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9-159 EES The effect of variable specific heats on the thermal efficiency of the ideal Otto cycle using air 
as the working fluid is to be investigated. The percentage of error involved in using constant specific heat 
values at room temperature for different combinations of compression ratio and maximum cycle 
temperature is to be determined. 
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 = 1.4 
T2 = T[1]*r_comp^(k-1) 
P2 = P[1]*r_comp^k 
q_in_23 = C_V*(T[3]-T2) 
T4 = T[3]*(1/r_comp)^(k-1) 
q_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]) 
P[2]*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" 
q_12 - w_12 = DELTAu_12 
q_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" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 
DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 
"Process 4-1 is constant volume heat rejection" 
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V[4] = V[1] 
"Conservation of energy for process 4 to 1" 
q_41 - w_41 = DELTAu_41 
w_41 =0  "constant volume process" 
DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 
q_in_total=q_23 
q_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(, %) "[%]" 
 
 

PerCentErro
r 

[%] 

rcomp ηth  
[%] 

ηth,ConstProp 
[%] 

ηth,easy  
[%] 

T3  
[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 
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9-160 EES 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]) 
P[2]*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" 
q_12 - w_12 = DELTAu_12 
q_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" 
q_34 -w_34 = DELTAu_34 
q_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" 
q_41 - w_41 = DELTAu_41 
w_41 =0 "constant volume process" 
DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 
 
q_in_total=q_23 
q_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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ηth  
[%] 

rcomp wnet  
[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 
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9-161 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]=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 η Pratio Wc  

[kW] 
Wnet  
[kW] 

Wt  
[kW] 

Qin  
[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 22 424.7 704.3 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 
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9-162 EES 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 = 85/100 
Eta_t = 85/100 
 
"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]) 
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s[4]=entropy('air',T=T[4],P=P[4]) 
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Bwr η Pratio Wc  

[kW] 
Wnet  
[kW] 

Wt  
[kW] 

Qin  
[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 
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9-163 EES 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 = 1.4 
T2 = T[1]*r_comp^(k-1) 
P2 = P[1]*r_comp^k 
q_in_23 = C_V*(T[3]-T2) 
T4 = T[3]*(1/r_comp)^(k-1) 
q_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]) 
P[2]*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" 
q_12 - w_12 = DELTAu_12 
q_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" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 
DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 
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"Process 4-1 is constant volume heat rejection" 
V[4] = V[1] 
"Conservation of energy for process 4 to 1" 
q_41 - w_41 = DELTAu_41 
w_41 =0 "constant volume process" 
DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 
q_in_total=q_23 
q_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 
[%] 

rcomp ηth  
[%] 

ηth,ConstProp  
[%] 

ηth,easy  
[%] 

T3  
[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 
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9-164 EES 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]=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]) 
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s[4]=entropy('air',T=T[4],P=P[4]) 
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Bwr η Pratio Wc  

[kW] 
Wnet  
[kW] 

Wt  
[kW] 

Qin  
[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 
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9-165 EES 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_c = 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_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]=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" 
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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]) 
 

Bwr η Pratio Wc  
[kW] 

Wnet  
[kW] 

Wt  
[kW] 

Qin  
[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 
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9-166 EES The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, 
and compressor and turbine efficiencies on the net work output per unit mass and the thermal 
efficiency of a regenerative 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: 
 
"Input data for air" 
C_P = 1.005 [kJ/kg-K] 
k = 1.4 
"Other Input data from the diagram window" 
{T[3] = 1200 [K] 
Pratio = 10 
T[1] = 300 [K] 
P[1]= 100 [kPa] 
Eta_reg = 1.0 
Eta_c =0.8"Compressor isentorpic efficiency" 
Eta_t =0.9"Turbien isentropic efficiency"} 
 
"Isentropic Compressor anaysis" 
T_s[2] = T[1]*Pratio^((k-1)/k)  
P[2] = Pratio*P[1] 
"T_s[2] 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_s[2]-T[1]) 
 
"Actual compressor analysis:" 
 w_comp = C_P*(T[2]-T[1]) 
 
"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" 
q_in_noreg = C_P*(T[3] - T[2]) 
P[3]=P[2]"process 2-3 is SSSF constant pressure" 
 
"Turbine analysis" 
P[4] = P[3] /Pratio 
T_s[4] = T[3]*(1/Pratio)^((k-1)/k)  
"T_s[4] is the isentropic value of T[4] at turbine exit" 
Eta_t = w_turb /w_turbisen "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" 
w_turbisen = C_P*(T[3] -  T_s[4]) 
 
"Actual Turbine analysis:" 
w_turb = C_P*(T[3] -  T[4]) 
 
"Cycle analysis" 
w_net=w_turb-w_comp  
Eta_th_noreg=w_net/q_in_noreg*Convert(, %) "[%]"    "Cycle thermal efficiency" 
Bwr=w_comp/w_turb "Back work ratio" 
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"With the regenerator the heat added in the external heat exchanger is" 
q_in_withreg = C_P*(T[3] - T[5]) 
P[5]=P[2] 
 
