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12-2

Partial Derivatives and Associated Relations 

12-1C For functions that depend on one variable, they are identical. For functions that depend on two or more variable, the 
partial differential represents the change in the function with one of the variables as the other variables are held constant. 
The ordinary differential for such functions represents the total change as a result of differential changes in all variables. 

12-2C  (a)  (∂x)y = dx ;  (b)  (∂z) y ≤ dz; and  (c) dz = (∂z)x + (∂z) y

12-3C  Yes. 

12-4C  Yes. 

12-5 Air at a specified temperature and specific volume is considered. The changes in pressure corresponding to a certain 
increase of different properties are to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa·m3/kg·K (Table A-1). 

Analysis An ideal gas equation can be expressed as P = RT/v.  Noting that R is a constant and P = P(T, v),   
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(a)  The change in T can be expressed as  dT ≅ ∆T = 300 × 0.01 = 3.0 K.  At v = constant, 
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(b)  The change in v can be expressed as  dv ≅ ∆v = 1.2 × 0.01 = 0.012 m3/kg. At T = constant, 
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(c)  When both v and T increases by 1%, the change in P becomes 

0=−+=+= )7175.0(7175.0)()( TdPdPdP v

Thus the changes in T and v balance each other. 
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12-3

12-6 Helium at a specified temperature and specific volume is considered. The changes in pressure corresponding to a 
certain increase of different properties are to be determined. 

Assumptions Helium is an ideal gas  

Properties The gas constant of helium is R = 2.0769 kPa·m3/kg·K (Table A-1). 

Analysis An ideal gas equation can be expressed as P = RT/v.  Noting that R is a constant and P = P(T, ),    v

2v

v

v
v

vv

dTRdTR
d

T

PdT
T
PdP −=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

(a)  The change in T can be expressed as  dT ≅ ∆T = 300 × 0.01 = 3.0 K.  At  = constant, v
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(b)  The change in v can be expressed as  dv ≅ ∆v = 1.2 × 0.01 = 0.012 m3/kg.  At T = constant, 
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(c)  When both v and T increases by 1%, the change in P becomes 

0=−+=+= )192.5(192.5)()( TdPdPdP v

Thus the changes in T and v balance each other. 

12-7 Nitrogen gas at a specified state is considered. The cp and cv of the nitrogen are to be determined using Table A-18, 
and to be compared to the values listed in Table A-2b. 

Analysis The cp and cv of ideal gases depends on temperature only, and are expressed as cp(T) = dh(T)/dT and cv(T) = 
du(T)/dT.  Approximating the differentials as differences about 400 K, the cp and cv values are determined to be 
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(Compare: Table A-2b at 400 K  →  cp = 1.044 kJ/kg·K) 
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(Compare: Table A-2b at 400 K  →  cv = 0.747 kJ/kg·K) 

PROPRIETARY MATERIAL
preparation.  If you are a student using this Manual, you are using it without permission. 

. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course 

www.20file.org

www.semeng.ir


12-4

12-8E Nitrogen gas at a specified state is considered. The cp and cv of the nitrogen are to be determined using Table A-18E, 
and to be compared to the values listed in Table A-2Eb. 

Analysis The cp and cv of ideal gases depends on temperature only, and are expressed as cp(T) = dh(T)/dT and cv(T) = 
du(T)/dT.  Approximating the differentials as differences about 600 R, the cp and cv values are determined to be 
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(Compare: Table A-2Eb at 800 R = 340°F  →  cp = 0.250 Btu/lbm·R ) 
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(Compare: Table A-2Eb at 800 R = 340°F →  cv = 0.179 Btu/lbm·R) 
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12-5

12-9 The state of an ideal gas is altered slightly. The change in the specific volume of the gas is to be determined using 
differential relations and the ideal-gas relation at each state. 

Assumptions The gas is air and air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa·m3/kg·K (Table A-1). 

Analysis (a) The changes in T and P can be expressed as 
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The ideal gas relation Pv = RT can be expressed as v = RT/P.  Note that R is a constant and v  = v (T, P). Applying the total 
differential relation and using average values for T and P, 
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(b)  Using the ideal gas relation at each state, 
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Thus, 

/kgm0.0598 3=−=−=∆ 1480.12078.112 vvv

The two results are identical. 
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12-6

12-10 Using the equation of state P(v −a) = RT, the cyclic relation, and the reciprocity relation at constant v are to be 
verified. 

Analysis (a)  This equation of state involves three variables P, v, and T.  Any two of these can be taken as the independent 
variables, with the remaining one being the dependent variable. Replacing x, y, and z  by P, v, and T, the cyclic relation can 
be expressed as 
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which is the desired result. 

(b)  The reciprocity rule for this gas at v = constant can be expressed as 
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We observe that the first differential is the inverse of the second one. Thus the proof is complete. 
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12-7

12-11 It is to be proven for an ideal gas that the P = constant lines on a T-  diagram are straight lines and that the high 
pressure lines are steeper than the low-pressure lines. 

v

Analysis (a)  For an ideal gas Pv = RT or T = Pv/R. Taking the partial derivative of T with respect to v holding P constant 
yields 
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which remains constant at  P = constant.  Thus the derivative 
(∂T/∂v)P,  which  represents the slope of  the P = const. lines on a T-v
diagram, remains constant.  That is, the P = const. lines are straight 
lines on a T-v diagram. 

(b)  The slope of the P = const. lines on a T-v diagram is equal to P/R, 
which is proportional to P. Therefore, the high pressure lines are 
steeper than low pressure lines on the T-v diagram. 

12-12 A relation is to be derived for the slope of the v = constant lines on a T-P diagram for a gas that obeys the van der 
Waals equation of state. 

Analysis The van der Waals equation of state can be expressed as 
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which is the slope of the v = constant lines on a T-P diagram. 
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12-8

The Maxwell Relations 

12-13 The validity of the last Maxwell relation for refrigerant-134a at a specified state is to be verified. 

Analysis We do not have exact analytical property relations for refrigerant-134a, and thus we need to replace the 
differential quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the 
tables about the specified state, 
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since kJ ≡ kPa·m³, and K ≡ °C for temperature differences.  Thus the last Maxwell relation is satisfied. 
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12-9

12-14 Problem 12-13 is reconsidered. The validity of the last Maxwell relation for refrigerant 134a at the specified 
state is to be verified. 

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

"Input Data:" 
T=50 [C] 
P=700 [kPa] 
P_increment = 200 [kPa] 
T_increment = 20 [C] 
P[2]=P+P_increment 
P[1]=P-P_increment 
T[2]=T+T_increment 
T[1]=T-T_increment 

DELTAP = P[2]-P[1] 
DELTAT = T[2]-T[1] 

v[1]=volume(R134a,T=T[1],P=P) 
v[2]=volume(R134a,T=T[2],P=P) 
s[1]=entropy(R134a,T=T,P=P[1]) 
s[2]=entropy(R134a,T=T,P=P[2]) 

DELTAs=s[2] - s[1] 
DELTAv=v[2] - v[1] 

"The partial derivatives in the last Maxwell relation (Eq. 12-19) is associated with the Gibbs function and are 
approximated by the ratio of ordinary differentials:" 

LeftSide =DELTAs/DELTAP*Convert(kJ,m^3-kPa) "[m^3/kg-K]"   "at T = Const." 
RightSide=-DELTAv/DELTAT  "[m^3/kg-K]"     "at P = Const." 

SOLUTION 
DELTAP=400 [kPa] 
DELTAs=-0.06484 [kJ/kg-K] 
DELTAT=40 [C] 
DELTAv=0.006407 [m^3/kg] 
LeftSide=-0.0001621 [m^3/kg-K] 
P=700 [kPa] 
P[1]=500 [kPa] 
P[2]=900 [kPa] 
P_increment=200 [kPa] 
RightSide=-0.0001602 [m^3/kg-K] 
s[1]=1.0309 [kJ/kg-K] 
s[2]=0.9660 [kJ/kg-K] 
T=50 [C] 
T[1]=30 [C] 
T[2]=70 [C] 
T_increment=20 [C] 
v[1]=0.02997 [m^3/kg] 
v[2]=0.03637 [m^3/kg] 
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12-10

12-15E The validity of the last Maxwell relation for steam at a specified state is to be verified. 

Analysis We do not have exact analytical property relations for steam, and thus we need to replace the differential 
quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the tables about 
the specified state, 
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since 1 Btu ≡ 5.4039 psia·ft3, and R ≡ °F for temperature differences.  Thus the fourth Maxwell relation is satisfied. 

12-16 Using the Maxwell relations, a relation for (∂s/∂P)T  for a gas whose equation of state is P(v-b) = RT is to be 
obtained. 

Analysis This equation of state can be expressed as b
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12-17 Using the Maxwell relations, a relation for (∂s/∂v)T  for a gas whose equation of state is (P-a/v2)(v-b) = RT is to be 
obtained. 

