 kJ/kg - K) = 429.8 ki/kg
AWI’BV,T = WTEV,3—4S _Wrev, 3-4 = 4459— 4298 = 161 k\]/kg

Hence, it is clear that the compressor is a little more sensitive to the irreversibilities than the turbine.
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9-121

9-154 The total exergy destruction associated with the Brayton cycle described in Prob. 9-116 and the exergy at the exhaust
gases at the turbine exit are to be determined.

Properties The gas constant of air is R = 0.287 ki/kg-K (Table A-1).
Analysis From Prob. 9-116, q;, = 480.82, qo,t = 372.73 kJ/kg, and

.
T,=310K — s, =1.73498 ki/kg - K
h, = 618.26 ki/kg — > s5 = 2.42763 ki/kg - K 1150 KA
T,=1150 K — s =3.12900 ki/kg-K
h, =803.14 kilkg ——> s; = 2.69407 ki/kg- K
h = 738.43 kilkg ——> s5 = 2.60815 ki/kg - K 310 K+
S

and, from an energy balance on the heat exchanger,
hs —h, =h, —hy; ——h,; =803.14—(738.43—618.26) = 682.97 kl/kg
— 55 =2.52861 kJ/kg-K
Thus,

P
— _ 2
Xdestroyed,lZ - Tosgen,lz - TO (52 ) TO (52 5 -Rin

= (290 K )(2.42763 —1.73498 — (0.287 k/kg - K)In =38.91 kJ/kg

Xdestroyed,34 =Tosgen,34 =TO (54 ) TO[SA - _4J
3
= (290 K )(2.69407 — 3.12900 — (0.287kJ/kg - K )In(1/7))= 35.83 kJ/kg

Xdestroyed, regen =Tosgen,regen =T, [(55 -S; )+ (56 — 34 )]=T0 [(55 - S2 )+ (Sg - 5401 )]
= (290 K )(2.60815 — 2.42763 + 2.52861 — 2.69407) = 4.37 kJ/kg

P, #° _qi]

Ur,53 o
Xgestroyed,53 = 10Sgen53 :To(ss —Sg R =Ty| S3 —S5 —RIn—
5 H

R

480.82 kJ/kg

=(290 K 3.12900 - 2.60815 —
1500 K

J ~58.09 ki/kg

Ur,61 o P, 0 qout
Xgestroyed,61 = 10Sgen61 = To| S1 — Sg + N =To| Sy —Sg —RIn— P —
R 6 L

= (290 K{1.73498 —2.52861+ =142.6 kJ/kg

372.73 kJ/kg]
Noting that hy = hg 290k = 290.16 kJ/kg and T, =290 K —— s; =1.66802 kJ/kg-K , the stream exergy at the exit of
the regenerator (state 6) is determined from

5 @0
P =(h6 - ho)—To(Se —50)+V76 + 926&0

where

&0
P

Sg —Sp =S —S1 =S¢ —S; —RIn FS =2.52861-1.66802 = 0.86059 kJ/kg - K
1

Thus,
¢ = 682.97 —290.16 — (290 K )(0.86059 ki/kg - K) = 143.2 kJ/kg
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13
9-155 E Prob. 9-154 is reconsidered. The effect of the cycle pressure on the total irreversibility for the cycle and the
exergy of the exhaust gas leaving the regenerator is to be investigated.

Analysis Using EES, the problem is solved as follows:

"Given"
T[1]=310 [K]
P[1]=100 [kPa]
Ratio_P=7
P[2]=Ratio_P*P[1]
T[3]=1150 [K]
eta_C=0.75
eta_T=0.82
epsilon=0.65
T_H=1500 [K]
T0=290 [K]
P0=100 [kPa]

"Analysis for Problem 9-154"

g_in=h[3]-h[5]

g_out=h[6]-h[1]

h[5]-h[2]=h[4]-h[6]

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

s[4]=entropy(Fluid$, h=h[4], P=P[4])

s[5]=entropy(Fluid$, h=h[5], P=P[5])

P[5]=P[2]

s[6]=entropy(Fluid$, h=h[6], P=P[6])

P[6]=P[1]

h[0]=enthalpy(Fluid$, T=TO0)

s[0]=entropy(Fluid$, T=T0, P=P0)

x_destroyed 12=TO0*(s[2]-s[1])

x_destroyed 34=TO0*(s[4]-s[3])
x_destroyed_regen=TO0*(s[5]-s[2]+s[6]-s[4])

x_destroyed 53=TO0*(s[3]-s[5]-g_in/T_H)

x_destroyed 61=TO0*(s[1]-s[6]+qg_out/T0)

X_total=x_destroyed 12+x_destroyed 34+x_destroyed_regen+x_destroyed 53+x_destroyed 61
x6=h[6]-h[0]-T0*(s[6]-s[0]) "since state 0 and state 1 are identical"

"Analysis for Problem 9-116"

Fluid$="air'

"(a)"

h[1]=enthalpy(Fluid$, T=T[1])
s[1]=entropy(Fluid$, T=T[1], P=P[1])
s_s[2]=s[1] "isentropic compression"
h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2])
eta_C=(h_s[2]-h[1])/(h[2]-h[1])
h[3]=enthalpy(Fluid$, T=T[3])
s[3]=entropy(Fluid$, T=T[3], P=P[3])
P[3]=P[2]

s_s[4]=s[3] "isentropic expansion"
h_s[4]=enthalpy(Fluid$, P=P[4], s=s_s[4])
P[4]=P[1]

eta_T=(h[3]-h[4])/(h[3]-h_s[4])
g_regen=epsilon*(h[4]-h[2])

Il(b)ll
w_C_in=(h[2]-h[1])
w_T_out=h[3]-h[4]
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w_net_out=w_T out-w_C _in
g_in=(h[3]-h[2])-q_regen
eta_th=w_net_out/g_in

Ratio_P Xiotal x6
[kJ/kg] [kJ/kg]

6 270.1 137.2
7 280 143.5
8 289.9 149.6
9 299.5 155.5
10 308.8 161.1
11 317.8 166.6
12 326.6 171.9
13 335.1 1771
14 343.3 182.1

350 . . . : r T

330

310(
290(
270 f
250
230(
210
190[
170(
150

x [kJ/kg]

Xtotal,dest

130

9-123
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9-156 The exergy loss of each process for a regenerative Brayton cycle with three stages of reheating and intercooling
described in Prob. 9-135 is to be determined.

Analysis From Prob. 9-135, T 10 12

o =4, Qin7-s = Qing-10 = Uin11-12 = 300 kJ/Kg, 8

qout,14-1 =206.9 kJ/kg, QOut,2-3 = qou[14_5 =141.6 kJ/kg, 9 11 13

T1:T3:T5:290K,T2:T4:T6:430.9K 7 14

T, =520.7K, Ty=8192K, T,=5513K 6y 24 42

T,o =849.8K, T, =5719K, T, =870.4K, 5 3 ]

T3 =5857K, T, =4959K S
The exergy destruction during a process of a stream from an inlet state to exit state is given by

Qi q
X dest :Tosgen :TO[Se —Sj _L"'TO_MJ
source sink
Application of this equation for each process of the cycle gives
T P,
Xdest,1-2 = Xdest, 3-4 = Xdest,5-6 =T (Cp |n_|_—2 - Rln_Z]
1 1
= (290){(1 005)In 43;) 9_ (0.287) In(4)} 0.03kJ/kg =0
Tg P in7- .
Xdest 7-8 :TO( In18 _ Rinre _ din7s j: (290){(1.005)In 8192 ,_300 }zSZ.lkJ/kg
T, P, Toource 520.7 870.4
Xdest. 010 = To| Cp IN =X To _gipFe_dinoao | _ (290)[(1.005)In 8498 __ 300 } =26.2kJ/kg
Ty P, Teouce 551.3 870.4
Xaest 1112 = To| Cp IN22 Yo _ppp Pz _Sinaaz | (290){(1.005)In 8704 ,__300 } =22.5kJ/kg
T, Pi Teource 571.9 870.4

Xdest.8:9 =TO(CP |n1—9— RIn ? ] (290){(1 005)In 55; 3 _(0.287) In( H =-0.05kJ/kg ~0
8 8

4
Xt 1011 _To(c In I _RIn4L ] (290){(1 005)ln 573 9 _ (0.287) In(i H —-0.04kJ/kg ~0
10 10

Xest 1243 _To(c In-2 T3 —RIn-2 J (290){(1 005)In 585.7 (0.287) In(lﬂ =-0.08kJ/kg ~0
T12 12 0 4
Xgost 141 —TO(C 1L _ Rin—L q°“‘*“‘1] (290)[(1 005)In-22__g 206'9}:50.6 kd/kg
14 Pl sink 495.9 290
T P qout 2-3 290 141.6
X =X =Tyl ¢, IN=—RIn—= + ~2&== 1= (290)| (1.005)In -0+ =26.2 kJ/k
dest, 2-3 = Xdest, 4-5 o[ PN P, » j ( ){( ) 2309 590 } g
T, T
Xdest regen —TO (ASG 7+ A513 14) TO (C In—+ C In—= - j
T6 T13
= (290){(1 005)In 520.7 +(1.005)In 42: 3} 6.66 kJ/kg
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9-157 A gas-turbine plant uses diesel fuel and operates on simple Brayton cycle. The isentropic efficiency of the
compressor, the net power output, the back work ratio, the thermal efficiency, and the second-law efficiency are to be
determined.

Assumptions 1 The air-standard assumptions are Diesel fuel —— Combustion
applicable. 2 Kinetic and potential energy changes are chamber
negligible. 3 Air is an ideal gas with constant specific

heats. 2
Properties The properties of air at 500°C = 773 K are

¢, =1.093 kJ/kg'K, ¢, =0.806 kl/kg-K, R =0.287

kJ/kg-K, and k=1.357 (Table A-2b).

Analysis (a) The isentropic efficiency of the

compressor may be determined if we first calculate

the exit temperature for the isentropic case 1

(k-1)/k (1.357-1)/1.357
P.
Ty =Ty =2 ~ (303 K)( 700 kpaj ~505.6 K
) 100kPa

Ty =Ty (505.6-303)K

S T,-T,  (533-303)K

(b) The total mass flowing through the turbine and the rate of heat input are

12.6 kg/s
60

700 kPa
260°C

Turbine

100 kPa 4
30°C

0.881

C

=M, +m, =m, +% _12.6kgls + 12,6 kg/s +0.21 kg/s =12.81 kg/s

Qin =M¢ quy77c = (0.21kg/s)(42,000 ki/kg)(0.97) = 8555 kW
The temperature at the exit of combustion chamber is

Qin =Me, (T3 ~T,) ——> 8555 k/s = (12.8Lkg/s)(1.093ki/kg.K)(T; ~533)K —— T, =1144K

The temperature at the turbine exit is determined using isentropic efficiency relation

(k=1)/k (1.357-1)/1.357
P
T =Tyl 22 _ (1144 K| 200KPa = 685.7 K
P, 700 kPa
T,-T 1144 -T,)K
n=—2—%__ 5085= ( s) >T, =754.4K
T, T, (1144 - 685.7)K

The net power and the back work ratio are
V\'IC'in =m,c, (T, —T;) = (12.6 kg/s)(1.093 kI/kg.K) (533 — 303)K = 3168 kW

Wi oy = e, (Tg — T,) = (12.81kg/s)(1.093 ki/kg.K) (1144 — 754.4)K = 5455 KW

Wiee =Wy o —We iy = 5455 — 3168 = 2287 kW

W
o = Vein _ 3168 kW _ 0581
Wi 5455 kW
(c) The thermal efficiency is
w
N = —2 = 228TkW _ ) 67

Q,  8555kW

The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal
efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet temperature.

That is,
T, 303K
=1--L1=1-"""-0735
Tmax T, 1144 K
and i = T =w=0.364
0.735

max
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9-158 A modern compression ignition engine operates on the ideal dual cycle. The maximum temperature in the cycle, the
net work output, the thermal efficiency, the mean effective pressure, the net power output, the second-law efficiency of the
cycle, and the rate of exergy of the exhaust gases are to be determined.

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

Properties The properties of air at 1000 K are ¢, = 1.142 kJ/kg-K, ¢, =0.855 kJ/kg-K, R = 0.287 ki/kg-K, and k=1.336
(Table A-2h).

Analysis (a) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are

v, +v, V, +0.0018 m®
r=—t_—¢ 16=—C V., =0.00012m3 =¢, =V,
VC VC
V, =V, +V, =0.00012 + 0.0018 =0.00192m* = ¢/, 5
Process 1-2: Isentropic compression 2

k-1
T, =T{:—1j = (343 K)16)"*%" =870.7 K
2

k
P, = pl[iJ — (95kPa)(16)-3* = 3859 kPa

v
Process 2-x and x-3: Constant-volume and constant
pressure heat addition processes: Qout
P
T, =T, —*=(870.7 K)wﬂGQZK >
P, 3859 kPa v

o =C, (T, —T,) = (0.855 kd/kg.K) (1692 — 870.7)K = 702.6 ki/kg
Uz-y = Oy =Cp (T3 — T,) ——>702.6 ki/kg = (0.855 ki/kg.K)(T; —1692)K ——>T, = 2308 K

(b) Qin =02_x + 0yx3 = 702.6 + 702.6 =1405 kJ/kg

2308 K

222 - 0.0001636 m®
1692 K

T
v, =V, T—3 =(0.00012m?)

X

Process 3-4: isentropic expansion.