"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta_reg = (T[5]-T[2])/(T[4]-T[2]) 
"Energy balance on regenerator gives h[6] and thus T[6] as:" 
T[2] + T[4]=T[5]  + T[6] 
P[6]=P[4] 
 
"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 
 
 

ηc ηt ηth,noreg  
[%] 

ηth,withreg  
[%] 

qin,noreg  
[kJ/kg] 

qin,withreg  
[kJ/kg] 

wnet  
[kJ/kg] 

0.6 0.9 14.76 13.92 510.9 541.6 75.4 
0.65 0.9 20.35 20.54 546.8 541.6 111.3 
0.7 0.9 24.59 26.22 577.5 541.6 142 
0.75 0.9 27.91 31.14 604.2 541.6 168.6 
0.8 0.9 30.59 35.44 627.5 541.6 192 
0.85 0.9 32.79 39.24 648 541.6 212.5 
0.9 0.9 34.64 42.61 666.3 541.6 230.8 
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9-167 EES The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, and 
compressor and turbine efficiencies on the net work output per unit mass and the thermal efficiency of a 
regenerative 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" 
"Input data from the diagram window" 
{T[3] = 1200 [K] 
Pratio = 10 
T[1] = 300 [K] 
P[1]= 100 [kPa] 
Eta_reg = 1.0 
Eta_c =0.8 "Compressor isentorpic efficiency" 
Eta_t =0.9 "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_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" 
h[1] + w_compisen = 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 = 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_in - e_out =DELTAe_cv =0 for steady flow" 
h[2] + q_in_noreg = h[3] 
 
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_turb /w_turbisen "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" 
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h[3] = w_turbisen + h_s[4] 
h_s[4]=ENTHALPY(Air,T=T_s[4]) 
"Actual Turbine analysis:" 
h[3] = w_turb + h[4] 
h[4]=ENTHALPY(Air,T=T[4]) 
s[4]=ENTROPY(Air,T=T[4], P=P[4]) 
"Cycle analysis" 
w_net=w_turb-w_comp  
Eta_th_noreg=w_net/q_in_noreg*Convert(, %) "[%]"    "Cycle thermal efficiency" 
Bwr=w_comp/w_turb"Back work ratio" 
 
"With the regenerator the heat added in the external heat exchanger is" 
h[5] + q_in_withreg = h[3] 
 
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:" 
h[2] + h[4]=h[5]  + 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_net/q_in_withreg*Convert(, %) "[%]" 
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"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] 
 
 
 
 
 
 

ηc ηt ηth,noreg  
[%] 

ηth,withreg  
[%] 

qin,noreg  
[kJ/kg] 

qin,withreg  
[kJ/kg] 

wnet  
[kJ/kg] 

0.6 0.9 14.76 13.92 510.9 541.6 75.4 
0.65 0.9 20.35 20.54 546.8 541.6 111.3 
0.7 0.9 24.59 26.22 577.5 541.6 142 
0.75 0.9 27.91 31.14 604.2 541.6 168.6 
0.8 0.9 30.59 35.44 627.5 541.6 192 
0.85 0.9 32.79 39.24 648 541.6 212.5 
0.9 0.9 34.64 42.61 666.3 541.6 230.8 
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9-168 EES The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, and 
compressor and turbine efficiencies on the net work output per unit mass and the thermal efficiency of a 
regenerative Brayton cycle with 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 
 
"Other Input data from the diagram window" 
{T[3] = 1200 [K] 
Pratio = 10 
T[1] = 300 [K] 
P[1]= 100 [kPa] 
Eta_reg = 1.0 
Eta_c =0.8 "Compressor isentorpic efficiency" 
Eta_t =0.9 "Turbien isentropic efficiency"} 
 
"Isentropic Compressor anaysis" 
 
T_s[2] = T[1]*Pratio^((k-1)/k)  
P[2] = Pratio*P[1] 
"T_s[2] 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_s[2]-T[1]) 
 
"Actual compressor analysis:" 
 w_comp = C_P*(T[2]-T[1]) 
 
"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" 
q_in_noreg = C_P*(T[3] - T[2]) 
P[3]=P[2]"process 2-3 is SSSF constant pressure" 
 
"Turbine analysis" 
P[4] = P[3] /Pratio 
 
T_s[4] = T[3]*(1/Pratio)^((k-1)/k)  
"T_s[4] is the isentropic value of T[4] at turbine exit" 
Eta_t = w_turb /w_turbisen "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" 
w_turbisen = C_P*(T[3] -  T_s[4]) 
 
"Actual Turbine analysis:" 
w_turb = C_P*(T[3] -  T[4]) 
 
"Cycle analysis" 
w_net=w_turb-w_comp  
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Eta_th_noreg=w_net/q_in_noreg*Convert(, %) "[%]"    "Cycle thermal efficiency" 
Bwr=w_comp/w_turb "Back work ratio" 
 
"With the regenerator the heat added in the external heat exchanger is" 
q_in_withreg = C_P*(T[3] - T[5]) 
P[5]=P[2] 
 
"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta_reg = (T[5]-T[2])/(T[4]-T[2]) 
"Energy balance on regenerator gives h[6] and thus T[6] as:" 
T[2] + T[4]=T[5]  + T[6] 
P[6]=P[4] 
 