Analysis This equation of state can be expressed as 
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12-11

12-18 Using the Maxwell relations and the ideal-gas equation of state, a relation for (∂s/∂v)T  for an ideal gas is to be 
obtained. 

Analysis The ideal gas equation of state can be expressed as 
v
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12-12

12-19 It is to be proven that 
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Analysis Using the definition of cv , 
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T
P

T
Tc

s

Using the definition of cp, 

PPP
p T

sT
T
sTc ⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
v

v
 

Substituting the second Maxwell relation 
sP T

Ps
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂
v

, 

Ps
p TT

PTc ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
v  

From Eq. 12-46, 

TP
p

P
T

Tcc ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=−
v

v
v

2

Also, 

vcc
c

k
k

p

p=
−−1

 

Then, 

TPs

TP

Ps

P
T

T
P

P
T

TT
P

k
k

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=
−

v
v

v
v

v

21

Substituting this into the original equation in the problem statement produces 

v

v
v

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

T
P

P
T

T
P

T
P

TPss

But, according to the cyclic relation, the last three terms are equal to −1. Then,  

ss T
P

T
P

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂
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12-13

12-20 It is to be shown how T, v, u, a, and g could be evaluated from the thermodynamic function  h = h(s, P). 

Analysis Forming the differential of the given expression for h produces 

dP
P
hds

s
hdh

sP
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

Solving the dh Gibbs equation gives 

dPTdsdh v+=

Comparing the coefficient of these two expressions 

s

P

P
h

s
hT

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

v

both of which can be evaluated for a given P and s. 

From the definition of the enthalpy, 

sP
hh-PPhu ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=−= v  

Similarly, the definition of the Helmholtz function, 

Ps s
hs

P
hPhTsua ⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

−⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=−=

while the definition of the Gibbs function gives 

Ps
hshTshq ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=−=

All of these can be evaluated for a given P and s and the fundamental h(s,P) equation. 

PROPRIETARY MATERIAL
preparation.  If you are a student using this Manual, you are using it without permission. 

. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course 

www.20file.org

www.semeng.ir


12-14

The Clapeyron Equation 

12-21C  It enables us to determine the enthalpy of vaporization from hfg at a given temperature from the P, v, T data alone. 

12-22C  It is assumed that vfg ≅ vg ≅ RT/P, and hfg ≅ constant for small temperature intervals. 

12-23 Using the Clapeyron equation, the enthalpy of vaporization of steam at a specified pressure is to be estimated and to 
be compared to the tabulated data. 

Analysis From the Clapeyron equation, 

kJ/kg2159.9=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
°−

−+=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−

−=

⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

−≅

⎟
⎠
⎞

⎜
⎝
⎛=

C130.58)(136.27
kPa50

/kg)m0.001073K)(0.60582273.15(133.52

kPa75)2(325
)(

)(

3

kPa@275satkPa253@sat
kPa003@kPa300@sat

kPa300sat,
kPa300@

sat

TT
T

T
PT

dT
dPTh

fg

fg

fgfg

vv

vv

v

The tabulated value of hfg at 300 kPa is 2163.5 kJ/kg. 

12-24 The hfg and sfg of steam at a specified temperature are to be calculated using the Clapeyron equation and to be 
compared to the tabulated data. 

Analysis From the Clapeyron equation, 

kgkJ82206 /.
K10

kPa.18)169(232.23
/kg)m0.001060K)(0.89133273.15(120

C115C125
)(

)(

3

C115@satC125@sat
C120@

C120sat,
C120@

sat

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−+=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

°−°

−
−=

⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

−≅

⎟
⎠
⎞

⎜
⎝
⎛=

°°
°

°
°

PP
T

T
PT

dT
dPTh

fg

fg

fgfg

vv

vv

v

Also, Kkg/kJ6131.5 ⋅=
+

==
K273.15)(120

kJ/kg2206.8
T

h
s fg

fg

The tabulated values at 120°C are hfg = 2202.1 kJ/kg and sfg = 5.6013 kJ/kg·K. 
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12-15

12-25E  The hfg of refrigerant-134a at a specified temperature is to be calculated using the Clapeyron equation and 
Clapeyron-Clausius equation and to be compared to the tabulated data. 

Analysis (a) From the Clapeyron equation, 

error)(0.1%/lbmftpsia482.6

R10
psia.793)23(29.759/lbm)ft01201.0R)(1.7345459.67(10

F5F15
)(

)(

3

3

F5@satF15@sat
F01 @

F10sat,
F01 @

sat

Btu/lbm89.31=⋅=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−+=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

°−°

−
−=

⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

−≅

⎟
⎠
⎞

⎜
⎝
⎛=

°°
°

°
°

PP
T

T
PT

dT
dPTh

fg

fg

fgfg

vv

vv

v

since 1 Btu = 5.4039 psia·ft3. 

(b) From the Clapeyron-Clausius equation, 

error)(7.6%

R  67.4595
1

R  67.45915
1

RBtu/lbm0.01946psia29.759
psia793.23ln

11ln
sat21sat1

2

  Btu/lbm96.04=

⎟
⎠
⎞

⎜
⎝
⎛

+
−

+⋅
⎟ ≅⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟ ≅⎟

⎠
⎜

⎞
⎜
⎝

⎛

fg

fg

fg

h

h

TTR
h

P
P

The tabulated value of hfg at 10°F is 89.23 Btu/lbm. 
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12-16

12-26  The enthalpy of vaporization of steam as a function of temperature using Clapeyron equation and steam data 
in EES is to be plotted.  

Analysis  The enthalpy of vaporization is determined using Clapeyron equation from 

T
PTh fgfg ∆

∆
= vClapeyron,

At 100ºC, for an increment of 5ºC, we obtain 

/kgm6710.1001043.06720.1

/kgm6720.1

/kgm001043.0
kPa29.3661.8490.120∆

C1095105∆
kPa90.120

kPa61.84
C1055100

C955100

3

3
C100@

3
C100@

12

12

C105@sat2

C95@sat1

increment2

increment1

=−=−=

=

=

=−=−=
°=−=−=

==
==

°=+=+=
°=−=−=

°

°

°

°

fgfg

g

f

PPP
TTT

PP
PP

TTT
TTT

vvv

v

v

Substituting, 

kJ/kg2262.8=+=
∆
∆

=
K10
kPa36.29/kg)mK)(1.671015.273100( 3

Clapeyron, T
PTh fgfg v

The enthalpy of vaporization from steam table is 

/kgm2256.4 3=°C100@fgh

The percent error in using Clapeyron equation is 

0.28%=×
−

= 100
4.2256

4.22568.2262orPercentErr

We repeat the analysis over the temperature range 10 to 200ºC using EES. Below, the copy of EES solution is provided: 

"Input Data:" 
"T=100" "[C]" 
T_increment = 5"[C]" 
T[2]=T+T_increment"[C]" 
T[1]=T-T_increment"[C]" 
P[1] = pressure(Steam_iapws,T=T[1],x=0)"[kPa]" 
P[2] = pressure(Steam_iapws,T=T[2],x=0)"[kPa]" 
DELTAP = P[2]-P[1]"[kPa]" 
DELTAT = T[2]-T[1]"[C]" 

v_f=volume(Steam_iapws,T=T,x=0)"[m^3/kg]" 
v_g=volume(Steam_iapws,T=T,x=1)"[m^3/kg]" 
h_f=enthalpy(Steam_iapws,T=T,x=0)"[kJ/kg]" 
h_g=enthalpy(Steam_iapws,T=T,x=1)"[kJ/kg]" 

h_fg=h_g - h_f"[kJ/kg-K]" 
v_fg=v_g - v_f"[m^3/kg]" 

"The Clapeyron equation (Eq. 11-22) provides a means to calculate the enthalpy of vaporization, h_fg at a given 
temperature by determining the slope of the saturation curve on a P-T diagram and the specific volume of the 
saturated liquid and satruated vapor at the temperature." 
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12-17

h_fg_Clapeyron=(T+273.15)*v_fg*DELTAP/DELTAT*Convert(m^3-kPa,kJ)"[kJ/kg]"    
PercentError=ABS(h_fg_Clapeyron-h_fg)/h_fg*100"[%]" 

hfg

[kJ/kg] 
hfg,Clapeyron

[kJ/kg] 
PercentError 

[%] 
T 

[C] 
2477.20 2508.09 1.247 10 
2429.82 2451.09 0.8756 30 
2381.95 2396.69 0.6188 50 
2333.04 2343.47 0.4469 70 
2282.51 2290.07 0.3311 90 
2229.68 2235.25 0.25 110 
2173.73 2177.86 0.1903 130 
2113.77 2116.84 0.1454 150 
2014.17 2016.15 0.09829 180 
1899.67 1900.98 0.06915 210 
1765.50 1766.38 0.05015 240 

          

0 50 100 150 200 250
1700

1800

1900

2000

2100

2200

2300

2400

2500

2600

T  [C]

h f
g

[k
J/

kg
]

hfg calculated by EES

hfg calculated by Clapeyron equation
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12-18

12-27E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The boiling temperature of this substance at a different pressure is to be estimated. 