A 00001636 m* |
T, =T, [73] ~ (2308 K{W] 1009 K
4 .

v\ 0.0001636 m3 ) -
P, =P, (73] = (7500 kPa{WJ =279.4kPa
4 . m

Process 4-1: constant voume heat rejection.
Gout = C, (T4 —T;)=(0.855 k/kg - K {1009 — 343)K = 569.3 ki/kg
The net work output and the thermal efficiency are

Woegout = Gin — Gout = 1405 —569.3=835.8 kJ/kg

Wnet,out _ 835.8 k\]/kg —=0.5948 = 59.5%

0,  1405ki/kg

Mih =
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(c) The mean effective pressure is determined to be

3
SR (95 kPa)(03.00192 m°) 001853 kg
RT,  (0.287 kPa-m3/kg - K 343 K)
mw .m?
MEp - MWnetou _ (0.001853 kg)(835.8kJ/k39) kPa-m® | o0 4 kpa
Vi-V,  (0.00192-0.00012)m kJ

(d) The power for engine speed of 3500 rpm is

W, = mw,e, ™ = (0.001853 kg)(835.8 kifkg) 2200 EV/MIN) (1Min ) _ 5 59 vy
2 (2revicycle) \ 60s

Note that there are two revolutions in one cycle in four-stroke engines.

(e) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible
thermal efficiency (Carnot efficiency). We take the dead state temperature and pressure to be 25°C and 100 kPa.

.
’7max = ——Ozl—wzo.8709
T, 2308 K
and
=12 95918 _ 4 653 65,30
0.8709

M max

The rate of exergy of the exhaust gases is determined as follows

T P
Xy =Ug —Ug —To(s4 —Sg) =¢, (T, —TO)—T{Cp In_l_—“—RInP—“}

0 0
_ (0.855)1009 — 298)- (298)| (1.142 ki/kg.K)In 2222 _ (0,287 kitkg.K) In 2724 | — 285.0 kilkg
298 100

X, =mx, 1 = (0.001853kg)(285.0k/kg) 2220 VMM (I Min | _ g gos vy
2 (2revicycle) \ 60s
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Review Problems

9-159 An Otto cycle with a compression ratio of 7 is considered. The thermal efficiency is to be determined using constant
and variable specific heats.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible.

Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, c, =1.005 kJ/kg-K, c, =0.718 ki/kg-K,
and k=1.4 (Table A-2a).

Analysis (a) Constant specific heats:

1 1 P
m :1_rk_*1:1_71ﬁ:05408:541%

/////4

(b) Variable specific heats: (using air properties from Table A-17)
Process 1-2: isentropic compression. i 41
u, =205.48 kd/kg

v, =688.1

Uy = V—Zurz =1vr2 =£(688.1) =98.3 —— u, =447.62 kJ/kg
v, r 7
Process 2-3: v = constant heat addition.

U, =998.51kJ/kg
T, =1273K ——>
V.5 =12.045

Qi, = Uz —U, =998.51—447.62 =550.89 kJ/kg
Process 3-4: isentropic expansion.
Vg = V—4ur3 =rv,.; =(7)(12.045) =84.32 —— u, = 475.54 ki/kg
V3
Process 4-1: v= constant heat rejection.
Qout =Ug4 — Uy =475.54 — 205.48 = 270.06 kd/kg

pyy =1 Jout _q_ 2710.06KIKG _ oge 59 0
a0,  550.89 klkg
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9-160E An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency is to be
determined using constant and variable specific heats.

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

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm-R, c, = 0.171 Btu/lbm:R, R = 0.06855
Btu/lbm-R, and k=1.4 (Table A-2Ea).

Analysis (a) Constant specific heats:

P
Process 1-2: isentropic compression.
v k-1
T, =T1(71J = (505R)(20)** =1673.8R
2

Process 2-3: P = constant heat addition.

PV RV, Vs Ty 2260R 1350 v

T, T, v, T, 1673.8R

Process 3-4: isentropic expansion.

k-1 k-1 k-1 0.4
To_T v, T 1.350V, T 1.350 _ (2260R) 1.350 _768.8R
4 3 v 3 3 r

4 v, W
Gin =g —hy =c, (T =T, )=(0.240 Btu/lbm - R }(2260 — 1673.8)R =140.7 Btu/lbm
Qout =Ug —Uy =€, (T, =T;)=(0.171 Btu/lom - R)(768.8 — 505)R = 45.11 Btu/lbm
Wretout = in — Gout =140.7 — 45.11=95.59 Btu/lbm

Whet,out _ 95.59 Btu/lbm

= =0.6794=67.9%
Qin 140.7 Btu/Ibm

M =

(b) Variable specific heats: (using air properties from Table A-17)
Process 1-2: isentropic compression.
u, =86.06 Btu/lbm

T, =505R ——>
v, =170.82
T, =1582.3R
v =220, =Ly - L 17082 =8.541 — 2
v rotT 20 h, =391.01 Btw/lbm

Process 2-3: P = constant heat addition.
Pvy P, ﬁ_T_3_ 2260R
T, T, v, T, 15823R
h; =577.52 Btu/lbm
T3 =2260R ——
V3 =2.922

Qin =h —h, =577.52 - 391.01=186.51 Btu/lbm

=1.428

Process 3-4: isentropic expansion.

vy v, r 2

Vg = Vi3 = 3

3= v, 0 (2.922) =40.92 —— u, =152.65 Btu/Ibm
V3 1.428v,

= v =
1.428 " 1.428

Process 4-1: v = constant heat rejection.
Qout =Uy — Uy =152.65 —86.06 = 66.59 Btu/lbm

Lot _g BB59BWOM _ o o

Then =
T Ui 186.51 Btu/lbm
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9-161E A simple ideal Brayton cycle with air as the working fluid operates between the specified temperature limits. The
net work is to be determined using constant and variable specific heats.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential
energy changes are negligible.

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

Analysis (a) Constant specific heats:

T
P 1)044 1460 R 3
Ty =T — = (1460 R)| — =717.8R Qin
Mo 12 2
é
Whet = Wiurb — Weomp 2 4
480 R 1
:Cp(T3_T4)_Cp(T2 -Ty) Qout
=Cp(T3 =Ty +T, - T;) S
=(0.240 Btu/lbm - R)(1460 — 717.8 + 480 — 976.3)R
=59.0 Btu/lbm

(b) Variable specific heats: (using air properties from Table A-17E)

h, =114.69 Btu/lbm
T, =480R ——>
P, =0.9182

P,= % P, = (12)(0.9182) =11.02 ——> h,, = 233.63 Btu/lbm
1

h, = 358.63 Btu/lbm
T, =1460R ——>

P4 :& Ps = (ij(50.40) =4.12 —— h, =176.32 Btu/lbm
Ps 12
Whet = Wiurb —Weomp
= (h3 _h4)—(h2 _hl)
=(358.63-176.32) —(233.63-114.69)
=63.4Btu/lbm
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9-162 A turbocharged four-stroke V-16 diesel engine produces 3500 hp at 1200 rpm. The amount of power produced per
cylinder per mechanical and per thermodynamic cycle is to be determined.

Analysis Noting that there are 16 cylinders and each thermodynamic cycle corresponds to 2 mechanical cycles
(revolutions), we have

(@)
W o Total power produced
mechanical ™ (No. of cylinders)(No.of mechanical cycles)
- 3500 hp (42.41 Btu/minj
(16 cylinders)(1200 rev/min) 1hp
=7.73 Btu/cyl-mech cycle (=8.16 kJ/cyl- mech cycle)
(b)

Total power produced
(No.of cylinders)(No. of thermodynamic cycles)
3500 hp 42.41Btu/min
- (16 cylinders)(1200/2 rev/min) ( 1lhp ]
=15.46 Btu/cyl-therm cycle (=16.31kJ/cyl-therm cycle)

Wihermodynamic =

9-163 A simple ideal Brayton cycle operating between the specified temperature limits is considered. The pressure ratio for
which the compressor and the turbine exit temperature of air are equal is 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 specific heat ratio of air is k =1.4 (Table A-2).

Analysis We treat air as an ideal gas with constant specific heats. Using the isentropic relations, the temperatures at the
compressor and turbine exit can be expressed as

(k-1)7k
P k—1)/ k T
T, = Tl(FZJ = Tl(rp)( g
1
(k-1)/k (k-1)/k Ts _ 3
T —T(&j —T{—lj fn
4=13 =13
P, M 2/
Setting T, = T, and solving for r, gives 2 4
T J E.
k/2(k-1) 1.4/0.8 I I out
rp= Ts _[1500K =16.7 S
T, 300 K

Therefore, the compressor and turbine exit temperatures will be equal when the compression ratio is 16.7.

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-132

9-164 A four-cylinder spark-ignition engine with a compression ratio of 8 is considered. The amount of heat supplied
per cylinder, the thermal efficiency, and the rpm for a net power output of 60 kW are to be determined.

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

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). The properties of air are given in Table A-17.

Analysis (a) Process 1-2: isentropic compression.

v, =572.3
1
” . 1 1800 K
v, =—2v, ==y, =——(572.3)=54.50
2y, " or ™ o105

— U, =564.29 k/kg

Process 2-3: v = constant heat addition.

T, =2100 K —> us =1775.3 ki/kg
v, =2.356

__PY__ (s8kpa)o.000am?)

. =4.406x107* kg
RT,  (0.287kPa-m®/kg-K)310 K)

Qin =m(uy —u,)= (4.406 x107* ng1775.3 —~564.29)kJ/kg = 0.5336 kJ
(b) Process 3-4: isentropic expansion.

v, ::—40r3 =rv,, =(10.5)2.356)= 24.74 ——> U, = 764.05 ki/kg
3

Process 4-1: v= constant heat rejection.

Quu =M(u, —uy )= (4.406 x 10 kg)764.05 — 221.25)kI/kg = 0.2392 kJ
W,y =Qy — Quy = 0.5336 — 0.2392 = 0.2944 kJ

W, 0.2944 kJ

Ny = =~ 05517 255,206
Q, 05336kJ
W
(© n=2——" __ — (2 revicycle) 45 kifs 00 ° |- 4586 rpm
NeyiWret eyl 4 % (0.2944 kJ/cycle) | 1 min

Note that for four-stroke cycles, there are two revolutions per cycle.
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9-133

13
9-165 E Problem 9-164 is reconsidered. The effect of the compression ratio net work done and the efficiency of the
cycle is to be investigated. Also, the T-s and P-v diagrams for the cycle are to be plotted.

Analysis Using EES, the problem is solved as follows:

"Input Data"

T[1]=(37+273) [K]

P[1]=98 [kPa]

T[3]= 2100 [K]

V_cyl=0.4 [L]*Convert(L, m"3)
r_v=10.5 "Compression ratio"
W_dot_net = 45 [kW]

N_cyl=4 "number of cyclinders"
V[1IV[2]=r_v

"The first part of the solution is done per unit mass."

"Process 1-2 is isentropic compression"

s[1]=entropy(air, T=T[1],P=P[1])

s[2]=s[1]

s[2]=entropy(air, T=T[2], v=V[2])

P2]*v[2)/T[2]=P[1]*v[1)/T[1]

P[1]*V[1]=R*T[1]

R=0.287 [kJ/kg-K]

"Conservation of energy for process 1 to 2: no heat transfer (s=const.) with work input"
w_in = DELTAu_12

DELTAu_12=intenergy(air,T=T[2])-intenergy(air, T=T[1])

"Process 2-3 is constant volume heat addition”

s[3]=entropy(air, T=T[3], P=P[3])

{P[3]*v[3)/T[3]=P[2]*v[2)/T[2]}

P[3]*V[3]=R*T[3]

v[3]=V[2]

"Conservation of energy for process 2 to 3: the work is zero for v=const, heat is added"
g_in =DELTAu_23

DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2])

"Process 3-4 is isentropic expansion”

s[4]=entropy(air, T=T[4],P=P[4])

s[4]=s[3]

PAT*V[4)/T[4]=P[3]*V[3]/T[3]

{P[4]*V[4]=R*T[4]}

"Conservation of energy for process 3 to 4: no heat transfer (s=const) with work output"
-w_out =DELTAu_34

DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3])

"Process 4-1 is constant volume heat rejection”

v[4]=V[1]

"Conservation of energy for process 2 to 3: the work is zero for v=const; heat is rejected"
-g_out=DELTAu_41

DELTAu_41=intenergy(air,T=T[1])-intenergy(air, T=T[4])

w_net=w_out-w_in

Eta_th=w_net/g_in*Convert(, %) "Thermal efficiency, in percent"

"The mass contained in each cylinder is found from the volume of the cylinder:"
V_cyl=m*v[1]

"The net work done per cycle is:"
W_dot_net=m*w_net"kJ/cyl"™*N_cyl*N_dot"mechanical cycles/min"*1"min"/60"s"*1"thermal cycle"/2"mechanical
cycles"
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9-166 An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio, and
minimum temperature of the energy source are to be determined.

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

Properties The specific heat ratio of helium is k = 1.667 (Table A-2a).

Analysis From the definition of the thermal efficiency of a Carnot heat engine, T 0
in
T T (15+273) K Tw 1 L 2
Tlth,Carnot = -t Ty = . = =576K
TH 1- 77th,Carnot 1-0.50
An isentropic process for an ideal gas is one in which P remains constant.
Then, the pressure ratio is 288K T 4 N 3
qout
k/(k-1) 1.667/(1.667-1) S
P. T
2|22 = (ﬂ] =5.65
P, T, 288K

Based on the process equation, the compression ratio is

1/k
Y (ﬁ] — (5.65)41%7 2,83
) P

9-167E An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio,
and minimum temperature of the energy-source reservoir are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Helium is an ideal gas with constant specific heats.
Properties The specific heat ratio of helium is k = 1.667 (Table A-2Ea).