"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 
 
 

ηc ηt ηth,noreg  
[%] 

ηth,withreg  
[%] 

qin,noreg  
[kJ/kg] 

qin,withreg  
[kJ/kg] 

wnet  
[kJ/kg] 

0.6 0.9 14.76 13.92 510.9 541.6 75.4 
0.65 0.9 20.35 20.54 546.8 541.6 111.3 
0.7 0.9 24.59 26.22 577.5 541.6 142 
0.75 0.9 27.91 31.14 604.2 541.6 168.6 
0.8 0.9 30.59 35.44 627.5 541.6 192 
0.85 0.9 32.79 39.24 648 541.6 212.5 
0.9 0.9 34.64 42.61 666.3 541.6 230.8 
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9-169 EES 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 = 1.4 
"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" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 
"Reheat is assumed to occur until:" 
T_8 = T_6 
"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)^((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" 

PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission.  



 9-157

w_net=w_turb_total-w_comp_total "[kJ/kg]"  
Bwr=w_comp/w_turb "Back work ratio" 
P_4=P_2 
P_5=P_4 
P_6=P_5 
T_4 = T_2 
"The regenerator effectiveness gives T_5 as:" 
Eta_reg = (T_5 - T_4)/(T_9 - T_4) 
T_9 = T_7 
"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(, %) "[%]" 
 
 

ηth,Ericksson  
[%] 

ηth,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 
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9-170 EES 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*(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" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 
"Reheat is assumed to occur until:" 
T_8 = T_6 
"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)^((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 
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"Cycle analysis" 
w_net=w_turb_total-w_comp_total  
Bwr=w_comp/w_turb "Back work ratio" 
 
P_4=P_2 
P_5=P_4 
P_6=P_5 
T_4 = T_2 
"The regenerator effectiveness gives T_5 as:" 
Eta_reg = (T_5 - T_4)/(T_9 - T_4) 
T_9 = T_7  
"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(, %) "[%]" 
 
 

ηth,Ericksson  
[%] 

ηth,Regenerative  
[%] 

Nstages 

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 
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Fundamentals of Engineering (FE) Exam Problems 
 
 
9-171 An Otto cycle with air as the working fluid has a compression ratio of 8.2. Under cold air standard 
conditions, the thermal efficiency of this cycle is   
(a) 24% (b)  43% (c) 52% (d) 57%  (e) 75% 
 
Answer  (d) 57% 
 
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=8.2 
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" 
 
 
 
9-172 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 
 
 
 
9-173 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    
(a) 0 (b) 0.300 kW/K (c) 0.353 kW/K (d) 0.261 kW/K  (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" 
Wnet= (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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9-174 Air in an ideal Diesel cycle is compressed from 3 L to 0.15 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) 35% (b)  44% (c) 65% (d) 70%  (e) 82% 
 
Answer  (c) 65% 
 
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=3 "L" 
V2= 0.15 "L" 
V3= 0.30 "L" 
r=V1/V2 
rc=V3/V2 
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/r1^(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" 
 
 
 
9-175 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=V1/V2 
T1=20+273 "K" 
T2=T1*r^(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" 

PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission.  



 9-162

9-176 In an ideal Otto cycle, air is compressed from 1.20 kg/m3 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=Wtotal/((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*V2/1000)*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" 
 
 
 
9-177 In an ideal Brayton cycle, air is compressed from 95 kPa and 25°C to 800 kPa. Under cold air 
standard conditions, the thermal efficiency of this cycle is   
(a) 46% (b)  54% (c) 57% (d) 39%  (e) 61% 
 
Answer  (a) 46% 
 
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=800 "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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9-178 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*q_in 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_wnet = (1-1/rp^((k-1)/k))*qin1;  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" 
 
 
 
9-179 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   
(a) 74 kJ/kg (b) 95 kJ/kg (c) 109 kJ/kg (d) 128 kJ/kg  (e) 177 kJ/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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9-180 In an ideal Brayton cycle, air is compressed from 100 kPa and 25°C to 1 MPa, and then heated to 
1200°C before entering the turbine. Under cold air standard conditions, the air temperature at the turbine 
exit is   
(a) 490°C (b) 515°C (c) 622°C (d) 763°C  (e) 895°C 
 
Answer  (a) 490°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=1200+273 "K" 
rp=P2/P1 
k=1.4 
T4=T3*(1/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" 
 
 
 
9-181 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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9-182 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   
(a) 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=T1*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" 
 
 
 
9-183 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 = (T1/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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9-184  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" 
 
 
 
9-185 Air enters a turbojet engine at 260 m/s at a rate of 30 kg/s, and exits at 800 m/s relative to the 
aircraft. The thrust developed by the engine is  
(a) 8 kN (b) 16 kN (c) 24 kN (d) 20 kN  (e) 32 kN 
 
Answer  (b) 16 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). 
 
Vel1=260 "m/s" 
Vel2=800 "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" 
 
 
 
 
 
 
9-186 ··· 9-191 Design and Essay Problems. 
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