Analysis From the Clapeyron equation, 

psia/R896.1
lbm))/(0.5ftR)(1.5(475

lbm) /(0.5
Btu1

ftpsia5.404Btu)(250

3

3

sat
=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅

==⎟
⎠
⎞

⎜
⎝
⎛

fg

fg

T
h

dT
dP

v

Weight 

50 psia  
15°F 

0.5 lbm 
Sat. vapor

QUsing the finite difference approximation, 

sat12

12

sat

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

≈⎟
⎠
⎞

⎜
⎝
⎛

TT
PP

dT
dP

Solving for T2, 

R= 480.3−
+=

−
+=

psia/R1.896
psia)5060(R475

/
12

12 dTdP
PP

TT

12-28E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The saturation pressure of this substance at a different temperature is to be estimated. 

Analysis From the Clapeyron equation, 

psia/R896.1
lbm))/(0.5ftR)(1.5(475

lbm) /(0.5
Btu1

ftpsia5.404Btu)(250

3

3

sat
=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅

==⎟
⎠
⎞

⎜
⎝
⎛

fg

fg

T
h

dT
dP

v

Weight 

50 psia  
10°F 

0.5 lbm 
Sat. vapor

QUsing the finite difference approximation, 

sat12

12

sat

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

≈⎟
⎠
⎞

⎜
⎝
⎛

TT
PP

dT
dP

Solving for P2, 

psia40.52=−+=−+= R)475470)(psia/R1.896(psia50)( 1212 TT
dT
dPPP
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12-19

12-29E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The sfg of this substance at the given temperature is to be estimated. 

Analysis From the Clapeyron equation, Weight 

50 psia  
15°F 

0.5 lbm 
Sat. vapor

Q

fg

fg

fg

fg s
T
h

dT
dP

v
⎟ =

v
=

⎠
⎞

⎜
⎝
⎛

sat

Solving for sfg, 

RBtu/lbm1.053 ⋅===
R475

lbm)Btu)/(0.5(250
T

h
s fg

fg

Alternatively, 

RBtu/lbm053.1
ftpsia5.404

Btu1
lbm0.5
ft1.5)psia/R896.1( 3

3

sat
⋅⎟ =⎟

⎠

⎞
⎜
⎜
⎝

⎛

⋅
=⎟

⎠
⎞

⎜
⎝
⎛= fgfg dT

dPs v

12-30E Saturation properties for R-134a at a specified temperature are given. The saturation pressure is to be estimated at 
two different temperatures.  

Analysis From the Clapeyron equation, 

psia/R4979.0
Btu1

ftpsia5.404
/lbm)ftR)(2.1446(460

Btu/lbm90.886 3

3
sat

⎟ =⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
==⎟

⎠
⎞

⎜
⎝
⎛

fg

fg

T
h

dT
dP

v

Using the finite difference approximation, 

sat12

12

sat

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

≈⎟
⎠
⎞

⎜
⎝
⎛

TT
PP

dT
dP

Solving for P2 at −15°F 

psia13.72=−+=−+= R)460445)(psia/R4979.0(psia185.21)( 1212 TT
dT
dPPP

Solving for P2 at −30°F 

psia= 6.25−+=−+= R)460430)(psia/R4979.0(psia185.21)( 1212 TT
dT
dPPP
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12-20

12-31E A table of properties for methyl chloride is given. The saturation pressure is to be estimated at two different 
temperatures. 

Analysis The Clapeyron equation is 

fg

fg

T
h

dT
dP

v
=⎟

⎠
⎞

⎜
⎝
⎛

sat

Using the finite difference approximation, 

fg

fg

T
h

TT
PP

dT
dP

v
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
−

≈⎟
⎠
⎞

⎜
⎝
⎛

sat12

12

sat

Solving this for the second pressure gives for T2 = 110°F 

psia= 134.0

⎟ −⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
+=

−+=

R)100110(
Btu1

ftpsia404.5
/lbm)ftR)(0.86332(560

Btu/lbm154.85psia7.116

)(

3

3

1212 TT
T
h

PP
fg

fg

v

When T2 = 90°F 

psia99.4=

⎟ −⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
+=

−+=

R)10090(
Btu1

ftpsia404.5
/lbm)ftR)(0.86332(560

Btu/lbm154.85psia7.116

)(

3

3

1212 TT
T
h

PP
fg

fg

v
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12-21

12-32 It is to be shown that 
sat

,,
)/(

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂⎟ +⎟

⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
=−

T
P

T
Th

Tcc fg
P

fg
fpgp v . 

Analysis The definition of specific heat and Clapeyron equation are 

fg

fg

P
p

T
h

dT
dP

T
hc

v
=⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

sat

According to the definition of the enthalpy of vaporization, 

T
h

T
h

T
h fgfg −=  

Differentiating this expression gives 

2
,,

22
11

///

T

hh
T

c
T

c
T

h
T
h

TT

h
T
h

T

T
Th

T
Th

T
Th

fgfpgp

f

P

fg

P

g

P

f

P

g

P

fg

−
−−=

⎟ +⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
−⎟ −⎟

⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂

Using Clasius-Clapeyron to replace the last term of this expression and solving for the specific heat difference gives 

sat
,,

)/(
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂⎟ +⎟

⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
=−

T
P

T
Th

Tcc fg
P

fg
fpgp v  
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12-22

General Relations for du, dh, ds, cv, and cp

12-33C  Yes, through the relation 

  
PT

p

T
T

P
c

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
−⎟ =⎟

⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
2

2v  

12-34E The specific heat difference cp − cv for liquid water at 1000 psia and 300°F is to be estimated. 

Analysis The specific heat difference cp − cv is given as 

TP
p

P
T

Tcc ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
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∂
∂

−=−
v

v
v

2

Approximating differentials by differences about the specified state, 
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Properties are obtained from Table A-7E. 
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12-23

12-35 The volume expansivity β  and the isothermal compressibility α of refrigerant-134a at 200 kPa and 30°C are to be 
estimated. 

Analysis The volume expansivity and isothermal compressibility are expressed as 

TP PT
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=α⎟
⎠
⎞

⎜
⎝
⎛
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∂

=β
v

v
v

v
11 and

Approximating differentials by differences about the specified state, 
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⎠

⎞
⎜
⎜
⎝

⎛ −
=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

°−

−
=⎟
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12-24

12-36 The internal energy change of air between two specified states is to be compared for two equations of states.  

Assumptions Constant specific heats for air can be used.  

Properties For air at the average temperature (20+300)/2=160°C=433 K, cv = 0.731 kJ/kg⋅K (Table A-2b).  

Analysis Solving the equation of state for P gives 

a
RTP
−

=
v

 

Then, 

a
R

T
P

−
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

vv

Using equation 12-29, 

v
v

v dP
T
PTdTcdu ⎥

⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

+=

Substituting,  

dTc

d
a

RT
a

RTdTcdu

v

v v
vv

=

⎟
⎠
⎞

⎜
⎝
⎛

−
−

−
+=

Integrating this result between the two states with constant specific heats gives 

kJ/kg205=−⋅=−=− K)20K)(300kJ/kg731.0()( 1212 TTcuu v

The ideal gas model for the air gives 

dTcdu v=

which gives the same answer. 
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12-25

12-37 The enthalpy change of air between two specified states is to be compared for two equations of states.  

Assumptions Constant specific heats for air can be used.  

Properties For air at the average temperature (20+300)/2=160°C=433 K, cp = 1.018 kJ/kg⋅K (Table A-2b).  

Analysis Solving the equation of state for v gives 

a
P

RT
+=v  

Then, 

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v

 

Using equation 12-35, 

dP
T

TdTcdh
P

p ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
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∂
∂

−+=
v

v  

Substituting,  

adPdTc

dP
P

RTa
P

RTdTcdh

p

p

+=

⎟
⎠
⎞

⎜
⎝
⎛ −++=

Integrating this result between the two states with constant specific heats gives 

kJ/kg290.0=
−+−⋅=

−+−=−

100)kPa/kg)(600m(0.01K)20K)(300kJ/kg018.1(

)()(
3

121212 PPaTTchh p

For an ideal gas,  

dTcdh p=

which when integrated gives 

kJ/kg285.0=−⋅=−=− K)20K)(300kJ/kg018.1()( 1212 TTchh p
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12-26

12-38 The entropy change of air between two specified states is to be compared for two equations of states.  

Assumptions Constant specific heats for air can be used.  

Properties For air at the average temperature (20+300)/2=160°C=433 K, cp = 1.018 kJ/kg⋅K (Table A-2b) and R = 0.287 
kJ/kg⋅K (Table A-1). 