Analysis From the definition of the thermal efficiency of a Carnot heat engine,

Qin
T, T
TTth,camot = -t TH = L = (60+460) R =1300R Tw T 1 2
TH 1_77th,Carn0t 1-0.60
An isentropic process for an ideal gas is one in which PJ‘ remains constant.
Then, the pressure ratio is 520R | 4 N 3
k/(k-1) 1.667/(1.6671 Qout
P _(T2 =(_1300Rj T o °
P, T, 520R

Based on the process equation, the compression ratio is

1/k
Y Py -9 88)1/1.667 —-3095
v, P ' '
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9-168 The compression ratio required for an ideal Otto cycle to produce certain amount of work when consuming a given
amount of fuel is to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with constant specific heats. 4 The combustion efficiency is 100 percent.

Properties The properties of air at room temperature are k = 1.4 (Table A-2).

Analysis The heat input to the cycle for 0.043 grams of fuel consumption is P 3
Qin = MeerGry = (0.035x107% kg)(43,000 ki/kg) =1.505 k] L
i 4
The thermal efficiency is then 2 L
W 1
Ny = —=- _ I o664s
Qi, 1.505kJ

From the definition of thermal efficiency, we obtain the required compression ratio to be

1 1 1

Ny =1- ST = = =15.3
th kL -7y )l/(k—l) (1- 0.6645)1’(1'4’1)
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9-169 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined.

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

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). The properties of air are given in Table A-17.

Analysis (a) Process 1-2: isentropic compression.

P
T, =300 K — > u, = 214.07 kitkg
v, =621.2
1
v, 1 1
v, =—2v, ==v, = E(621.2) =67.52 ——> T, =708.3K
S .
“ u, =518.9 ki/kg
P, P T .
2¥2 _ 1% p,- 1T p _(92] T%83K Va5 pa)- 2120 kpa v
T, T v, T, 300 K

Process 2-3: v = constant heat addition.

P P
s _ Pavs Ty =—2T, = 2T, =(2)708.3)=1416.6 K ——> u, =1128.7 ki/kg
T3 TZ P2
v, =8.503
Qi =Us —U, =1128.7-518.9 = 609.8 kJ/kg
(b) Process 3-4: isentropic expansion.
vy, =24 v, =rv, =(9.2)8.593)=79.06 —> u, = 487.75 ki/kg
V3
Process 4-1: v= constant heat rejection.
Gout =Ug —Uy = 487.75—214.07 = 273.7 ki/kg
Wi = G — Qour = 609.8—273.7 = 336.1 ki/kg
© Vo 6LKIKG oo
Qi,  609.8 ki/kg
RT : -m3/kg-
& o R (0287 kPa-m/kg KJ300K) _ o kg
P 98 kPa
v
Ymin =V2 = r:ax
3
MEP = Woet _ _ Wnet 3363.1 kd/kg 1kPa-m 499 kPa
vi-v, wl-1/1) (0879 mikg)i-1/9.2)| 1kJ
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9-170 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K,
¢, =0.718 kJ/kg'K, and k =1.4 (Table A-2a).

Analysis (a) Process 1-2 is isentropic compression:

k-1
T, :Tl[ﬁJ = (300 K)9.2)** =728.8 K
)
v
P. P, T .
22 1% Py =2 2P =(0.2 7288 K (98 kPa) = 2190 kPa
T, T v, T, 300 K

Process 2-3: v = constant heat addition.

Pv; P P
Y3 2% 1, =737, 20T, =(2)(728.8)=1457.6 K
T3 T2 PZ

Qin = Uz —U, =, (T3 =T, )= (0.718 ki/kg - K }1457.6 — 728.8)K = 523.3 kd/kg

(b) Process 3-4: isentropic expansion.

v k-1 1 0.4
T, =T, [_SJ =(1457.6 K)(Ej =600.0 K

Y4
Process 4-1: v= constant heat rejection.
Qout =Us —U; =, (T, —T;)=(0.718 ki/kg - K600 — 300K = 215.4 ki/kg
W = Qi — oy = 523.3—215.4 = 307.9 kJ/kg
Woe  307.9 kikkg

¢ _ Vot _ — 58.8%
© = T 53 3 kg °
3
© o R (0287 kPa - mkg KJ300K) oo s e
P, 98 kPa
v
Ymin = V2 :%
3
MEP = _Wnet  _  Wnet 3073.9 kJ/kg 1kPa-m 393 kPa
vi—v,  wll-1/1) (0879 m3kg)L-1/9.2)| 1kJ
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9-171E An ideal dual cycle with air as the working fluid with a compression ratio of 12 is considered. The thermal
efficiency of the cycle is to be determined.

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

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm.R, ¢, =0.171 Btu/lbm.R, and k = 1.4 (Table
A-2E).

Analysis The mass of air is

; 3 P
PV (a7psiafosnraste) oo
RT,  (0.3704 psia - ft3/Ibm - R [580 R)

Process 1-2: isentropic compression.

k-1
T, =T1[%J = (580 R)14)** =1667 R
2

Process 2-x: v = constant heat addition,

Q2—x,in = m(ux —U; ): mc, (Tx _TZ)

0.6 Btu = (0.0038811bm)(0.171 Btu/lbm - R)T, —1667)R —> T, =2571R
Process x-3: P = constant heat addition.

Qx—3,in = m(h3 - hx )= mc p (TB _Tx )

1.1 Btu = (0.003881 Ibm)(0.240 Btu/lbm - R )T, — 2571R — T, =3752 R

PaVs _ Py r :ﬁ:TAZM:L%Q
T, T, © V¥, T, 2571R

Process 3-4: isentropic expansion.

k-1 k-1 k-1 0.4

. 1.459¢/, . .

T, =T3(V—3j =T3( 39 1] =T3(1 459] — (3752 R)(—1 fj’g) ~1519R
4 4 r

Process 4-1: v= constant heat rejection.

Qout =M(ug —ty)=me, (T, —T;)
=(0.003881 Ibm}(0.171 Btu/lbm - R {1519 — 580)R = 0.6229 Btu

_ Quu _, 06229Btu
Qi 1.7 Bu

=0.6336 =63.4%

Nn =1
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9-172 An ideal Stirling cycle with air as the working fluid is considered. The maximum pressure in the cycle and the net
work output are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic
and potential energy changes are negligible. 3 Air is an ideal gas with T Gin = 900 ki/kg

constant specific heats.
Properties The properties of air at room temperature are R =0.287 1800 KT 1 2
kd/kg.K, ¢, =1.005 ki/kg.K, ¢, =0.718 ki/kg-K, and k=1.4
(Table A-2).
Analysis (a) The entropy change during process 1-2 is 350K 4 3
5, -5, =iz _00KIKG _ 5y Aot s
T, 1800 K
and
Ty 0 ) ) )
s,-5,=¢,In=%  +RIn-%2 —— 0.5 ki/kg-K =(0.287 ki/kg-K)In -2 —— “2. =5.710
T Y1 1 Y1
P
s _ P p=p Y3l _p Y211 _ (500 kpa)5.710) 2K | 5873 Kpa
T3 T v T, v, T3 350 K

(b) The net work output is

T 350 K
Whet = 77tnGin = [kﬁqu = [1— 1800 KJ(goo ki/kg)= 725 kJ/kg
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9-173 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit
mass and the thermal efficiency are to be determined.

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

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

Analysis The properties at various states are T 3
T,=300K —— h; =300.19 kJ/kg e
P, =1386 Uin 3
T,=1300K ——  hy =1395.97 ki/kg
P, = 3309 2?,
% 4
e
Forr, =6, o out
s

P

P, = FZ P, =(6)1.386)=8.316 ——> h, =501.40 k/kg
1

p _Pu

o P = (%](330.9):55.15 —> h, =855.3 kl/kg
3

Gin = hg —h, =1395.97 ~501.40 = 894.57 ki/kg
Gout = hy —hy =855.3-300.19 = 555.11 ki/kg
Woet = Gin — Gy = 894.57 —555.11 = 339.46 ki/kg

Woe _ 33046 KIkg _ ) o0

T G 894.57 kilkg

Forr, =12,

P = % P, =(12)1.386)=16.63 —— h, = 610.6 ki/kg
1

P
P =—4P, = (ij(330.9)= 27.58 — h, =704.6 ki/kg
sop 12
0iy = hs —h, =1395.97 —610.60 = 785.37 ki/kg
Qout =y —hy = 704.6—300.19 = 404.41 ki/kg
Wier = Oin — Oyt = 785.37 —404.41 = 380.96 ki/kg

Wy 380.96 ki/kg

= Yret _ — 48.5%
T g 785.37 kilkg ’

Thus,
(a) AW, =380.96-339.46 = 41.5 kJ/kg (increase)

(b) Any, =48.5%—37.9% =10.6% (increase)
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9-174 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit
mass and the thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are R = 0.287 kJ/kg.K, ¢, =1.005 kJ/kg.K, c, =0.718 kJ/kg-K, and
k =1.4 (Table A-2).

Analysis Processes 1-2 and 3-4 are isentropic. Therefore, For r, = 6,

P (k-1)/k

T,=T,| = — (300 K)6)**** =500.6 K T
P 3
p (k-1)/k 110414 2°

T, = T{—“j = (1300 K)(—j =779.1K
P, 6

qin:h3_h2:Cp(T3_T2) Zé'

= (1.005 kJ/kg - K J1300—500.6)K = 803.4 ki/kg 12/
qout:h4_hlch(T4 _Tl) S

=(1.005 k/kg - K (779.1-300)K = 481.5 ki/kg
Wpet = 0y — oyt = 803.4—481.5=321.9 ki/kg

Woet  321.9 ki/kg

= =40.1%
Qi, 803.4 ki/kg

Mth =

Forr, =12,

(k-1)/k
T, =T1(—] = (300 K )12)*#** =610.2 K

p (k-1)/k 1 0.4/1.4
T, =Ty 2+ = (1300 K)(—j =639.2 K
Py 12

Qin =h3 —h, :Cp(TS —Tz)
= (1.005 k/kg - K \1300 - 610.2)K = 693.2 ki/kg
Qout =Ny —hy = Cp(T4 _Tl)
= (1.005 ki/kg - K (639.2 - 300)K = 340.9 ki/kg
Wiet = in — Gout = 693.2—-340.9 = 352.3 ki/kg

Wnet _ 352.3kI/kg _ 50.8%
Qin  693.2 ki/kg

Mth =

Thus,
(a) AW,y =352.3-321.9=30.4 kJ/kg (increase)

(b) Any, =50.8%-40.1% =10.7% (increase)
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9-175 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is
considered. The back work ratio and the thermal efficiency are to be determined.

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

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K,
¢, =0.718 kJ/kg K, and k =1.4 (Table A-2).

Analysis The work inputs to each stage of compressor are identical, so
are the work outputs of each stage of the turbine.

(k-1)/k
P
Tys =Ty, :Tl(sz = (300 K)(4)*¥14 = 4458 K

1

h25 _hl _ Cp(TZS _Tl)

e = T, :T2:T1+(T2s _Tl)/ﬂc
h =ty (T, =Ty) =300 + (445.8 —300)/(0.78)
=486.9 K
P (k-1)/k 1 0.4/1.4
Tos =T7s =Ts [—7j =(1400 K)(—j =942.1K
h. —h Co(Tg =T
77T:h6_h7 :Cpé—e_Tﬂ) Ty :T7:Te—'7T(T6 _T7s)
6 s A6 s =1400 - (0.86)(1400 — 942.1)
=1006 K
_ T —T
g:hs h4:Cp(5 4) Ts=T, +5(T9_T4)
hg —h, Cp(TQ_T4)

=486.9 +(0.75)1006 — 486.9)
=876.4K

Wein =2(h, —hy)=2c,(T, —T,)=2(1.005 ki/kg - K }(486.9 — 300)K =375.7 ki/kg
Wr oy = 2(hg —hy )=2¢, (Ts —T; )= 2(1.005 ki/kg - K 1400 —1006)K = 791.5 k/kg
Thus,

_ Weiin  375.7kJ/kg
Wrow 7915kIkg

Gin =(hg =g )+ (hg =y )= Cp[(T6 ~Ts)+ (T3 - T, )]
= (1.005 kJ/kg - K)[(1400 — 876.4) + (1400 — 1006 )|K = 922.0 ki/kg

475

Tow

Woep = Wy o —We i = 791.5 - 375.7 = 415.8 ki/kg

Woer _ 4158 KIKG _ 6 451 _ 45106
4, 922.0 kilkg

Mth =
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13
9-176 E Problem 9-175 is reconsidered. The effect of the isentropic efficiencies for the compressor and turbine and
regenerator effectiveness on net work done and the heat supplied to the cycle is to be investigated. Also, the T-s diagram for
the cycle is to be plotted.