Analysis Solving the equation of state for v gives 

a
P

RT
+=v  

Then, 

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v  

The entropy differential is 

P
dPR

T
dTc

dP
TT

dTcds

p

P
p

−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=
v

which is the same as that of an ideal gas. Integrating this result between the two states with constant specific heats gives 

KkJ/kg0.1686 ⋅=

⋅−⋅=

−=−

kPa100
kPa600K)lnkJ/kg287.0(

K293
K573K)lnkJ/kg018.1(

lnln
1

2

1

2
12 P

P
R

T
T
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12-27

12-39 The internal energy change of helium between two specified states is to be compared for two equations of states.  

Properties For helium, cv = 3.1156 kJ/kg⋅K (Table A-2a).  

Analysis Solving the equation of state for P gives 

a
RTP
−

=
v

 

Then, 

a
R

T
P

−
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

vv

Using equation 12-29, 

v
v

v dP
T
PTdTcdu ⎥

⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

+=

Substituting,  

dTc

d
a

RT
a

RTdTcdu

v

v v
vv

=

⎟
⎠
⎞

⎜
⎝
⎛

−
−

−
+=

Integrating this result between the two states gives 

kJ/kg872.4=−⋅=−=− K)20K)(300kJ/kg1156.3()( 1212 TTcuu v

The ideal gas model for the helium gives 

dTcdu v=

which gives the same answer. 
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12-28

12-40 The enthalpy change of helium between two specified states is to be compared for two equations of states.  

Properties For helium, cp = 5.1926 kJ/kg⋅K (Table A-2a).  

Analysis Solving the equation of state for v gives 

a
P

RT
+=v  

Then, 

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v

 

Using equation 12-35, 

dP
T

TdTcdh
P
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⎤
⎢
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⎡
⎟
⎠
⎞

⎜
⎝
⎛
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∂

−+=
v

v  

Substituting,  

adPdTc

dP
P

RTa
P

RTdTcdh

p

p

+=

⎟
⎠
⎞

⎜
⎝
⎛ −++=

Integrating this result between the two states gives 

kJ/kg1459=
−+−⋅=

−+−=−

100)kPa/kg)(600m(0.01K)20K)(300kJ/kg1926.5(

)()(
3

121212 PPaTTchh p

For an ideal gas,  

dTcdh p=

which when integrated gives 

kJ/kg1454=−⋅=−=− K)20K)(300kJ/kg1926.5()( 1212 TTchh p
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12-29

12-41 The entropy change of helium between two specified states is to be compared for two equations of states.  

Properties For helium, cp = 5.1926 kJ/kg⋅K and R = 2.0769 kJ/kg⋅K (Table A-2a). 

Analysis Solving the equation of state for v gives 

a
P

RT
+=v  

Then, 

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v

 

The entropy differential is 

P
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T
dTc

dP
TT

dTcds

p

P
p

−=
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⎜
⎝
⎛
∂
∂

−=
v

which is the same as that of an ideal gas. Integrating this result between the two states gives 

KkJ/kg0.2386 ⋅−=
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12-30

12-42 General expressions for ∆u, ∆h, and ∆s for a gas whose equation of state is P(v-a) = RT for an isothermal process are 
to be derived. 

Analysis (a)  A relation for ∆u is obtained from the general relation 

∫∫ ⎟⎟
⎠
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∂
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The equation of state for the specified gas can be expressed as 

Thus, 
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⎠
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Substituting,     ∫=∆
2

1

T

T
dTcu v

(b)  A relation for ∆h is obtained from the general relation 

∫∫ ⎟⎟
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∂
∂
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The equation of state for the specified gas can be expressed as 

Thus, 
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P
RT

T
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P
R

T
a

P
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P

P

=−−=−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎯→⎯+=

)(vvvv

v
v

Substituting, 

( )12
2

1

2

1
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1

PPadTcdPadTch
T

T
p

P

P

T

T
p −+=+=∆ ∫∫∫

(c)  A relation for ∆s is obtained from the general relation 
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1
12

P

P P
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T
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T
c

sss v
 

Substituting (∂v/∂T)P = R/T, 

1

2ln
2

1

2

1

2

1 P
P

RdT
T
c

dP
P
RdT

T
c

s
T

T

pP

P P

T

T

p −=⎟
⎠
⎞

⎜
⎝
⎛−=∆ ∫∫∫

For an isothermal process dT = 0 and these relations reduce to 

( )
1

2
12 ln   and   ,   ,0

P
P

RsPPahu −=∆−=∆=∆
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12-31

12-43 General expressions for (∂u/∂P)T and (∂h/∂v)T in terms of P, v, and T only are to be derived. 

Analysis The general relation for du is 
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Differentiating each term in this equation with respect to P at T = constant yields 
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Using the properties P, T, v, the cyclic relation can be expressed as 
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⎠
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Substituting, we get 
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⎠
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The general relation for dh is 
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Differentiating each term in this equation with respect to v at T = constant yields 
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Using the properties v, T, P, the cyclic relation can be expressed as 
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Substituting, we get 
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12-32

12-44 It is to be shown that 
P

p TT
PTcc ⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=−
v

v
v . 

Analysis We begin by taking the entropy to be a function of specific volume and temperature. The differential of the 
entropy is then 

v
vv

dsdT
T
sds

T
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Substituting 
T
c

T
s v

v

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

 from Eq. 12-28 and the third Maxwell equation changes this to 
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Taking the entropy to be a function of pressure and temperature, 
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Combining this result with 
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P
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⎜
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∂  from Eq. 12-34 and the fourth Maxwell equation produces 
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Equating the two previous ds expressions and solving the result for the specific heat difference, 

v
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Taking the pressure to be a function of temperature and volume, 
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When this is substituted into the previous expression, the result is 
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According to the cyclic relation, the term in the bracket is zero. Then, canceling the common dT term, 

P
p TT

PTcc ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=−
v

v
v
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12-33

12-45 It is to be proven that the definition for temperature v)/( suT ∂∂=  reduces the net entropy change of two constant-
volume systems filled with simple compressible substances to zero as the two systems approach thermal equilibrium. 

Analysis The two constant-volume systems form an isolated system shown here  

For the isolated system 

0BAtot ≥+= dSdSdS

VA =const.
TA

VB =const.
TB

Isolated 
system 
boundary 

Assume  ),( vuSS =

Then,  

v
vv

dsdu
u
sds

u
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

Since , 0    and   const. == vv d

du
u
sds

v

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=  

and from the definition of temperature from the problem statement, 

T
du

su
du

=
∂∂ v)/(

Then, 

B

B
B

A

A
A T

du
m

T
du

mdS +=tot

The first law applied to the isolated system yields 

AABBBBAA dumdumdumdumdU

dUEE

−=⎯→⎯=+⎯→⎯=

=−

00
outin

Now, the entropy change may be expressed as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

BA

AB
AA

BA
AA TT

TT
dum

TT
dumdS 11

tot

As the two systems approach thermal equilibrium, 

0lim tot

BA TT
dS
→

=
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12-34

12-46 An expression for the volume expansivity of a substance whose equation of state is  is to be derived. RTaP =− )(v

Analysis Solving the equation of state for v gives 

a
P

RT
+=v  

The specific volume derivative is then 

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v

 

The definition for volume expansivity is 

PT
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=β
v

v
1

 

Combining these two equations gives 

aPRT
R
+

=β  

12-47 An expression for the specific heat difference of a substance whose equation of state is  is to be 
derived. 

RTaP =− )(v

Analysis The specific heat difference is expressed by 

TP
p

P
T

Tcc ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=−
v

v
v

2

Solving the equation of state for specific volume, 

  a
P

RT
+=v  

The specific volume derivatives are then 

RT
PP

P
RT

P TT

2

2 −=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎯→⎯−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

v
v

P
R

T P
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v  

Substituting, 

R
RT
P

P
RT

RT
P

P
RTcc p ⎟ =⎟

⎠

⎞
⎜
⎜
⎝
⎟
⎛
−⎟

⎠

⎞
⎜
⎜
⎝

⎛
−⎟ =⎟

⎠

⎞
⎜
⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛−=−

2

2

222

v
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12-35

12-48 An expression for the isothermal compressibility of a substance whose equation of state is RTaP =− )(v  is to be 
derived.  

Analysis The definition for the isothermal compressibility is 

TP
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=α
v

v
1

 

Solving the equation of state for specific volume, 

  a
P

RT
+=v  

The specific volume derivative is then 

2P
RT

P T
−=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v  

Substituting these into the isothermal compressibility equation gives 

)(2 aPRTP
RT

aPRT
P

P
RT

+
=⎟

⎠
⎞

⎜
⎝
⎛

+
=α

12-49 An expression for the isothermal compressibility of a substance whose equation of state is 2/1)( Tb
a

b
RTP

+
−

−
=

vvv

is to be derived.  

Analysis The definition for the isothermal compressibility is 

TP
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=α
v

v
1

 

The derivative is 

  222/12 )(
2

)( b
b

T
a

b
RTP

T +

+
+

−
−=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

vv

v

vv

Substituting, 

22/12222/12 )(
2

)(

1

)(
2

)(

111

b
b

T
a

b
RT

b
b

T
a

b
RTP T

+

+
+

−
−

−=

⎟⎟

⎟
⎟
⎟

⎠

⎞

⎜⎜

⎜
⎜
⎜

⎝

⎛

+

+
+

−
−

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

v

v

v

v

vv

v

v
v

v
v

α
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12-36

12-50 An expression for the volume expansivity of a substance whose equation of state is 2/1)( Tb
a

b
RTP

+
−

−
=

vvv
 is to be 

derived. 

Analysis The definition for volume expansivity is 

PT
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=β
v

v
1  

According to the cyclic relation, 

1−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

vv
v

P
TP

T TP

which on rearrangement becomes 

T

P P
T
P

T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

v

v v  

Proceeding to perform the differentiations gives 

2/3)(2 Tb
a

b
R

T
P

+
+

−
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

vvvv

and 

222/12

222/12

)(
2

)(

)(
11

)(

b
b

T
a

b
RT

bbT
a

b
RTP

T

+

+
+

−
−=

⎥
⎥⎦

⎤
⎢
⎢⎣

⎡

+
−+

−
−=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

vv

v

v

vvvv

Substituting these results into the definition of the volume expansivity produces 

222/12

2/3

)(
2

)(

)(21

b
b

T
a

b
RT

Tb
a

b
R

+

+
+

−

−
+

+
−

−=β

vv

v

v

vvv

v
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12-37

12-51 An expression for the volume expansivity of a substance whose equation of state is
T

a
b

RTP
2vv

−
−

=  is to be derived. 

Analysis The definition for volume expansivity is 

PT
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=β
v

v
1

 

According to the cyclic relation, 

1−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

vv
v

P
TP

T TP

which on rearrangement becomes 

T

P P
T
P

T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

v

v v  

Proceeding to perform the differentiations gives 

22T
a

b
R

T
P

vvv

+
−

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

and 

T
a

b
RTP

T
32

2
)( vvv

+
−

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

Substituting these results into the definition of the volume expansivity produces 

T
a

b
RT

T
a

b
R

32

22

2
)(

1

vv

vv
v +

−

−

+
−−=β
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12-38

12-52 It is to be shown that 
v

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
T
Pαβ .  

Analysis The definition for the volume expansivity is 

PT
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=β
v

v
1  

The definition for the isothermal compressibility is 

TP
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=α
v

v
1

 

According to the cyclic relation, 

1−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

vv
v

P
TP

T TP

which on rearrangement becomes 

v

vv
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

T
P

PT TP

When this is substituted into the definition of the volume expansivity, the result is 

v

v

v
v

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

α−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=β

T
P

T
P

P T

1
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12-39

12-53 It is to be demonstrated that  ( )s
p

Pc
c

k
∂∂
α

−==
/v
v

v

.  

Analysis The relations for entropy differential are 

dP
TT

dTcds

d
T
P

T
dTcds

P
p ⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+=

v

v
v

v

For fixed s, these basic equations reduce to 

dP
TT

dTc

d
T
P

T
dTc

P
p ⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

v

v
v

v

Also, when s is fixed, 

sPP
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
∂
∂ vv

 

Forming the specific heat ratio from these expressions gives 

s

P

P

P
T

T
k

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=
v

v

v  

The cyclic relation is 

1−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

vv
v

P
TP

T TP

Solving this for the numerator of the specific heat ratio expression and substituting the result into this numerator produces 

ss

T

PP

P
k

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
v

v
v

v

α
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12-40

12-54 The Helmholtz function of a substance has the form ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−−−=

000
0

0
ln1ln

T
T

T
T

T
TcTRTa

v
v . It is to be shown how 

to obtain P, h, s, cv, and cp from this expression. 

Analysis Taking the Helmholtz function to be a function of temperature and specific volume yields 

v
vv

dadT
T
ada

T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

while the applicable Helmholtz equation is 

sdTPdda −−= v

Equating the coefficients of the two results produces 

v

v

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

T
as

aP
T  

Taking the indicated partial derivatives of the Helmholtz function given in the problem statement reduces these expressions 
to 

00
lnln

T
TcRs

RTP

+=

=

v
v

v
 

The definition of the enthalpy (h = u + Pv) and Helmholtz function (a = u−Ts) may be combined to give 

RTcTcT

RT
T
TcTRT

T
T

T
T

T
TcTRT

a
T
aTa

PTsa
Puh

T

++=

+−⎟ +⎟
⎠

⎞
⎜⎜
⎝

⎛
+−−−=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=

++=
+=

0

00000
0

0
lnlnln1ln

v
v

v
v

v
v

v

v

v

According to 
T
c

T
s v

v

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂  given in the text (Eq. 12-28), 

c
T
cT

T
sTc ==⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
v

v

The preceding expression for the temperature indicates that the equation of state for the substance is the same as that of an 
ideal gas. Then, 

cRcRc p +=+= v
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12-41

The Joule-Thomson Coefficient 

12-55C  It represents the variation of temperature with pressure during a throttling process. 

12-56C  The line that passes through the peak points of the constant enthalpy lines on a T-P diagram is called the inversion 
line.  The maximum inversion temperature is the highest temperature a fluid can be cooled by throttling. 

12-57C  No.  The temperature may even increase as a result of throttling. 

12-58C  Yes. 

12-59C  No.  Helium is an ideal gas and h = h(T) for ideal gases.  Therefore, the temperature of an ideal gas remains 
constant during a throttling (h = constant) process. 

12-60E  The Joule-Thompson coefficient of nitrogen at two states is to be estimated. 

Analysis (a) The enthalpy of nitrogen at 120 psia and 350 R is, from EES, h = 84.88 Btu/lbm. Approximating differentials 
by differences about the specified state, the Joule-Thomson coefficient is expressed as 

Btu/lbm88.84=
⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

≅⎟
⎠
⎞

⎜
⎝
⎛=

hh P
T

P
T
∂
∂µ

Considering a throttling process from 130 psia to 110 psia at h = 84.88 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 

R/psia  0.0599=
−
−

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−

−
=

=
psia)130(110

R.60)350(349.40
psia0)13(110

Btu/lbm88.84

psia130psia110

h

TT
µ

(b)  The enthalpy of nitrogen at 1200 psia and 700 R is, from EES, h = 170.14 Btu/lbm.  Approximating differentials by 
differences about the specified state, the Joule-Thomson coefficient is expressed as 

Btu/lbm14.170=
⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

≅⎟
⎠
⎞

⎜
⎝
⎛=

hh P
T

P
T
∂
∂µ

Considering a throttling process from 1210 psia to 1190 psia at h = 170.14 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 

R/psia  0.00929=
−
−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−

−
=

=
psia)1210(1190

R)09.700(699.91
psia)1210(1190

Btu/lbm14.170

psia1210psia1190

h

TT
µ
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12-42

12-61E Problem 12-60E is reconsidered. The Joule-Thompson coefficient for nitrogen over the pressure range 100 
to 1500 psia at the enthalpy values 100, 175, and 225 Btu/lbm is to be plotted. 

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

Gas$ = 'Nitrogen' 
{P_ref=120 [psia] 
T_ref=350 [R] 
P= P_ref} 
h=100 [Btu/lbm] 
{h=enthalpy(Gas$, T=T_ref, P=P_ref)} 
dP = 10 [psia] 
T = temperature(Gas$, P=P, h=h) 
P[1] = P + dP 
P[2] = P - dP 
T[1] = temperature(Gas$, P=P[1], h=h) 
T[2] = temperature(Gas$, P=P[2], h=h) 
Mu = DELTAT/DELTAP  "Approximate the differential by differences about the state at h=const." 
DELTAT=T[2]-T[1] 
DELTAP=P[2]-P[1] 

          h = 225 Btu/lbm 
P [psia] µ [R/psia] 

100 
275 
450 
625 
800 
975 

1150 
1325 
1500 

0.004573 
0.00417 

0.003781 
0.003405 
0.003041 
0.002688 
0.002347 
0.002015 
0.001694 

0 200 400 600 800 1000 1200 1400 1600
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

P  [psia]

µ
[R

/p
si

a]

h=100 Btu/lbm

h=175 Btu/lbm

h=225 Btu/lbm

12-62 Steam is throttled slightly from 1 MPa and 300°C. It is to be determined if the temperature of the steam will increase, 
decrease, or remain the same during this process. 

Analysis The enthalpy of steam at 1 MPa and T = 300°C is h = 3051.6 kJ/kg. Now consider a throttling process from this 
state to 0.8 MPa, which is the next lowest pressure listed in the tables.  The temperature of the steam at the end of this 
throttling process will be 

C52.297
kJ/kg6.3051

MPa8.0
2 °=

⎭
⎬
⎫

=
=

T
h
P

Therefore, the temperature will decrease. 
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12-43

12-63E The Joule-Thomson coefficient of refrigerant-134a at a given state is to be estimated. 