Analysis Using EES, the problem is solved as follows:

"Input data"

T[6] = 1400 [K]

T[8] = T[6]

Pratio =4

T[1] = 300 [K]

P[1]= 100 [kPa]

T[3] = T[1]

Eta_reg = 0.75 "Regenerator effectiveness"
Eta_c =0.78 "Compressor isentorpic efficiency"
Eta_t =0.86 "Turbine isentropic efficiency"

"LP Compressor:"

"Isentropic Compressor anaysis"

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

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P[2] = Pratio*P[1]

s_s[2]=ENTROPY(Air, T=T_s[2],P=P[2])

"T_s[2] is the isentropic value of T[2] at compressor exit"

Eta_c = w_compisen_LP/w_comp_LP

"compressor adiabatic efficiency, W_comp > W_compisen"

"Conservation of energy for the LP compressor for the isentropic case:
e_in - e_out = DELTAe=0 for steady-flow"

h[1] + w_compisen_LP = h_s[2]

h[1]=ENTHALPY (Air, T=T[1])

h_s[2]=ENTHALPY (Air,T=T_s[2])

"Actual compressor analysis:"

h[1] + w_comp_LP = h[2]
h[2]=ENTHALPY (Air, T=T[2])
s[2]=ENTROPY (Air,T=T[2], P=P[2])

"HP Compressor:"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the HP compressor”
P[4] = Pratio*P[3]

P[3] = P[2]

s_s[4]=ENTROPY (Air, T=T_s[4],P=P[4])

"T_s[4] is the isentropic value of T[4] at compressor exit"

Eta_c = w_compisen_HP/w_comp_HP

"compressor adiabatic efficiency, W_comp > W_compisen"

"Conservation of energy for the compressor for the isentropic case:
e_in - e_out = DELTAe=0 for steady-flow"

h[3] + w_compisen_HP = h_s[4]

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

h_s[4]=ENTHALPY (Air, T=T_s[4])

"Actual compressor analysis:"

h[3] + w_comp_HP = h[4]
h[4]=ENTHALPY (Air, T=T[4])
s[4]=ENTROPY (Air,T=T[4], P=P[4])
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"Intercooling heat loss:"
h[2] = g_out_intercool + h[3]

"External heat exchanger analysis"

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0
e_in-e_out =DELTAe_cv =0 for steady flow"

h[4] + g_in_noreg = h[6]

h[6]=ENTHALPY (Air, T=T[6])
P[6]=P[4]"process 4-6 is SSSF constant pressure"

"HP Turbine analysis"

s[6]=ENTROPY (Air,T=T[6],P=P[6])

s_s[7]=s[6] "For the ideal case the entropies are constant across the turbine"

P[7] = P[6] /Pratio

s_s[7]=ENTROPY (Air, T=T_s[7],P=P[7])"T_s[7] is the isentropic value of T[7] at HP turbine exit"
Eta_t =w_turb_HP /w_turbisen_HP "turbine adiabatic efficiency, w_turbisen > w_turb"

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0
e_in -e_out = DELTAe_cv = 0 for steady-flow"

h[6] = w_turbisen_HP + h_s[7]

h_s[7]=ENTHALPY (Air, T=T_s[7])

"Actual Turbine analysis:"

h[6] = w_turb_HP + h[7]

h[7]=ENTHALPY (Air, T=T[7])

s[7]=ENTROPY (Air, T=T[7], P=P[7])

"Reheat Q_in:"
h[7] + g_in_reheat = h[8]
h[8]=ENTHALPY (Air,T=T[8])

"HL Turbine analysis"

P[8]=P[7]

s[8]=ENTROPY (Air, T=T[8],P=P[8])

s_s[9]=s[8] "For the ideal case the entropies are constant across the turbine"

P[9] = P[8] /Pratio

s_s[9]=ENTROPY (Air,T=T_s[9],P=P[9])"T_s[9] is the isentropic value of T[9] at LP turbine exit"
Eta_t=w_turb_LP /w_turbisen_LP "turbine adiabatic efficiency, w_turbisen > w_turb"

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0
e_in -e_out = DELTAe_cv = 0 for steady-flow"

h[8] = w_turbisen_LP + h_s[9]

h_s[9]=ENTHALPY (Air, T=T_s[9])

"Actual Turbine analysis:"

h[8] =w_turb_LP + h[9]

h[9]=ENTHALPY (Air, T=T[9])

s[9]=ENTROPY (Air, T=T[9], P=P[9])

"Cycle analysis"

w_net=w_turb_HP+w_turb_LP -w_comp_HP -w_comp_LP
g_in_total_noreg=q_in_noreg+q_in_reheat
Eta_th_noreg=w_net/(q_in_total_noreg)*Convert(, %) "[%]" "Cycle thermal efficiency"
Bwr=(w_comp_HP + w_comp_LP)/(w_turb_HP+w_turb_L P)"Back work ratio"

"With the regenerator, the heat added in the external heat exchanger is"
h[5] + g_in_withreg = h[6]

h[5]=ENTHALPY (Air, T=T[5])

s[5]=ENTROPY (Air, T=T[5], P=P[5])

P[5]=P[4]
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"The regenerator effectiveness gives h[5] and thus T[5] as:"
Eta_reg = (h[5]-h[4])/(h[9]-h[4])

"Energy balance on regenerator gives h[10] and thus T[10] as:"
h[4] + h[9]=h[5] + h[10]

h[10]=ENTHALPY (Air, T=T[10])

s[10]=ENTROPY (Air, T=T[10], P=P[10])

P[10]=P[9]

"Cycle thermal efficiency with regenerator”
g_in_total_withreg=q_in_withreg+q_in_reheat
Eta_th_withreg=w_net/(q_in_total_withreg)*Convert(, %) "[%]"

"The following data is used to complete the Array Table for plotting purposes."
s_s[1]=s[1]

T_s[1]=T[1]

s_s[3]=s[3]

T_s[3]=T[3]
s_s[5]=ENTROPY (Air, T=T[5],P=P[5])
T_s[5]=T[5]

s_s[6]=s[6]

T_s[6]=T[6]

s_s[8]=s[8]

T_s[8]=T[8]

s_s[10]=s[10]

T_s[10]=T[10]

MNreg Nc Nt MNth,noreg MNth,withreg qin,total,noreg c|in,tota|,withreg Whet
[%] [%] [kJ/kg] [kJ/kg] [kJ/kg]
0.6 0.78 0.86 30.57 41.29 1434 1062 438.5
0.65 0.78 0.86 30.57 42.53 1434 1031 438.5
0.7 0.78 0.86 30.57 43.85 1434 1000 438.5
0.75 0.78 0.86 30.57 45.25 1434 969.1 438.5
0.8 0.78 0.86 30.57 46.75 1434 938.1 438.5
0.85 0.78 0.86 30.57 48.34 1434 907.1 438.5
0.9 0.78 0.86 30.57 50.06 1434 876.1 438.5
0.95 0.78 0.86 30.57 51.89 1434 845.1 438.5
1 0.78 0.86 30.57 53.87 1434 814 .1 438.5

1600 —— .

1200 |- i
T 800 | ]
|_

(eg
&
a0l & ]
'» -
0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
45 50 55 60 65 70 75 80 85
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9-177 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is
considered. The back work ratio and the thermal efficiency are to be determined.

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

Properties The properties of helium at room temperature are ¢, =5.1926
kJ/kg.K and k =1.667 (Table A-2).

Analysis The work inputs to each stage of compressor are identical, so are the
work outputs of each stage of the turbine.

(k-1)/k

P

Tue =Toe :Tl(sz _ (300 K)(4)0.667/1.667 —5224K
1

h25 _hl _ Cp(TZS _Tl)

e = Ty =To =Ty +(To =Ti)/ ¢
hy =y (T, -T) =300+ (522.4 - 300)/(0.78)
=585.2 K
P (k-1)/k 1 0.667/1.667
Toe =T =T [_7j = (1400 K)(—j =804.0 K
_ Te —T
nT::G_:7 =§p(€l_6__|_7)) Ty =T7:Te—'7T(T6 _T7s)
67 7s Fplle TS =1400 - (0.86)(1400 — 804.0)
=887.4K
_ T T
g:hs h4:Cp(5 4) Ts=T, +5(T9_T4)
h9_h4 Cp(TQ_T4)

=585.2 +(0.75)887.4 — 585.2)
=811.8K

Wein =2(h, —hy)=2c,(T, - T,)=2(5.1926 ki/kg - K)(585.2 — 300)K = 2961 ki/kg
Wr oy = 2(hg —hy )=2¢,(Ts —T; )= 2(5.1926 ki/kg - K }1400 —887.4)K =5323 ki/kg
Thus,

_ Wein  2961kJ/kg
Wro 5323 kl/kg

Qin = (he - h5)+ (hs -h; ): Cp [(Te _T5)+ (Ta -T; )]
=(5.1926 kJ/kg - K (1400 — 811.8) + (1400 — 887.4)K = 5716 kl/kg

0.556

Tow

Wit = Wr oy — Wy = 5323~ 2961= 2362 ki/kg

Waet _ 2362KIKY _ 0 410 41 200
Gin 5716 ki/kg

MM =
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9-178 An ideal gas-turbine cycle with one stage of compression and two stages of expansion and regeneration is
considered. The thermal efficiency of the cycle as a function of the compressor pressure ratio and the high-pressure turbine
to compressor inlet temperature ratio is to be determined, and to be compared with the efficiency of the standard
regenerative cycle.

Analysis The T-s diagram of the cycle is as shown in the figure. If the

overall pressure ratio of the cycle is ry, which is the pressure ratio T
across the compressor, then the pressure ratio across each turbine
stage in the ideal case becomes rp. Using the isentropic relations, the
temperatures at the compressor and turbine exit can be expressed as
P (k-1)/k
To=T, =Ty = = Tl(rp )(kil)/k
R
5 (k=1)/k . (k-1)/k
P, Jr .
(k-1)/k (k-1)7k
T, = TS(%] -7, N/l_ _ Tzrp(l—k)/ 2k _ Tlrp(k—l)/ krp(l—k)/ 2 _ Tlrp(k—l)lzk
5 rp
Then,
1-k)/ 2k
din =hg—h; = Cp(TS _T7)= cpTS(l_ rp( ) )
—hg —hy =c, (T ~T,)=c, T, (r, /2 -1
Qout =Ng =Ny =Cpllg —T1)=Cpl1\l,
and thus
(k-1)/ 2k
Ny =1- Qout _1_CPT1(rP _1)
th = - 1-k)/ 2k
Qin cpT3(1—rp( ) )
which simplifies to
T (k-1)/ 2k
=1l-—r
Mt T, p

The thermal efficiency of the single stage ideal regenerative cycle is given as

T
—1—_Ly (k=1)/k
Mt T, p
Therefore, the regenerative cycle with two stages of expansion has a higher thermal efficiency than the standard
regenerative cycle with a single stage of expansion for any given value of the pressure ratio ry,.

PROPRIETARY MATERIAL. © 2011 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.



www.semeng.ir

www. 20f 11 e. org

9-151

9-179 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio,
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion
chamber and the regenerator are to be determined.

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

Properties The gas constant of air is R = 0.287 kJ/kg-K.

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a
function of temperature only whereas entropy is functions of both temperature and pressure.

Optimum intercooling and reheating pressure is

P, =/PiP, =+/(100)(1200) = 346.4 kPa T
Process 1-2, 3-4: Compression
T, =300 K—> h; =300.43 kd/kg
T, =300K
! s, =5.7054 kl/kg - K
P, =100 kPa
P, = 346.4 kPa
h,, = 428.79 k/kg

s, =, =5.7054 kd/kg.K S
o=t g0 4287930043\ 460 8gkikg

h, —h, h, —300.43
T, =350 K—h; =350.78 ki/kg
T, =350K

s3 =5.5040 ki/kg - K
P, =346.4 kPa
P, =1200 kPa
h,s =500.42 ki/kg

S, =S5 =5.5040 ki/kg.K

hs —h _
Ne=—2—2___5080= 500.42-350.78 h, =537.83kJ/kg

h, —h; h, —350.78

Process 6-7, 8-9: Expansion

T =1400 K——> hy =1514.9 ki/kg
Te =1400 K

s¢ = 6.6514 ki/kg - K
P, =1200 kPa

P, =346.4kPa

h,s =1083.9 kl/kg
S; =Sg =6.6514 ki/kg.K

he — h; 0.0 1514.9-hy

80 = h, =1170.1kJ/kg
he — hye 1514.9-1083.9

nr =
Tg =1300 K—— hg =1395.6 kJ/kg
Tg =1300K

sg = 6.9196 k/kg - K
P, = 346.4 kPa

P, =100 kPa

hgs =996.00 ki/kg
Sg = Sg =6.9196 ki/kg.K
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hg — hg 080 13956~ ho
hg — hgs 1395.6 — 996.00

hy =1075.9 ki/kg

Cycle analysis:
Wein =h, —hy +h, —hy =460.88 — 300.43 + 537.83 — 350.78 = 347.50 ki/kg

Wy o = hg —hy +hg —hg =1514.9-1170.1+1395.6 - 1075.9 = 664.50 ki/kg

_ WC,in _ 347.50

- _ =0.523
Wy  664.50

Tow

Woer = Wr o — We jn = 664.50 — 347.50 = 317.0 kJ/kg

Regenerator analysis:

Eregen = o ~ Mo 0.75= —07>9~ g hy, = 672.36 ki/kg
hy — hy 1075.9 - 537.83

sy = 6.5157 ki/kg - K

Gregen = No — g = hs —h, ——>1075.9—672.36 = hg —537.83——> hy = 941.40 ki/kg
(b) Qi = hg —hg =1514.9—941.40 = 573.54 ki/kg

Whq 3170

= =0.553
q, 57354

MM =

(c) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible
thermal efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet
temperature. That is,

T, . 300K
—1-Loy 3OK 5786
Mmax =273 "7 1400 K
and
m _ 0558 .04
o 0.786

(d) The exergies at the combustion chamber exit and the regenerator exit are
Xg =hg =Ny —To(sg —Sp)
= (1514.9-300.43)kJ/kg — (300 K)(6.6514 —5.7054)kJ/kg.K
=930.7 kJ/kg

X109 =hyg —Ng =T (S10 —Sp)
— (672.36 —300.43)kJ/kg — (300 K)(6.5157 — 5.7054)k/kg.K
-128.8kJ/kg
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9-180 The thermal efficiency of a two-stage gas turbine with regeneration, reheating and intercooling to that of a three-
stage gas turbine is to be compared.