Analysis The Joule-Thomson coefficient is defined as 

hP
T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=µ  

We use a finite difference approximation as 

12

12

PP
TT

−
−

≅µ   (at constant enthalpy) 

At the given state (we call it state 1), the enthalpy of R-134a is 

13E)-A(Table    Btu/lbm79.113  
      F06

psia40
1

1

1 =
⎭
⎬
⎫

°=
=

h
T
P

The second state will be selected for a pressure of 30 psia. At this pressure and the same enthalpy, we have 

13E)-A(Table    F78.56  
      kJ/kg79.113

psia30
2

12

2 °=
⎭
⎬
⎫

==
=

T
hh

P

Substituting, 

R/psia0.322=
−
−

=
−
−

≅
psia)4030(

R)6078.56(

12

12

PP
TT

µ

12-64 The Joule-Thomson coefficient of refrigerant-134a at a given state is to be estimated. 

Analysis The Joule-Thomson coefficient is defined as 

hP
T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=µ  

We use a finite difference approximation as 

12

12

PP
TT

−
−

≅µ   (at constant enthalpy) 

At the given state (we call it state 1), the enthalpy of R-134a is 

13)-A(Table    kJ/kg93.333  
      C09

kPa200
1

1

1 =
⎭
⎬
⎫

°=
=

h
T
P

The second state will be selected for a pressure of 180 kPa. At this pressure and the same enthalpy, we have 

13)-A(Table    C78.89  
      kJ/kg93.333

kPa180
2

12

2 °=
⎭
⎬
⎫

==
=

T
hh

P

Substituting, 

K/kPa0.0110=
−
−

=
−
−

≅
kPa)200180(

K)9078.89(

12

12

PP
TT

µ
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12-44

12-65 The equation of state of a gas is given by 
2T

bP
P

RT
−=v . An equation for the Joule-Thomson coefficient inversion 

line using this equation is to be derived. 

Analysis From Eq. 12-52 of the text, 

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

µ
= v

v

P
p T

Tc 1

When µ = 0 as it does on the inversion line, this equation becomes 

v
v

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

PT
T  

Using the equation of state to evaluate the partial derivative, 

2 3T
bP

P
R

T P
+=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂v

Substituting this result into the previous expression produces  

032 222 =⎯→⎯−=+
T
bP

T
bP

P
RT

T
bP

P
RT

The condition along the inversion line is then 

0=P

12-66 It is to be demonstrated that the Joule-Thomson coefficient is given by ( )
Pp T

T
c
T

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
/2 vµ . 

Analysis From Eq. 12-52 of the text, 

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

µ
= v

v

P
p T

Tc 1

Expanding the partial derivative of v/T produces 

2
1/

TTTT
T

PP

vvv
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

=⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

When this is multiplied by T2, the right-hand side becomes the same as the bracketed quantity above. Then, 

( )
Pp T

T
c
T

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
/2 vµ
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12-45

12-67 The most general equation of state for which the Joule-Thomson coefficient is always zero is to be determined.   

Analysis From Eq. 12-52 of the text, 

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

µ
= v

v

P
p T

Tc 1

When µ = 0, this equation becomes 

TT P

vv
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

 

This can only be satisfied by an equation of state of the form 

)(Pf
T
=

v
 

where f(P) is an arbitrary function of the pressure. 
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12-46

The dh, du, and ds of Real Gases 

12-68C  It is the variation of enthalpy with pressure at a fixed temperature. 

12-69C  As PR approaches zero, the gas approaches ideal gas behavior. As a result, the deviation from ideal gas behavior 
diminishes. 

12-70C  So that a single chart can be used for all gases instead of a single particular gas. 

12-71 The errors involved in the enthalpy and internal energy of CO2 at 350 K and 10 MPa if it is assumed to be an ideal 
gas are to be determined. 

Analysis (a)  The enthalpy departure of CO2 at the specified state is determined from the generalized chart to be (Fig. A-29) 

and 5.1
)(

353.1
39.7

10

151.1
2.304

350

cr

,ideal

cr

cr =
−

=⎯→⎯

⎪
⎪
⎭

⎪⎪
⎬

⎫

===

===

TR
hh

Z

P
PP

T
TT

u

PT
h

R

R

CO2
350 K 

10 MPa 
Thus, 

and, 
( )( )( )[ ]

%.
557,7

557,7351,11)(
Error

kJ/kmol557,72.304314.85.1351,11

,ideal

crideal

250=
−

=
−

=

=−=−=

h

hh

TRZhh

PT

uh

(b)  At the calculated TR and PR the compressibility factor is determined from the compressibility chart to be Z = 0.65.  
Then using the definition of enthalpy, the internal energy is determined to be 

and, 
( )( )( )[ ]

%9.48=
−

=
−

=

=−=−=−=

666,5
666,5439,8Error

kJ/kmol666,5350314.865.07557

ideal

u
uu

TZRhPhu uv
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12-47

12-72 The enthalpy and entropy changes of nitrogen during a process are to be determined assuming ideal gas behavior and 
using generalized charts. 

Analysis (a)  Using data from the ideal gas property table of nitrogen (Table A-18), 

and 

K/.
6

12ln314.8289.183562.193ln)(

/537,69306)(

1

2
12ideal12

ideal1,ideal2,ideal12

⋅=×−−=−−=−

=−=−=−

kmolkJ5104

kmolkJ2769

P
P

Rssss

hhhh

u
oo

(b) The enthalpy and entropy departures of nitrogen at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30) 

25.0and6.0
770.1

39.3
6

783.1
2.126

225

11

cr

1
1

cr

1
1

==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

R

R

ZZ

P
P

P

T
T

T

and 

15.0and4.0
540.2

39.3
12

536.2
2.126

320

22

cr

2
2

cr

2
2

==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

R

R

ZZ

P
P

P

T
T

T

Substituting, 

( )( )( )

( )( )
Kkmol/kJ  341.5

kmol/kJ  2979

⋅=
+−=
−+−=−

=
+−=
−+−=−

510.415.025.0314.8
)()(

27694.06.02.126314.8
)()(

ideal122112

ideal122112

ssZZRss

hhZZTRhh

ssu

hhcru
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12-48

12-73E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 
Properties The properties of water are (Table A-1E) 

psia3200  R,8.1164  lbm/lbmol,015.18 crcr === PTM

Analysis (a) The pressure of water vapor during this process is 
psia56.680F500@sat 21 === °PPP

Using data from the ideal gas property table of water vapor (Table A-23), 

and 

RBtu/lbmol713.30843.49556.53ln)(

Btu/lbmol8.44400.77388.178,12)(

1

2
12ideal12

ideal1,ideal2,ideal12

⋅=−−=−−=−

=−=−=−

P
P

Rssss

hhhh

u
oo

The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 

277.0  and340.0
213.0

3200
56.680

824.0
8.1164

960

11

cr

1
1

cr

1
1

==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

R

R

ZZ

P
P

P

T
T

T

and 

0903.0  and157.0
213.0

3200
56.680

253.1
8.1164

1460

22

cr

2
2

cr

2
2

==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

R

R

ZZ

P
P

P

T
T

T

The enthalpy and entropy changes per mole basis are 

RBtu/lbmol084.4)277.00903.0)(9858.1(713.3
)()(

kJ/kmol4864)340.0157.0)(8.1164)(9858.1(8.4440
)()(

12ideal1212

12crideal1212

⋅=−−=
−−−=−

=−−=
−−−=−

ssu

hhu

ZZRssss

ZZTRhhhh

The enthalpy and entropy changes per mass basis are 

RBtu/lbm0.2267

Btu/lbm270.0

⋅=
⋅

=
−

=−

==
−

=−

lbm/lbmol015.18
KBtu/lbmol084.4

lbm/lbmol015.18
Btu/lbmol4864

12
12

12
12

M
ss

ss

M
hh

hh

(b) The inlet and exit state properties of water are 

   (Table A-4E) 
RBtu/lbm4334.1

Btu/lbm3.1202
  

     1
F500

1

1

1

1

⋅=
=

⎭
⎬
⎫

=
°=

s
h

x
T

EES)(from    
RBtu/lbm7008.1

Btu/lbm7.1515
  

      F1000
psia56.680

2

2

2

2

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

The enthalpy and entropy changes are 

RBtu/lbm0.2674
Btu/lbm313.4

⋅=−=−
=−=−

4334.17008.1
3.12027.1515

12

12

ss
hh
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12-49

12-74E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A-1E) 

psia3200  R,8.1164  lbm/lbmol,015.18 crcr === PTM

Analysis (a) Using data from the ideal gas property table of water vapor (Table A-23E), 

and 

RBtu/lbmol0.6734
3000
1000ln9858.1411.56556.53ln)(

Btu/lbmol7.48535.032,178.178,12)(

1

2
12ideal12

ideal1,ideal2,ideal12

⋅−=×−−=−−=−

−=−=−=−

P
P

Rssss

hhhh

u
oo

The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 

188.0  and387.0
9375.0

3200
3000

683.1
8.1164

1960

11

cr

1
1

cr

1
1

==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫
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sh

R

R

ZZ

P
P

P

T
T

T

and 

134.0  and233.0
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3200
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253.1
8.1164
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2
2
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2
2
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⎪
⎪
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⎪
⎪
⎬

⎫
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sh

R

R

ZZ

P
P

P

T
T

T

The enthalpy and entropy changes per mole basis are 

RBtu/lbmol0.5662)188.0134.0)(9858.1(6734.0
)()(

Btu/lbmol4497.5)387.0233.0)(8.1164)(9858.1(7.4853
)()(

12ideal1212

12crideal1212

⋅−=−−−=
−−−=−

−=−−−=
−−−=−

ssu

hhu

ZZRssss

ZZTRhhhh

The enthalpy and entropy changes per mass basis are 

RBtu/lbm0.0314

Btu/lbm249.7

⋅−=
⋅−

=
−

=−

−=
−

=
−

=−

lbm/lbmol015.18
RBtu/lbmol0.5662

lbm/lbmol015.18
Btu/lbmol4497.5

12
12

12
12

M
ss

ss

M
hh

hh

(b) Using water tables (Table A-6E) 

RBtu/lbm6883.1
Btu/lbm6.1764

  
      F1500

psia3000

1

1

1

1

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

RBtu/lbm6535.1
Btu/lbm2.1506

  
      F1000

psia1000

2

2

2

2

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

The enthalpy and entropy changes are 

RBtu/lbm0.0348
Btu/lbm258.4

⋅−=−=−
−=−=−

6883.16535.1
6.17642.1506

12

12

ss
hh
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12-50

12-75 The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A-1) 

MPa06.22  K,1.647  kg/kmol,015.18 crcr === PTM

Analysis Using data from the ideal gas property table of water vapor (Table A-23), 

and 

KkJ/kmol2052.4
1000
500ln314.8109.227141.217ln)(

kJ/kmol7672754,30082,23)(

1

2
12ideal12

ideal1,ideal2,ideal12

⋅−=×−−=−−=−

−=−=−=−

P
P

Rssss

hhhh

u
oo

The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 

0157.0  and0288.0
0453.0
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⎬
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⎪
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⎬

⎫
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The enthalpy and entropy changes per mole basis are 

KkJ/kmol1961.4)0157.00146.0)(314.8(2052.4
)()(

kJ/kmol7637)0288.00223.0)(1.647)(314.8(7672
)()(

12ideal1212

12crideal1212

⋅−=−−−=
−−−=−

−=−−−=
−−−=−

ssu

hhu

ZZRssss

ZZTRhhhh

The enthalpy and entropy changes per mass basis are 

KkJ/kg0.2329

kJ/kg423.9

⋅−=
⋅−

=
−

=−

−=
−

=
−

=−

kg/kmol015.18
KkJ/kmol.19614

kg/kmol015.18
kJ/kmol7637
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M
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ss

M
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hh

The inlet and exit state properties of water vapor from Table A-6 are 

KkJ/kg0311.8
kJ/kg6.3698

  
      C600

kPa1000

1

1

1

1

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

KkJ/kg7956.7
kJ/kg4.3272

  
      C400
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2
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2

2

⋅=
=

⎭
⎬
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°=
=

s
h

T
P

The enthalpy and entropy changes are 

KkJ/kg0.2355
kJ/kg426.2

⋅−=−=−
−=−=−

0311.87956.7
6.36984.3272
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12
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12-51

12-76 Methane is compressed adiabatically by a steady-flow compressor. The required power input to the compressor is to 
be determined using the generalized charts. 

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

Analysis The steady-flow energy balance equation for this compressor can be expressed as 

( )12inC,

21inC,

outin

(steady)0
systemoutin 0

hhmW

hmhmW

EE

EEE

−=

=+

=

=∆=−

&&

&&&

&&

&&&

6 MPa 
175°C 

CH4
m·  = 0.2 kg/s 

0.8 M
-10 °C

Pa 

The enthalpy departures of CH4 at the specified states are determined 
from the generalized charts to be (Fig. A-29) 

and 
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T
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Thus, 

( )( )( ) (( )
kgkJ6.399

101752537.225.0075.01.1915182.0
)()( ideal1221cr12

/=
−−+−=

−+−=− hhZZRThh hh

)

Substituting, 

( )( ) kW79.9== kJ/kg399.6kg/s0.2inC,W&
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12-52

12-77 Propane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for this 
compression is to be determined using the departure charts and treating the propane as an ideal gas with temperature 
variable specific heats. 
Properties The properties of propane are (Table A-1) 

MPa26.4  K,370  K,kJ/kg1885.0  kg/kmol,097.44 crcr ==⋅== PTRM
Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the entropy change equation is integrated with variable specific 
heats, it becomes 

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course 
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When the expression of Table A-2c is substituted for cp and the integration 
performed, we obtain 
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7 MPa

Propane

750 kPa 
177°C 

Solving this equation by EES or an iterative solution by hand gives 
K5322 =T

When en energy balance is applied to the compressor, it becomes 

kJ/kmol9111
)50.432.5(7935.0)50.432.5(4.52)450532(1524.0)450532(04.4
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1
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The work input per unit mass basis is 

kJ/kg= 207==
kg/kmol44.097

kJ/kmol9111in
in M

w
w

The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 
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The work input (i.e., enthalpy change) is determined to be 
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12-78E Oxygen is to be adiabatically and reversibly expanded in a nozzle. The exit velocity is to be determined using the 
departure charts and treating the oxygen as an ideal gas with temperature variable specific heats. 
Properties The properties of oxygen are (Table A-1) 

psia736  R,6.278  R,Btu/lbm06206.0  lbm/lbmol,999.31 crcr ==⋅== PTRM

Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar entropy 
change between the inlet and exit is zero. From the entropy change equation for an ideal gas with variable specific heats: 
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The enthalpy change per mole basis is 
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The enthalpy departures of oxygen at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 
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12-79  Propane is compressed isothermally by a piston-cylinder device. The work done and the heat transfer are to be 
determined using the generalized charts. 

Assumptions 1 The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible.   

Analysis (a)  The enthalpy departure and the compressibility factors of propane at the initial and the final states are 
determined from the generalized charts to be (Figs. A-29, A-15) 
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Treating propane as a real gas with Zavg = (Z1+Z2)/2 = (0.92 + 0.50)/2 = 0.71, 
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12-80 Problem 12-79 is reconsidered. This problem is to be extended to compare the solutions based on the ideal gas 
assumption, generalized chart data and real fluid (EES) data.  Also, the solution is to be extended to carbon dioxide, 
nitrogen and methane. 

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

Procedure INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 
If Name$='Propane' then 

T_critical=370 ; p_critical=4620 ; Fluid$='C3H8'; goto 10 
endif 
If Name$='Methane' then 

T_critical=191.1 ; p_critical=4640 ; Fluid$='CH4'; goto 10 
endif 
If Name$='Nitrogen' then 

T_critical=126.2 ; p_critical=3390 ; Fluid$='N2'; goto 10 
endif 
If Name$='Oxygen' then 

T_critical=154.8 ; p_critical=5080 ; Fluid$='O2'; goto 10 
endif 
If Name$='CarbonDioxide' then 

T_critical=304.2 ; p_critical=7390 ; Fluid$='CO2' ; goto 10 
endif 
If Name$='n-Butane' then 

T_critical=425.2 ; p_critical=3800 ; Fluid$='C4H10' ; goto 10 
endif 

10: 
  If T[1]<=T_critical then  
CALL ERROR('The supplied temperature must be greater than the critical temperature for the fluid.  A value of 
XXXF1 K was supplied',T[1]) 
endif 

end 

{"Data from the Diagram Window" 
T[1]=100+273.15 
p[1]=1000 
p[2]=4000 
Name$='Propane' 
Fluid$='C3H8' } 

Call INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 
R_u=8.314 
M=molarmass(Fluid$) 
R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 
"State 1" 
h_ideal[1]=enthalpy(Fluid$, T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], p=p[1]) "Entropy of ideal gas" 
u_ideal[1]=h_ideal[1]-R*T[1] "Internal energy of ideal gas" 
"State 2" 
h_ideal[2]=enthalpy(Fluid$, T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], p=p[2]) "Entropy of ideal gas" 
u_ideal[2]=h_ideal[2]-R*T[2] "Internal energy of ideal gas" 

"Work is the integral of p dv, which can be done analytically." 
w_ideal=R*T[1]*Ln(p[1]/p[2]) 
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"First Law - note that u_ideal[2] is equal to u_ideal[1]" 
q_ideal-w_ideal=u_ideal[2]-u_ideal[1] 

"Entropy change" 
DELTAs_ideal=s_ideal[2]-s_ideal[1] 

"***** COMPRESSABILITY CHART  SOLUTION ******" 
"State 1" 
Tr[1]=T[1]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 
DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 
u[1]=h[1]-Z[1]*R*T[1]    

"Internal energy of gas using charts" 
DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 
"State 2" 
T[2]=T[1] 
Tr[2]=Tr[1] 
pr[2]=p[2]/p_critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 
DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 
DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 
s[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 
u[2]=h[2]-Z[2]*R*T[2] "Internal energy of gas using charts" 