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
Two Stages: T
The pressure ratio across each stage is 6 8
873K +
ry = V16 =4 5
9
The temperatures at the end of compression and expansion are
Te =Trint $ V% = (283K)(8) %41 = 4205K 4 10
283 K +
1 (k-1)7k 104 3 1
Te =Thax| — =(873 K)(—j =587.5K S
Mo 4
The heat input and heat output are
Qin =2C, (Trmax —Te) = 2(1.005kJ/kg - K)(873-587.5) K = 573.9 ki/kg
Qout = 2C (Te —Trin) = 2(1.005 kJ/kg - K)(420.5-283) K = 276.4 ki/kg
The thermal efficiency of the cycle is then
pg —1-Jo _q 2764 _ 4519
Qin 573.9
Three Stages:
The pressure ratio across each stage is T
r, =16"° =2.520 g, 0 12
The temperatures at the end of compression and expansion are ! 13
Te =Tt $ V% = (283 K)(2.520) ¥ =368.5K
6
1 (k-1)7k 1 \eana 14
T =T |=— = (873K)| —— =6704K 57371
¢ max(rp] ( )[2.520) 3

The heat input and heat output are
in =3C (Trmax —Te) =3(1.005kJ/kg - K)(873-670.4) K = 610.8 ki/kg
Qout =3Cp (T —Tmin) = 3(1.005kd/kg - K)(368.5-283) K = 257.8 ki/kg
The thermal efficiency of the cycle is then

Qo _,_ 2578
Ui 610.8
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9-181E A pure jet engine operating on an ideal cycle is considered. The thrust force produced per unit mass flow rate 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 = 0.3704 psia-ft/lbm-R (Table A-1E), ¢, = 0.24 Btu/lbm-R and
k = 1.4 (Table A-2Ea).

Analysis (a) We assume the aircraft is stationary and the air is moving
towards the aircraft at a velocity of V; = 1200 ft/s. Ideally, the air T

will leave the diffuser with a negligible velocity (V, = 0). 4
Diffuser: i 5
. . . & d . . 3
Ein —Eout = AEsystem 0 (ead) —>Ein = Eout
580 ) 2 6
hy +Vi2 12 = hy +V2 /2—>0=h, —hy + 221
1tV =Ny +V, =Ny =My > 1 Gout
s
0=c,(T,-T,)-V?/2
2 2
T, =T, + V' 400R s (1200 ft/s) 1Bw/ibm | _ oo
2c, (2)(0.24 BtuJlbm - R) | 25,037 ft?/s?

k/(k-1) 1.4/0.4
P, - P12 ~ (10 psia)(eog's Rj — 21.5psia
T, 490 R

Compressor:
P; =P, = (r, P,) = (9)(21.5 psia) = 193.5 psia

(k=1)/k
T,=T, [%j =(609.8 R)9)*“* =1142.4R

Turbine:
Weompin = Wiurb,out — h3 - h2 = h4 _hS — Cp(TS _Tz): Cp(T4 _TS)
or Tg =T, —T3+T, =1160-1142.4 +609.8 = 627.4 R

Nozzle:

(k-1)/k . 0.4/1.4
T =T, & _(@160R) 2OPS2_} T _4g75R
Py 193.5psia

. . . 0 (stead . .
Ein —Eout = AEsystem (eac) —>Ein = Eout

27a2
or, Vg =Veit =.[(2)(0.24 Btu/lbm- R)(627.4 - 497.5)R 250371S" | _ 1 549ss
1 Btu/lbm

The specific impulse is then

% ZVEXit _Vinlet = 1249 —1200 = 49 m/S
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9-182 The electricity and the process heat requirements of a manufacturing facility are to be met by a cogeneration plant
consisting of a gas-turbine and a heat exchanger for steam production. The mass flow rate of the air in the cycle, the back
work ratio, the thermal efficiency, the rate at which steam is produced in the heat exchanger, and the utilization efficiency
of the cogeneration plant are to be determined.

Assumptions 1 The air-standard assumptions are
applicable. 2 Kinetic and potential energy 325°C 15°C
changes are negligible. 3 Air is an ideal gas with 5 -1_ |

variable specific heats. Combustion

chamber Heat
exchanger

Analysis (a) For this problem, we use the
properties of air from EES software. Remember
that for an ideal gas, enthalpy is a function of
temperature only whereas entropy is functions of
both temperature and pressure.

1 MPa 4 450°Cl

Sat. vap.
Turbine 200°C

Process 1-2: Compression

T, = 20°C ——>h; =293.5kl/kg
T, =20°C
P, =100 kPa

100 kPa

}sl =5.682 ki/kg - K 20°C

P, =1000 kPa

h,, =567.2 k/kg
S, =5; =5.682 kJ/kg.K

e :M—m.% _567.2-2935 h, =611.8kJ/kg
h, —h, h, — 293.5

Process 3-4: Expansion

T, =450°C——h, =738.5kl/kg

hy —h, 0.3 N1s—7385

nr=——"—"7— —
T hy —hy, hg — hys

We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic
efficiency relation, we find h; = 1262 kJ/kg, T; = 913.2°C, s; = 6.507 kJ/kg.K. The solution by hand would require a trial-
error approach.

h_3=enthalpy(Air, T=T_3)

s_3=entropy(Air, T=T_3, P=P_2)

h_4s=enthalpy(Air, P=P_1, s=s_3)
Also,

T, =325°C— > hy = 605.4 ki/kg

The inlet water is compressed liquid at 15°C and at the saturation pressure of steam at 200°C (1555 kPa). This is not
available in the tables but we can obtain it in EES. The alternative is to use saturated liquid enthalpy at the given

temperature.
T, =15°C
h, = 64.47 kl/kg
P, =1555kPa
Tz =200°C
w2 }hwz = 2792 kl/kg

The net work output is
Wein =h, —h; =611.8-293.5=318.2 kJ/kg
W oyt = N3 —h, =1262 —738.5=523.4 kl/kg
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Wiet =Wy oyt — We jin =523.4 — 318.2 = 205.2 ki/kg
The mass flow rate of air is

o W, 1500kJ/s

A= = =7.311kg/s
W  205.2 ki/kg
(b) The back work ratio is
W .
= —cin 3182 _; 5og
Wron 5234

The rate of heat input and the thermal efficiency are

Qin =My (hg — hy) = (7.311kg/s)(1262 - 611.8)ki/kg = 4753 kKW

Wi 1500kW
TS, T 4753kwW

=0.3156=31.6%

(c) An energy balance on the heat exchanger gives

ma (h4 - h5) = rhw (hW2 - hwl)
(7.311kg/s)(738.5 — 605.4)kJ/kg = m,, (2792 — 64.47)kJ/kg ——> m,, =0.3569 kg/s

(d) The heat supplied to the water in the heat exchanger (process heat) and the utilization efficiency are

Qp =My (N — Nyy) = (0.3569 kg/s)(2792 — 64.47)ki/kg = 973.5 KW

Woe +Q, 1500+ 973.5

: = 0.5204 =52.0%
o, 4753 KW

u
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9-183 A turbojet aircraft flying is considered. The pressure of the gases at the turbine exit, the mass flow rate of the air

through the compressor, the velocity of the gases at the nozzle exit, the propulsive power, and the propulsive efficiency of
the cycle are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Potential energy changes are negligible. 3 Air is an ideal gas
with variable specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1).

Analysis (a) For this problem, we use the properties from EES software. T
Remember that for an ideal gas, enthalpy is a function of temperature only G 4
whereas entropy is functions of both temperature and pressure. " .
Diffuser, Process 1-2: 3
T, =-35°C——h, =238.23 kJ/kg 2 6
1 qout
V2 V7
+—L =h,+-2 S
=t
2 2
(238.23kilkg) + 20036 M/S) ( Lilkg 2] _ h, + L5MS) ( Lklkg 2] hy = 269.37 kilkg
2 1000 m*/s 2 1000 m*/s

h, = 269.37 ki/kg

S, =5.7951 kJ/kg - K

Compressor, Process 2-3:

P, = 450 kPa
hgs =505.19 ki/kg
e = M—> 0.83 = 20219 — 269.37 hg = 553.50 kJ/kg
hy —h, hy —269.37

Turbine, Process 3-4:
T, =950°C——h, =1304.8 kl/kg

where the mass flow rates through the compressor and the turbine are assumed equal.

hy — hg 0.3 1304.8-10206

. . he, = 962.45 k/k
=, —he, 1304.8— h,, 5s J
T, =950°C

s, = 6.7725 kilkg - K
P, = 450 kPa

hs, = 962.45 ki/kg

P; =147.4 kPa
S5 =S, =6.7725 ki/kg - K

(b) The mass flow rate of the air through the compressor is

We 500 kd/s

m= -
hy —h, (553.50—269.37) ki/kg

=1.760kg/s

(c) Nozzle, Process 5-6:

hs =1020.6 ki/kg

s = 6.8336 k/kg - K
P; =147.4 kPa
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P; =40kPa
6 hes = 709.66 ki/kg

Sg =S5 = 6.8336 kJ/kg.K

hs —h 1020.6 - h
Ny =————0.83= 6 > hg = 762.52 kilkg

hs — hgs 1020.6 — 709.66

2 2

2
(1020.6 kJ/kg) + 0 = 762.52 k/kg + V—G[ Lk kzg 2) V, = 718.5 m/s
2 (1000 m?/s

where the velocity at nozzle inlet is assumed zero.

(d) The propulsive power and the propulsive efficiency are

Wp =mVe —V)V; = (1.76 kg/s)(718.5 m/s — 250 m/s)(250 m/s)(1 LkJ/kg

ﬁj = 206.1kW
000 m?/s

Q,, =m(h, — hy) = (1.76 kg/s)(1304.8 — 553.50)ki/kg = 1322 KW

W, 206.1kw

s ~0.156
Te =3 T 1322kW
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9-184 The three processes of an air standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams, and
the expressions for back work ratio and the thermal efficiency are to be obtained.

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

Analysis (a) The P-vand T-s diagrams for this cycle are as shown.

(b) The work of compression is found by the first law for process 1-2:

O, —W, =AU,

a, , = 0(isentropic process) b
W, =—-Au_, =-C, (Tz _Tl) 2 3
Wcomp = _Wl—z = Cv (TZ _Tl)
The expansion work is found by
1
3
4= [Pdv=P(y-v,)=R(T,~T,) v
2
The back work ratio is
Wy _ Cy(T-T,) _C, T, (T/T,-1) T .
W, R(T3 —T2) RT, (T3 IT, —1) )

Process 1-2 is isentropic; therefore,

k-1 k
L — V_2 — i and i — i — rk 1
T, |V, <t P LV, s

Process 2-3 is constant pressure; therefore,
RV, RV, T, Vs Vi

T, T, T, V, V,

Process 3-1 is constant volume; therefore,
PV, PV, T, P P
33_11:_3__3__2_k

TS Tl Tl Fi I:)1
The back work ratio becomes (C,=R/(k-1))

Wcomp _ l l rk_l _1

W, k-1r" r-1

exp

(c) Apply first law to the closed system for processes 2-3 and 3-1 to show:
Gin = Cp (Ta _Tz)
qout = Cv (TS _Tl)

The cycle thermal efficiency is given by

=1— qout =1— CV (T3_Tl) —
th
Qin Cp(T3 _Tz)

T (T /T, l)
—T

1
KT, (T,/T,-1)

The efficiency becomes
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11 7r4
Ckrtr-1
(d) Determine the value of the back work ratio and efficiency as r goes to unity.

Wcomp _ 1 1 r k-1 - 1

My =

Wy, k-1r' r-1
. Wcomp 1 . 1 rt-1 1 . r<t-1 1 . (k—l)rk_z
lim = lim—— = lim—— =t = lim——; =
-1 Wexp k-1 rrl r-1 K—=1|r1r—r k—1|r-1kr —(k—l)r
lim oo _ 1 { k-1 }: L {"‘1}:1
~tw,  k-1{k-k+1] k-1[ 1
11 rk-1
TR

fimn, <1- S tim L T g Bl L Ly L,k
r_>177th_ E r_)lF r—1 - E o1 K _ k-t - E r—1 krk—l_(k_l)rk-z

. 1[ K 1(k
limp, =1-—4—~L_q_2JX1_g
o k{k—k+l} k{l}

These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even
though heat may be added to the system.
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9-185 The three processes of an air standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams, and
the expressions for back work ratio and the thermal efficiency are to be obtained.

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

Analysis (a) The P-vand T-s diagrams for this cycle are as shown.
(b) The work of expansion is found by the first law for process 2-3:
Upg =W, g =AU, 4
0, , = 0(isentropic process) 2
W, 5 =—AU, ;= _Cv (Ta _Tz)
Wexp =W, 3= Cv (TZ _TS) 3

The compression work is found by v

W W31=—dev:—P(vl—v3):R(TS—Tl)

comp — V'3

The back work ratio is

Woro _C,(T,-T) _C, T, (1-T,/T,)

,(A-TIT,)
= — 3
W, R(T,-T,) RT(T,/T,-1) R (T,/T,-1)

exp

Process 3-1 is constant pressure; therefore, 1
PV, RV, T, ViV, _1

T, T, T, V, V, r

Process 2-3 is isentropic; therefore,

k-1 k
T—2= V—z =r*?! and i= ﬁ =rk
T, V, P, Vv,

The back work ratio becomes (C,=R/(k-1))

1t

W k-1 r-1
comp _ (k —1 r _
W ( )rk‘l—l rort-1

exp

(c) Apply first law to the closed system for processes 1-2 and 3-1 to show:
qin = Cv (TZ _Tl)
Qout = Cp (TS _Tl)

The cycle thermal efficiency is given by

=1 G0, (LL/TD)

Gin Cv (Tz _Tl) T1 (Tz /Tl _1)

1

Process 1-2 is constant volume; therefore,
P2V2_PlV1AT2_P2_P2_ K

T2 Tl - Tl I:)Sl. P3

The efficiency becomes
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9-162
r-1
=1-k
77th r.k _1
(d) Determine the value of the back work ratio and efficiency as r goes to unity.
1 1
W v k-1r-1
comp _ (k —1 r _
W, ( )rk‘l—l rorit-1
. W . r-1 . 1
lim—"2 = (k -1)<lim =(k-1)2lim————
r—1 Wexp ( ){ral rk_r} ( ){ral krk_l_]}
W
nmﬂ:(k_l){i}:l
=L W, k-1
r-1
U =1-k rK_1

. . r-1 i 1
IJL? nth :1_k{|rlm rk _1} :l—k{vmw}

. 1
|rILTll Min =1-k {I} =0

These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even
though heat may be added to the system.
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9-186 The four processes of an air-standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams; an
expression for the cycle thermal efficiency is to be obtained; and the limit of the efficiency as the volume ratio during heat
rejection approaches unity is to be evaluated.

Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures.

(b) Apply first law to the closed system for processes 2-3 and 4-1 to show:
9, =C, (Ts _Tz)

P
qout =Cp(T4 _Tl) 3
The cycle thermal efficiency is given by
n =1- qout -1- Cp (T4 _Tl)_l_le(T4/T1_1) 2
= = = A N A
‘ q,, C,(T,-T,) T,(T,/T,-1) 4
1
k-1
. . T, (V, 1 v
Process 1-2 is isentropic; therefore, — =| —~ =—
T, \V r
k-1 3
3] 3 _ V4 _ k-1
rocess 3-4 is isentropic; therefore, —=| — =1,
T4 Vs T
Process 4-1 is constant pressure; therefore ) 4
PV BV _ T _Vu_, '
T, T, T V P
k-1 1
T_:T_T_T_:rk’lr _1 — E r S
T, T, T, ° °r r P
Since process 2-3 is constant volume and V3 = V5,
vV, VvV, V,V,

eVVVVp

The efficiency becomes
1 r,-1
=1-Kk—-P2 —
T r*ri-1
(c) In the limit as r, approaches unity, the cycle thermal efficiency becomes

r -1
“1-k—t Jlim—L

k-1

. 1
limnp, =1-k——<1im
rp—>177th rk’l r—>1r -1 r

1 (1 1
I|m77th_1 k kl{ }_1 F:nthom

r,—1 k
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9-187 The four processes of an air-standard cycle are described. The back work ratio and its limit as r, goes to unity are to
be determined, and the result is to be compared to the expression for the Otto cycle.

Analysis The work of compression for process 1-2 is found by the first law:
G, W, = AU1_2
0, , = 0(isentropic process)
W, =—Au, , ==C,(T,-T,)
W, -w,_, =C,(T,-T,)

comp,1-2 =

The work of compression for process 4-1 is found by

C

1
Wosnp a3 = —Wyy = =] PV = =P (v, =v,) = R(T, T,
4

The work of expansion for process 3-4 is found by the first law:
Os g —Ws , =AU, ,
0, , = O(isentropic process)

—-Au, , =-C, (T4 —T3)

W, Xp,3—4 — _W3—4 = Cv (T3 _T4)

€

Ws_4

The back work ratio is

R
W  R(T,=T,)+C,(T,-T,) _LQ(T“/T1_1)+(T2/T1_1)

C

W C,(T,-T,) T, (1-T,/T,)

exp

Using data from the previous problem and C, = R/(k-1)
k-1
Wepy T, (K=2)(r, =1)+(r**-1)

W, T.
e ’ (1_ k—ll li
I’p r

k-1
fim e _ Ty ) 1
ot Wexp T3 1_i

This result is the same expression for the back work ratio for the Otto cycle.
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13
9-188 E The effects of compression ratio on the net work output and the thermal efficiency of the Otto cycle for given
operating conditions is to be investigated.

Analysis Using EES, the problem is solved as follows:

"Input Data"
T[1]=300 [K]
P[1]=100 [kPa]
T[3] = 2000 [K]
r_comp =12

"Process 1-2 is isentropic compression"”
s[1]=entropy(air, T=T[1],P=P[1])

s[2]=s[1]

T[2]=temperature(air, s=s[2], P=P[2])
P2]*v[2)/T[2]=P[1]*v[1]/T[1]

P[1]*v[1]=R*T[1]

R=0.287 [kJ/kg-K]

V[2] = V[1])/ r_comp

"Conservation of energy for process 1 to 2"
g_12-w_12 =DELTAu_12

g_12 =0"isentropic process"

DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1])
"Process 2-3 is constant volume heat addition”
v[3]=V[2]

s[3]=entropy(air, T=T[3], P=P[3])

P[3]*V[3]=R*T[3]

"Conservation of energy for process 2 to 3"
g_23-w_23=DELTAu_23

w_23 =0"constant volume process"
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2])
"Process 3-4 is isentropic expansion”

s[4]=s[3]

s[4]=entropy(air, T=T[4],P=P[4])

P[4]*v[4]=R*T[4]

"Conservation of energy for process 3 to 4"

g_34 -w_34 =DELTAu_34

g_34 =0"isentropic process"

DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3])
"Process 4-1 is constant volume heat rejection”

V[4] = V[1]

"Conservation of energy for process 4 to 1"

g_41-w 41 =DELTAu_41

w_41 =0 "constant volume process"
DELTAu_41=intenergy(air, T=T[1])-intenergy(air,T=T[4])

g_in_total=q_23

g_out total=-q_41

w_net=w_12+w_23+w_34+w_41

Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent"
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Nth I'comp Whet
[%] [kJ/kg]
45.83 6 567.4
48.67 7 589.3
51.03 8 604.9
53.02 9 616.2
54.74 10 624.3

56.24 11 630
57.57 12 633.8
58.75 13 636.3
59.83 14 637.5
60.8 15 637.9

640

630

620

610

600

590

Whet [kJI/kg]

580

570

560L—

62.5—

12 13 14 15

59

55.5

52

Nth (%]

48.5

a5

12 13 14 15
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13
9-189 E The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle is to
be investigated. The pressure ratios at which the net work output and the thermal efficiency are maximum are to be
determined.

Analysis Using EES, the problem is solved as follows:

P_ratio=8

T[1] = 300 [K]
P[1]= 100 [kPa]
T[3] = 1800 [K]
m_dot = 1 [kg/s]
Eta_c =100/100
Eta_t = 100/100

"Inlet conditions"
h[1]J=ENTHALPY (Air, T=T[1])
s[1]=ENTROPY (Air, T=T[1],P=P[1])

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"

T _s[2]=TEMPERATURE(AIr,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=ENTHALPY (Air,T=T_s[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta ¢ =W _dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"

"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

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

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"
"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P_ratio= P[3] /P[4]

T_s[4]=TEMPERATURE(AIr,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t"
Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

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

"Cycle analysis"

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency"
Bwr=W_dot_c/W_dot_t "Back work ratio"

"The following state points are determined only to produce a T-s plot"
T[2]=temperature(air,h=h[2])

T[4]=temperature(air,h=h[4])

s[2]=entropy(air, T=T[2],P=P[2])

s[4]=entropy(air, T=T[4],P=P[4])
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725

700
675
650

Whet [kW]

550
525
500

625
600
575

Bwr n Pratio W, Whet Wi Qin
[kW] [kW] [kW] [kW]
0.254 0.3383 5 175.8 516.3 692.1 1526
0.2665 0.3689 6 201.2 553.7 754.9 1501
0.2776 0.3938 7 223.7 582.2 805.9 1478
0.2876 0.4146 8 244.1 604.5 848.5 1458
0.2968 0.4324 9 262.6 622.4 885 1439
0.3052 0.4478 10 279.7 637 916.7 1422
0.313 0.4615 11 295.7 649 944.7 1406
0.3203 0.4736 12 310.6 659.1 969.6 1392
0.3272 0.4846 13 324.6 667.5 992.1 1378
0.3337 0.4945 14 337.8 674.7 1013 1364
0.3398 0.5036 15 350.4 680.8 1031 1352
0.3457 0.512 16 362.4 685.9 1048 1340
0.3513 0.5197 17 373.9 690.3 1064 1328
0.3567 0.5269 18 384.8 694.1 1079 1317
0.3618 0.5336 19 395.4 697.3 1093 1307
0.3668 0.5399 20 405.5 700 1106 1297
0.3716 0.5458 21 415.3 702.3 1118 1287
0.3762 0.5513 22 4247 704.3 1129 1277
0.3806 0.5566 23 433.8 705.9 1140 1268
0.385 0.5615 24 442.7 707.2 1150 1259
0.3892 0.5663 25 451.2 708.3 1160 1251
0.3932 0.5707 26 459.6 709.2 1169 1243
0.3972 0.575 27 467.7 709.8 1177 1234
0.401 0.5791 28 475.5 710.3 1186 1227
0.4048 0.583 29 483.2 710.6 1194 1219
0.4084 0.5867 30 490.7 710.7 1201 1211
0.412 0.5903 31 498 710.8 1209 1204
0.4155 0.5937 32 505.1 710.7 1216 1197
0.4189 0.597 33 512.1 710.4 1223 1190
0.4222 0.6002 34 518.9 710.1 1229 1183
T T T T T 0.65
0.6
0.55
0.5
7 c
045 &
0.4
0.35
1 1 1 1 1 03
10 15 20 25 30 35
Pratio
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13
9-190 E The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle
is to be investigated assuming adiabatic efficiencies of 85 percent for both the turbine and the compressor. The
pressure ratios at which the net work output and the thermal efficiency are maximum are to be determined.

Analysis Using EES, the problem is solved as follows:

P_ratio=8

T[1] = 300 [K]
P[1]= 100 [kPa]
T[3] = 1800 [K]
m_dot = 1 [kg/s]
Eta_c =80/100
Eta_t =80/100

"Inlet conditions"

h[1]=ENTHALPY (Air, T=T[1])

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

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"

T _s[2]=TEMPERATURE(AIr,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=ENTHALPY (Air,T=T_s[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta ¢ = W_dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0
"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

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

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"
"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P_ratio= P[3] /P[4]

T_s[4]=TEMPERATURE(AIr,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t"
Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

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

"Cycle analysis"

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency"
Bwr=W_dot_c/W_dot_t "Back work ratio"

"The following state points are determined only to produce a T-s plot"
T[2]=temperature(air,h=h[2])

T[4]=temperature(air,h=h[4])

s[2]=entropy(air, T=T[2],P=P[2])

s[4]=entropy(air, T=T[4],P=P[4])
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Bwr n Pratio W, Whet W, Qin
[kW] [kW] [kW] [kW]
0.3515 0.2551 5 206.8 381.5 588.3 1495
0.3689 0.2764 6 236.7 405 641.7 1465
0.3843 0.2931 7 263.2 421.8 685 1439
0.3981 0.3068 8 287.1 434.1 721.3 1415
0.4107 0.3182 9 309 443.3 752.2 1393
0.4224 0.3278 10 329.1 450.1 779.2 1373
0.4332 0.3361 11 347.8 455.1 803 1354
0.4433 0.3432 12 365.4 458.8 824.2 1337
0.4528 0.3495 13 381.9 461.4 843.3 1320
0.4618 0.355 14 397.5 463.2 860.6 1305
0.4704 0.3599 15 412.3 464.2 876.5 1290
0.4785 0.3643 16 426.4 464.7 891.1 1276
0.4862 0.3682 17 439.8 464.7 904.6 1262
0.4937 0.3717 18 452.7 464.4 917.1 1249
0.5008 0.3748 19 465.1 463.6 928.8 1237
0.5077 0.3777 20 477.1 462.6 939.7 1225
0.5143 0.3802 21 488.6 461.4 950 1214
0.5207 0.3825 22 499.7 460 959.6 1202
0.5268 0.3846 23 510.4 458.4 968.8 1192
0.5328 0.3865 24 520.8 456.6 977.4 1181
470 0.4
460 40.38
4501 Jo.36
440 ]
| 40.34
s o 10.32
= 4201 |
— B 40.3 -
o 4101 -
-;C a00L I:)ratio for lo2g8 €
390 W net,max -0-26
380 - - ! - ! - ! - 0.24
5 13 17 21 25

ratio
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13
9-191 E The effects of pressure ratio, maximum cycle temperature, and compressor and turbine inefficiencies on the
net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is to be
investigated. Constant specific heats at room temperature are to be used.

Analysis Using EES, the problem is solved as follows:

Procedure ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th ConstProp,Eta_th_easy)
"For Air:"

C_V =0.718 [kJ/kg-K]

k=14

T2 = T[1]*r_comp”(k-1)

P2 = P[1]*r_comp”k

g_in_23=C_V*T[3]-T2)

T4 = T[3]*(1/r_comp)*(k-1)

g_out_41 = C_V*(T4-T[1])

Eta_th_ConstProp = (1-q_out_41/q_in_23)*Convert(, %) "[%]"

"The Easy Way to calculate the constant property Otto cycle efficiency is:"
Eta_th_easy = (1 - 1/r_comp”(k-1))*Convert(, %) "[%]"

END

"Input Data"
T[1]=300 [K]
P[1]=100 [kPa]
{T[3] = 1000 K]}
r_comp =12

"Process 1-2 is isentropic compression"
s[1]=entropy(air, T=T[1],P=P[1])

s[2]=s[1]

T[2]=temperature(air, s=s[2], P=P[2])
P2]*v[2)/T[2]=P[1]*v[1}/T[1]

P[A]*V[1]=R*T[1]

R=0.287 [kJ/kg-K]

V[2] = V[1)/ r_comp

"Conservation of energy for process 1 to 2"
g_12-w_12 =DELTAu_12

g_12 =0"isentropic process"
DELTAu_12=intenergy(air,T=T[2])-intenergy(air, T=T[1])
"Process 2-3 is constant volume heat addition”
v[3]=V[2]

s[3]=entropy(air, T=T[3], P=P[3])
P[3]*V[3]=R*T[3]

"Conservation of energy for process 2 to 3"
q_23-w_23 =DELTAu_23

w_23 =0"constant volume process"
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2])
"Process 3-4 is isentropic expansion"

s[4]=s[3]

s[4]=entropy(air, T=T[4],P=P[4])
P[4]*v[4]=R*T[4]

"Conservation of energy for process 3 to 4"
g_34 -w_34 =DELTAu_34

g_34 =0"isentropic process"
DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3])
"Process 4-1 is constant volume heat rejection”
V[4] = V[1]

"Conservation of energy for process 4 to 1"
g_41-w_41=DELTAu_41
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9-172
w_41 =0 "constant volume process"
DELTAu_41=intenergy(air,T=T[1])-intenergy(air, T=T[4])
g_in_total=q_23
g_out _total =-q_41
w_net=w_12+w 23+w_34+w_41
Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent"
Call ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy)
PerCentError = ABS(Eta_th - Eta_th_ConstProp)/Eta_th*Convert(, %) "[%]"

PerCentError lcomp Nth Mth,ConstProp Nth,easy Ts

[%] [%] [%] [%] (K]
3.604 12 60.8 62.99 62.99 1000
6.681 12 59.04 62.99 62.99 1500
9.421 12 57.57 62.99 62.99 2000
11.64 12 56.42 62.99 62.99 2500

Percent Error = n , - n th,ConstProp 7

4.3 T T T T T T T T T
a2} i
T = 1000 K
5 max i
2 41} i
_ | i
o al ]
—
0 | 3
-
= 3.9} :
[} | i
Q 3.8
o 8} .
o s ]
3.7} ]
3.6 i L " L i L " L " L
6 7 8 9 10 11 12
comp
15 T T T T T T T T T T T T T T T
12.8 -
2 ]
—
o 10.6 -
—
— 4
(]
+—
c 84 —
()
O 4
—
()
a 6.2 -
4 | 1 | 1 | 1 | 1 | 1 | 1 | 1
1000 1200 1400 1600 1800 2000 2200 2400 2600

T[3] [K]
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13
9-192 E The effects of pressure ratio, maximum cycle temperature, 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 is
to be investigated. Variable specific heats are to be used.

Analysis Using EES, the problem is solved as follows:

"Input data - from diagram window"
{P_ratio = 8}

{T[1] = 300 [K]

P[1]= 100 [kPa]

T[3] = 800 [K]

m_dot = 1 [kg/s]

Eta_c = 75/100

Eta_t = 82/100}

"Inlet conditions"
h[1]J=ENTHALPY (Air, T=T[1])
s[1]=ENTROPY (Air, T=T[1],P=P[1])

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"

T _s[2]=TEMPERATURE(AIr,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=ENTHALPY (Air,T=T_s[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta ¢ =W _dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"
"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

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

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"
"Turbine analysis"

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

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P_ratio= P[3] /P[4]

T_s[4]=TEMPERATURE(AIr,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t"
Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

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

"Cycle analysis"

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency"
Bwr=W_dot_c/W_dot_t "Back work ratio"

"The following state points are determined only to produce a T-s plot"
T[2]=temperature(‘air',h=h[2])

T[4]=temperature(‘air',h=h[4])

s[2]=entropy(air, T=T[2],P=P[2])

s[4]=entropy(air, T=T[4],P=P[4])
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Bwr n Pratio W, Whet Wi Qin
(kW] [KW] (kW] (kW]
0.5229 0.1 2 1818 1659 3477 16587
0.6305 0.1644 4 4033 2364 6396 14373
0.7038 0.1814 6 5543 2333 7876 12862
0.7611 0.1806 8 6723 2110 8833 11682
0.8088 0.1702 10 7705 1822 9527 10700
0.85 0.1533 12 8553 1510 10063 9852
0.8864 0.131 14 9304 1192 10496 9102
0.9192 0.1041 16 9980 877.2 10857 8426
0.9491 0.07272 18 10596 567.9 11164 7809
0.9767 0.03675 20 11165 266.1 11431 7241
1500 r T T T T T
Air Standard Brayton Cycle
| Pressure ratio = 8 and Tmax =1160K
3
1000} i
3
|_
500} i
800 kPa
L
100kPa T
0 I 1 L 1 L 1 1
5.0 5.5 6.0 6.5 7.0 7.5
s [kJ/kg-K]
0.25 S T T T T T T T 2500
0.20 42000
c
> 015 {1500 _
i N, =0.82 i
2 T =0.75 -
< 0.10 ¢ 1000 ¢
o T ax=1160 K =
>
O
0.05F NoteP. . for maximum work and n 500
ratio
000 L L L L L L L L L L O
2 4 6 8 10 12 14 16 18 20

ratio
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13
9-193 E The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on
the net work output per unit mass and the thermal efficiency of a simple Brayton cycle with helium as the working
fluid is to be investigated.

Analysis Using EES, the problem is solved as follows:

Function hFunc(WorkFluid$,T,P)
"The EES functions teat helium as a real gas; thus, T and P are needed for helium's enthalpy."
IF WorkFluid$ = 'Air' then hFunc:=enthalpy(Air,T=T) ELSE
hFunc: = enthalpy(Helium,T=T,P=P)
endif
END
Procedure EtaCheck(Eta_th:EtaError$)
If Eta_th < 0 then EtaError$ = 'Why are the net work done and efficiency < 0?' Else EtaError$ ="

END
"Input data - from diagram window"
{P_ratio = 8}

{T[1] = 300 [K]

P[1]= 100 [kPa]

T[3] = 800 [K]

m_dot = 1 [kg/s]

Eta ¢=0.8

Eta t=0.8

WorkFluid$ = 'Helium'}

"Inlet conditions"

h[1]=hFunc(WorkFluid$,T[1],P[1])

s[1]=ENTROPY (WorkFluid$,T=T[1],P=P[1])

"Compressor anaysis"

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]"
T_s[2]=-TEMPERATURE(WorkFluid$,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit"
h_s[2]=hFunc(WorkFluid$,T_s[2],P[2])

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta ¢ =W _dot_c_ideal/W_dot_c_actual. "
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0"
"External heat exchanger analysis"

P[3]=P[2]"process 2-3 is SSSF constant pressure"

h[3]=hFunc(WorkFluid$,T[3],P[3])

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0"
"Turbine analysis"

S[3]=ENTROPY (WorkFluid$,T=T[3],P=P[3])

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P_ratio= P[3] /P[4]

T_s[4]=-TEMPERATURE(WorkFluid$,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit"
h_s[4]=hFunc(WorkFluid$,T_s[4],P[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot >
W_dot_t"

Eta_t=(h[3]-h[4])/(h[3]-h_s[4])

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

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW"

Eta_th=W_dot_net/Q_dot_in"Cycle thermal efficiency"

Call EtaCheck(Eta_th:EtaError$)

Bwr=W_dot_c/W_dot_t "Back work ratio"

"The following state points are determined only to produce a T-s plot"

T[2]=temperature(air,h=h[2])

T[4]=temperature(air,h=h[4])

s[2]=entropy(air, T=T[2],P=P[2])

s[4]=entropy(air, T=T[4],P=P[4])
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Bwr n Pratio Wc Wnet Wt Qin
[kW] [kW] [kW] [kW]
0.5229 0.1 2 1818 1659 3477 16587
0.6305 0.1644 4 4033 2364 6396 14373
0.7038 0.1814 6 5543 2333 7876 12862
0.7611 0.1806 8 6723 2110 8833 11682
0.8088 0.1702 10 7705 1822 9527 10700
0.85 0.1533 12 8553 1510 10063 9852
0.8864 0.131 14 9304 1192 10496 9102
0.9192 0.1041 16 9980 877.2 10857 8426
0.9491 0.07272 18 10596 567.9 11164 7809
0.9767 0.03675 20 11165 266.1 11431 7241
1500 : . ;
Brayton Cycle
| Pressure ratio = 8 and Tmax = 1160K
1000; J
<
'_
500} J
800 kPa
100 kPa 1
0 ' 1 1 1 1
5.0 5.5 6.0 6.5 7.0 7.5
s [kJd/kg-K]
0.25——— T 2500
Brayton Cycle using Air
m iy = 20 ka/s
0.20 42000
=
2 015 {1500
g n,=082 3
= n. =075 3
o 0.10 _ 41000 .;c
% Tmax=1160 K
)
0.05f Note P, 4o for maximum work and n 500
0.0C I L I L L L L I L I I L I 0
2 4 6 8 10 12 14 18 20

F)ratio
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13
9-194 E The effect of the number of compression and expansion stages on the thermal efficiency of an ideal
regenerative Brayton cycle with multistage compression and expansion and air as the working fluid is to be
investigated.

Analysis Using EES, the problem is solved as follows:

"Input data for air"

C_P =1.005 [kJ/kg-K]

k=14

"Nstages is the number of compression and expansion stages"
Nstages =1

T_6=1200 [K]

Pratio = 12

T_1 =300 [K]

P_1=100 [kPa]

Eta_reg = 1.0 "regenerator effectiveness"

Eta_c =1.0 "Compressor isentorpic efficiency"

Eta_t =1.0 "Turbine isentropic efficiency"

R_p = Pratio®(1/Nstages)

"Isentropic Compressor anaysis"

T_2s=T_1*R_p"((k-1)/K)

P 2=R_p*P_1

"T_2s is the isentropic value of T_2 at compressor exit"
Eta_c =w_compisen/w_comp

"compressor adiabatic efficiency, W_comp > W_compisen"

"Conservation of energy for the compressor for the isentropic case:
e _in - e_out = DELTAe=0 for steady-flow"

w_compisen = C_P*(T_2s-T_1)

"Actual compressor analysis:"

w_comp=C_P*T_2-T_1)

"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure
ratio, the work input to each compressor is the same. The total compressor work is:"
w_comp_total = Nstages*w_comp

"External heat exchanger analysis"

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0

e _in-e_out =DELTAe_cv =0 for steady flow"

"The heat added in the external heat exchanger + the reheat between turbines is"
g_in_total=C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8-T_7)

"Reheat is assumed to occur until:"

T 8=T6

"Turbine analysis"

P_7=P_6/R_p

"T_7s is the isentropic value of T_7 at turbine exit"

T_7s =T_6*(1/R_p)M(k-1)/k)

"Turbine adiabatic efficiency, w_turbisen > w_turb"

Eta_t =w_turb /w_turbisen

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0

e _in-e_out = DELTAe_cv = 0 for steady-flow"

w_turbisen=C _P*(T_6- T_7s)

"Actual Turbine analysis:"

w turb=C P*(T_6- T_7)

w_turb_total = Nstages*w_turb

"Cycle analysis"
w_net=w_turb_total-w_comp_total "[kJ/kg]"
Bwr=w_comp/w_turb "Back work ratio"
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9-178

4=T_2

"The regenerator effectiveness gives T_5 as:"

Eta reg=(T_5-T_4)/(T_9-T_4)

T9=T7

"Energy balance on regenerator gives T_10 as:"

T 4+T_9=T 5 +T_10

"Cycle thermal efficiency with regenerator”
Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]"

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min
temperatures, T_6 and T_1 for this problem."
Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]"

TMth,Ericksson Tth,Regenerative NStageS

[%] [%]

75 49.15 1

75 64.35 2

75 68.32 3

75 70.14 4

75 72.33 7

75 73.79 15
75 74.05 19
75 74.18 22

80 LI L L L L L L L L L L
701 _
I Ericsson —(1— T
60| ) _
Ideal Regenerative Brayton —o—
§ - i
< 50| _
o
40 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Nstages
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13
9-195 E The effect of the number of compression and expansion stages on the thermal efficiency of an ideal
regenerative Brayton cycle with multistage compression and expansion and helium as the working fluid is to be
investigated.

Analysis Using EES, the problem is solved as follows:

"Input data for Helium"

C_P =5.1926 [kJ/kg-K]

k=1.667

"Nstages is the number of compression and expansion stages"
{Nstages = 1}

T _6=1200 [K]
Pratio = 12
T 1 =300 [K]

P_1=100 [kPa]

Eta_reg = 1.0 "regenerator effectiveness"
Eta_c =1.0 "Compressor isentorpic efficiency"
Eta_t =1.0 "Turbine isentropic efficiency"

R_p = Pratio®(1/Nstages)

"Isentropic Compressor anaysis"

T_2s=T_1*R_p"((k-1)/K)

P 2=R_p*P_1

"T_2s is the isentropic value of T_2 at compressor exit"

Eta_c =w_compisen/w_comp

"compressor adiabatic efficiency, W_comp > W_compisen"

"Conservation of energy for the compressor for the isentropic case:

e _in - e_out = DELTAe=0 for steady-flow"

w_compisen = C_P*(T_2s-T_1)

"Actual compressor analysis:"

w_comp=C P*XT 2-T_ 1)

"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure
ratio, the work input to each compressor is the same. The total compressor work is:"
w_comp_total = Nstages*w_comp

"External heat exchanger analysis"

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0

e _in-e_out =DELTAe_cv =0 for steady flow"

"The heat added in the external heat exchanger + the reheat between turbines is"
g_in_total=C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8-T_7)

"Reheat is assumed to occur until:"

T8=T6

"Turbine analysis"

P7=P 6/R_p

"T_7s is the isentropic value of T_7 at turbine exit"

T_7s = T_6*(1/R_p) ((k-1)/k)

"Turbine adiabatic efficiency, w_turbisen > w_turb"

Eta_t =w_turb /w_turbisen

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0
e _in-e_out = DELTAe_cv = 0 for steady-flow"

w_turbisen=C _P*(T_6- T_7s)

"Actual Turbine analysis:"
w_turb=C_P*(T_6- T_7)
w_turb_total = Nstages*w_turb

"Cycle analysis"
w_net=w_turb_total-w_comp_total
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Bwr=w_comp/w_turb "Back work ratio"

o

T TUVT
abhN

— T T DO
o

4=T2

—
=0

Eta_reg=(T_5-T_4)/(T_9-T_4)

T9=T_7

e regenerator effectiveness gives T_5 as:"

"Energy balance on regenerator gives T_10 as:"
T 4+T_9=T 5 +T_10

"Cycle thermal efficiency with regenerator”
Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]"

9-180

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min
temperatures, T_6 and T_1 for this problem."
Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]"

TNth,Ericksson TNth,Regenerative NStageS
[%0] [%]
75 32.43 1
75 58.9 2
75 65.18 3
75 67.95 4
75 71.18 7
75 73.29 15
75 73.66 19
75 73.84 22
80 T T | T | T | T | T | T | T | T | T | T | T
701 |
i Ericsson —{F— 1
60 . |
Ideal Regenerative Brayton —o—
= 50 |
2
< L i
= 401 -
30 1 TR [N T [N TN NN TN AN TN NN TR NN SO NN TR [N T NN N
0 4 6 8 10 12 14 16 18 20 22

Nstages
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9-181

Fundamentals of Engineering (FE) Exam Problems

9-196 An Otto cycle with air as the working fluid has a compression ratio of 10.4. Under cold air standard conditions, the
thermal efficiency of this cycle is

(a) 10% (b) 39% (c) 61% (d) 79% (e) 82%
Answer (c) 61%

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

r=10.4
k=1.4
Eta_Otto=1-1/r"(k-1)

"Some Wrong Solutions with Common Mistakes:"

W1 _Eta = 1/r "Taking efficiency to be 1/r"

W2_Eta = 1/r\(k-1) "Using incorrect relation”

W3 _Eta = 1-1/r\(k1-1); k1=1.667 "Using wrong k value"

9-197 For specified limits for the maximum and minimum temperatures, the ideal cycle with the lowest thermal efficiency
is

(a) Carnot (b) Stirling (c) Ericsson (d) Otto (e) All are the same
Answer (d) Otto

9-198 A Carnot cycle operates between the temperatures limits of 300 K and 2000 K, and produces 600 kW of net power.
The rate of entropy change of the working fluid during the heat addition process is

@0 (b) 0.300 kKW/K (c) 0.353 kW/K (d) 0.261 kWIK (e) 2.0 kW/K
Answer (c) 0.353 kW/K

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

TL=300 "K"
TH=2000 "K"
Wnet=600 "kJ/s"
Whnet= (TH-TL)*DS

"Some Wrong Solutions with Common Mistakes:"

W1_DS = Wnet/TH "Using TH instead of TH-TL"

W2_DS = Wnet/TL "Using TL instead of TH-TL"

W3_DS = Wnet/(TH+TL) "Using TH+TL instead of TH-TL"
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9-182

9-199 Aiir in an ideal Diesel cycle is compressed from 2 L to 0.13 L, and then it expands during the constant pressure heat
addition process to 0.30 L. Under cold air standard conditions, the thermal efficiency of this cycle is

(a) 41% (b) 59% (c) 66% (d) 70% (e) 78%
Answer (b) 59%

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

V1=2"L"

V2=0.13 "L"

V3=0.30 "L"

r=V1/v2

rc=V3/Vv2

k=1.4
Eta_Diesel=1-(1/r*(k-1))*(rc"k-1)/k/(rc-1)

"Some Wrong Solutions with Common Mistakes:"

W1 _Eta = 1-(1/r1n(k-1))*(rc”k-1)/k/(rc-1); r1=V1/V3 "Wrong r value”

W2_Eta = 1-Eta_Diesel "Using incorrect relation”

W3_Eta = 1-(1/r°(k1-1))*(rc"k1-1)/k1/(rc-1); k1=1.667 "Using wrong k value"
W4_Eta = 1-1/r\(k-1) "Using Otto cycle efficiency"

9-200 Helium gas in an ideal Otto cycle is compressed from 20°C and 2.5 L 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 (b) 2060°C (c) 1240°C (d) 620°C (e) 820°C
Answer (a) 1790°C

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

k=1.667

V1=2.5

V2=0.25

r=V1N2
T1=20+273 "K"
T2=T1*"(k-1)
T3=T2+700-273 "C"

"Some Wrong Solutions with Common Mistakes:"

W1_T3 =T22+700-273; T22=T1*r"(k1-1); k1=1.4 "Using wrong k value"
W2_T3 =T3+273 "Using K instead of C"

W3_T3 = T1+700-273 "Disregarding temp rise during compression”

W4_T3 =T222+700-273; T222=(T1-273)*r"(k-1) "Using C for T1 instead of K"
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9-183

9-201 In an ideal Otto cycle, air is compressed from 1.20 kg/m® and 2.2 L to 0.26 L, and the net work output of the cycle is
440 kJ/kg. The mean effective pressure (MEP) for this cycle is

(a) 612 kPa (b) 599 kPa (c) 528 kPa (d) 416 kPa (e) 367 kPa
Answer (b) 599 kPa

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

rho1=1.20 "kg/m"3"

k=1.4

V1=2.2

V2=0.26

m=rho1*V1/1000 "kg"
w_net=440 "kJ/kg"
Wtotal=m*w_net
MEP=Wstotal/((V1-V2)/1000)

"Some Wrong Solutions with Common Mistakes:"

W1 _MEP =w_net/((V1-V2)/1000) "Disregarding mass"

W2_MEP = Wtotal/(V1/1000) "Using V1 instead of V1-v2"

W3_MEP = (rho1*Vv2/1000)*w_net/((V1-V2)/1000); "Finding mass using V2 instead of V1"
W4_MEP = Wtotal/((V1+V2)/1000) "Adding V1 and V2 instead of subtracting"

9-202 In an ideal Brayton cycle, air is compressed from 95 kPa and 25°C to 1100 kPa. Under cold air standard conditions,
the thermal efficiency of this cycle is

(a) 45% (b) 50% (c) 62% (d) 73% (e) 86%
Answer (b) 50%

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

P1=95 "kPa"

P2=1100 "kPa"

T1=25+273 "K"

rp=P2/P1

k=1.4
Eta_Brayton=1-1/rp”((k-1)/k)

"Some Wrong Solutions with Common Mistakes:"

W1 _Eta = 1/rp "Taking efficiency to be 1/rp"

W2_Eta = 1/rp™((k-1)/K) "Using incorrect relation"

W3_Eta = 1-1/rp((k1-1)/k1); k1=1.667 "Using wrong k value"
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9-184

9-203 Consider an ideal Brayton cycle executed between the pressure limits of 1200 kPa and 100 kPa and temperature
limits of 20°C and 1000°C with argon as the working fluid. The net work output of the cycle is

(a) 68 kJ/kg (b) 93 kJ/kg (c) 158 kJ/kg (d) 186 kJ/kg (e) 310 kJ/kg
Answer (c) 158 kJ/kg

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

P1=100 "kPa"

P2=1200 "kPa"
T1=20+273 "K"
T3=1000+273 "K"
rp=P2/P1

k=1.667

Cp=0.5203 "kJ/kg.K"
Cv=0.3122 "kJ/kg.K"
T2=T1*rp"((k-1)/K)
q_in=Cp*(T3-T2)
Eta_Brayton=1-1/rp”((k-1)/k)
w_net=Eta_Brayton*qg_in

"Some Wrong Solutions with Common Mistakes:"

W1 wnet = (1-1/rp™((k-1)/k))*qinl; qin1=Cv*(T3-T2) "Using Cv instead of Cp"

W2_wnet = (1-1/rp((k-1)/k))*qin2; qin2=1.005*(T3-T2) "Using Cp of air instead of argon"

W3_wnet = (1-1/rp~((k1-1)/k1))*Cp*(T3-T22); T22=T1*rp"((k1-1)/k1); k1=1.4 "Using k of air instead of argon"
W4 _wnet = (1-1/rp™((k-1)/K))*Cp*(T3-T222); T222=(T1-273)*rp™((k-1)/K) "Using C for T1 instead of K"

9-204 An ideal Brayton cycle has a net work output of 150 kJ/kg and a backwork ratio of 0.4. If both the turbine and the
compressor had an isentropic efficiency of 85%, the net work output of the cycle would be

(@) 74 kd/kg (b) 95 kd/kg (c) 109 kJ/kg (d) 128 kJ/kg (e) 177 ki/kg
Answer (b) 95 kJ/kg

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

wcomp/wturb=0.4
wturb-wcomp=150 "kJ/kg"
Eff=0.85
w_net=Eff*wturb-wcomp/Eff

"Some Wrong Solutions with Common Mistakes:"

W1_wnet = Eff*wturb-wcomp*Eff "Making a mistake in Wnet relation"
W2_wnet = (wturb-wcomp)/Eff "Using a wrong relation”

W3_wnet = wturb/eff-wcomp*Eff "Using a wrong relation"
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9-185

9-205 In an ideal Brayton cycle, air is compressed from 100 kPa and 25°C to 1 MPa, and then heated to 927°C before
entering the turbine. Under cold air standard conditions, the air temperature at the turbine exit is

(a) 349°C (b) 426°C (c) 622°C (d) 733°C (e) 825°C
Answer (a) 349°C

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

P1=100 "kPa"

P2=1000 "kPa"
T1=25+273 "K"
T3=900+273 "K"
rp=P2/P1

k=1.4
T4=T3*(L/rp)\((k-1)/k)-273

"Some Wrong Solutions with Common Mistakes:"

W1 T4 = T3/rp "Using wrong relation"

W2_T4 = (T3-273)/rp "Using wrong relation"

W3_T4 = T4+273 "Using K instead of C"

W4_T4 = T1+800-273 "Disregarding temp rise during compression"

9-206 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 highest 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
Answer (e) 573°C

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

k=1.667

Cp=0.5203 "kJ/kg.K"

P1=100 "kPa"

P2=400 "kPa"

T1=25+273 "K"

T3=1200+273 "K"

"The highest temperature that argon can be heated in the regenerator is the turbine exit temperature,"
rp=P2/P1

T2=T1*rp"((k-1)/K)

T4=T3/rp™((k-1)/k)-273

"Some Wrong Solutions with Common Mistakes:"

W1_T4 = T3/rp "Using wrong relation”

W2_T4 = (T3-273)/rp™((k-1)/k) "Using C instead of K for T3"
W3_T4 = T4+273 "Using K instead of C"

W4 T4 =T2-273 "Taking compressor exit temp as the answer"
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9-186

9-207 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

(@) 33% (b) 44% (c) 62% (d) 77% (e) 89%
Answer (d) 77%

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

k=1.4

Cp=1.005 "kJ/kg.K"

P1=80 "kPa"

P2=400 "kPa"

T1=10+273 "K"

T2=175+273 "K"

T3=1000+273 "K"

T5=450+273 "K"

"The highest temperature that the gas can be heated in the regenerator is the turbine exit temperature,"
rp=P2/P1

T2check=T21*rp”((k-1)/K) "Checking the given value of T2. It checks."
T4=T3/rp™((k-1)/K)

Effective=(T5-T2)/(T4-T2)

"Some Wrong Solutions with Common Mistakes:"

W1_eff = (T5-T2)/(T3-T2) "Using wrong relation"

W2_eff = (T5-T2)/(T44-T2); T44=(T3-273)/rp"((k-1)/k) "Using C instead of K for T3"
W3_eff = (T5-T2)/(T444-T2); T444=T3/rp "Using wrong relation for T4"

9-208 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°C and 900°C. If the specific heat ratio of the working fluid is 1.3, the highest thermal efficiency
this gas turbine can have is

(a) 38% (b) 46% (c) 62% (d) 58% (e) 97%
Answer (c) 62%

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

k=1.3

rp=6

T1=20+273 "K"

T3=900+273 "K"
Eta_regen=1-(T1/T3)*rp~((k-1)/k)

"Some Wrong Solutions with Common Mistakes:"

W1 Eta = 1-((T1-273)/(T3-273))*rp”((k-1)/k) "Using C for temperatures instead of K"
W2_Eta = (TL/T3)*rp™((k-1)/k) "Using incorrect relation”

W3_Eta = 1-(T1/T3)*rp((k1-1)/k1); k1=1.4 "Using wrong k value (the one for air)"
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9-187

9-209 An ideal gas turbine cycle with many stages of compression and expansion and a regenerator of 100 percent
effectiveness has an overall pressure ratio of 10. Air enters every stage of compressor at 290 K, and every stage of turbine
at 1200 K. The thermal efficiency of this gas-turbine cycle is

(a) 36% (b) 40% (c) 52% (d) 64% (e) 76%
Answer (e) 76%

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

k=1.4

rp=10
T1=290 "K"
T3=1200 "K"
Eff=1-T1/T3

"Some Wrong Solutions with Common Mistakes:"
W1_Eta =100

W2_Eta = 1-1/rp”((k-1)/k) "Using incorrect relation”
W3_Eta = 1-(T1/T3)*rp”((k-1)/k) "Using wrong relation"
W4 _Eta = T1/T3 "Using wrong relation"

9-210 Air enters a turbojet engine at 320 m/s at a rate of 30 kg/s, and exits at 650 m/s relative to the aircraft. The thrust
developed by the engine is

(@) 5kN (b) 10 kN (c) 15kN (d) 20 kN (e) 26 kN
Answer (b) 10 kN

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

Vell=320 "m/s"

Vel2=650 "m/s"
Thrust=m*(Vel2-Vel1)/1000 "kN"
m= 30 "kg/s"

"Some Wrong Solutions with Common Mistakes:"

W1 _thrust = (Vel2-Vel1)/1000 "Disregarding mass flow rate"
W2_thrust = m*Vel2/1000 "Using incorrect relation”

9-211 --- 9-219 Design and Essay Problems.
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