"Work using charts - note use of EES integral function to evaluate the integral of p dv." 
w_chart=Integral(p,v,v[1],v[2]) 
"We need an equation to relate p and v in the above INTEGRAL function.  " 
p*v=COMPRESS(Tr[2],p/p_critical)*R*T[1]  "To specify relationship between p and v" 
"Find the limits of integration" 
p[1]*v[1]=Z[1]*R*T[1]  "to get v[1], the lower bound" 
p[2]*v[2]=Z[2]*R*T[2] "to get v[2], the upper bound" 

"First Law  - note that u[2] is not equal to u[1]" 
q_chart-w_chart=u[2]-u[1] 

"Entropy Change" 
DELTAs_chart=s[2]-s[1] 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 
"At state 1" 
u_ees[1]=intEnergy(Name$,T=T[1],p=p[1])  
s_ees[1]=entropy(Name$,T=T[1],p=p[1])  
"At state 2" 
u_ees[2]=IntEnergy(Name$,T=T[2],p=p[2]) 
s_ees[2]=entropy(Name$,T=T[2],p=p[2])  

"Work using EES built-in properties- note use of EES Integral funcion to evaluate the integral of pdv." 
w_ees=integral(p_ees, v_ees, v_ees[1],v_ees[2]) 
"The following equation relates p and v in the above INTEGRAL" 
p_ees=pressure(Name$,T=T[1], v=v_ees) "To specify relationship between p and v" 

"Find the limits of integration" 
v_ees[1]=volume(Name$, T=T[1],p=p[1]) "to get lower bound" 
v_ees[2]=volume(Name$, T=T[2],p=p[2]) "to get upper bound" 

"First law - note that u_ees[2] is not equal to u_ees[1]" 
q_ees-w_ees=u_ees[2]-u_ees[1] 
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"Entropy change" 
DELTAs_ees=s_ees[2]-s_ees[1] 

"Note:   In all three solutions to this problem we could have calculated the heat transfer by 
q/T=DELTA_s since T is constant.  Then the first law could have been used to find the work.  
The use of integral of p dv  to find the work is a more fundamental approach and can be 
used if T is not constant." 

SOLUTION 

DELTAh[1]=16.48 [kJ/kg] 
DELTAh[2]=91.96 [kJ/kg] 
DELTAs[1]=0.03029 [kJ/kg-K] 
DELTAs[2]=0.1851 [kJ/kg-K] 
DELTAs_chart=-0.4162 [kJ/kg-K] 
DELTAs_ees=-0.4711 [kJ/kg-K] 
DELTAs_ideal=-0.2614 [kJ/kg-K] 
Fluid$='C3H8' 
h[1]=-2232 [kJ/kg] 
h[2]=-2308 [kJ/kg] 
h_ideal[1]=-2216 [kJ/kg] 
h_ideal[2]=-2216 [kJ/kg] 
M=44.1  
Name$='Propane' 
p=4000  
p[1]=1000 [kPa] 
p[2]=4000 [kPa] 
pr[1]=0.2165  
pr[2]=0.8658  
p_critical=4620 [kPa] 
p_ees=4000  
q_chart=-155.3 [kJ/kg] 
q_ees=-175.8 [kJ/kg] 
q_ideal=-97.54 [kJ/kg] 
R=0.1885 [kJ/kg-K] 
R_u=8.314 [kJ/mole-K] 
s[1]=6.073 [kJ/kg-K] 

s[2]=5.657 [kJ/kg-K] 
s_ees[1]=2.797 [kJ/kg-K] 
s_ees[2]=2.326 [kJ/kg-K] 
s_ideal[1]=6.103 [kJ/kg-K] 
s_ideal[2]=5.842 [kJ/kg-K] 
T[1]=373.2 [K] 
T[2]=373.2 [K] 
Tr[1]=1.009  
Tr[2]=1.009  
T_critical=370 [K] 
u[1]=-2298 [kJ/kg] 
u[2]=-2351 [kJ/kg] 
u_ees[1]=688.4 [kJ/kg] 
u_ees[2]=617.1 [kJ/kg] 
u_ideal[1]=-2286 [kJ/kg] 
u_ideal[2]=-2286 [kJ/kg] 
v=0.01074  
v[1]=0.06506 [m^3/kg] 
v[2]=0.01074 [m^3/kg] 
v_ees=0.009426  
v_ees[1]=0.0646 [m^3/kg] 
v_ees[2]=0.009426 [m^3/kg] 
w_chart=-101.9 [kJ/kg] 
w_ees=-104.5 [kJ/kg] 
w_ideal=-97.54 [kJ/kg] 
Z[1]=0.9246  
Z[2]=0.6104 
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12-81 Propane is compressed isothermally by a piston-cylinder device. The exergy destruction associated with this process 
is to be determined. 

Assumptions 1The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible.   

Properties The gas constant of propane is R = 0.1885 kJ/kg.K (Table A-1). 

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course 

sAnalysis The exergy destruction is determined from its definition x Tdestroyed gen= 0  where the entropy generation is 
determined from an entropy balance on the contents of the cylinder.  It gives  
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12-82 A paddle-wheel placed in a well-insulated rigid tank containing oxygen is turned on. The final pressure in the tank 
and the paddle-wheel work done during this process are to be determined. 

Assumptions 1The tank is well-insulated and thus heat transfer is negligible. 2 Kinetic and potential energy changes are 
negligible.   

Properties The gas constant of O2 is R = 0.2598 kJ/kg.K (Table A-1). 

Analysis (a) For this problem, we use critical properties, compressibility 
factor, and enthalpy departure factors in EES. The compressibility factor of 
oxygen at the initial state is determined from EES to be O2
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The specific volume of oxygen remains constant during this process, v2 = v1. Thus, 
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(b)  The energy balance relation for this closed system can be expressed as 
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Substituting, 

( )( ) ( )( ){ }[ ] kJ423=−⋅−= K1750.6822250.853K)kJ/kg(0.259862.51kg)68.9(inW

Discussion The following routine in EES is used to get the solution above. Reading values from Fig. A-15 and A-29 
together with properties in the book could yield different results. 

"Given" 
V=0.05 [m^3] 
T1=175 [K] 
P1=6000 [kPa] 
T2=225 [K] 

"Properties" 
Fluid$='O2' 
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R_u=8.314 [kJ/kmol-K] 
T_cr=T_CRIT(Fluid$) 
P_cr=P_CRIT(Fluid$) 
MM=molarmass(Fluid$) 
R=R_u/MM 

"Analysis" 
"(a)" 
T_R1=T1/T_cr 
P_R1=P1/P_cr 
Z_h1=ENTHDEP(T_R1, P_R1) "the function that returns enthalpy departure factor at T_R1 and P_R1" 
Z_1=COMPRESS(T_R1, P_R1) "the function that returns compressibility factor at T_R1 and P_R1" 
T_R2=T2/T_cr 
v_R2=(v2*P_cr)/(R*T_cr) 
v1=Z_1*R*T1/P1 
m=V/v1 
v2=v1 
Z_h2=ENTHDEP(T_R2, P_R2) "the function that returns enthalpy departure factor at T_R2 and P_R2" 
Z_2=COMPRESS(T_R2, P_R2) "the function that returns compressibility factor at T_R2 and P_R2" 
P2=Z_2*R*T2/v2 
P2=P_R2*P_cr 
"(b)" 
h1_ideal=enthalpy(Fluid$, T=T1) 
h2_ideal=enthalpy(Fluid$, T=T2) 
DELTAh_ideal=(h2_ideal-h1_ideal) 
DELTAh=R*T_cr*(Z_h1-Z_h2)+DELTAh_ideal 
DELTAu=DELTAh-R*(Z_2*T2-Z_1*T1) 
W_in=m*DELTAu 

Solution 

DELTAh=62.51 [kJ/kg] 
DELTAh_ideal=52.96 [kJ/kg] 
DELTAu=43.65 [kJ/kg] 
Fluid$='O2' 
h1_ideal=-121.8 [kJ/kg] 
h2_ideal=-68.8 [kJ/kg] 
m=9.682 [kg] 
MM=32 [kg/kmol] 
P1=6000 [kPa] 
P2=9652 [kPa] 
P_cr=5043 [kPa] 
P_R1=1.19  
P_R2=1.914  
R=0.2598 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 

T1=175 [K] 
T2=225 [K] 
T_cr=154.6 [K] 
T_R1=1.132  
T_R2=1.456  
V=0.05 [m^3] 
v1=0.005164 [m^3/kg] 
v2=0.005164 [m^3/kg] 
v_R2=0.6485  
W_in=422.6 [kJ] 
Z_1=0.6815  
Z_2=0.8527  
Z_h1=1.331  
Z_h2=1.094 
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12-61

12-83 The heat transfer and entropy changes of CO2 during a process are to be determined assuming ideal gas behavior, 
using generalized charts, and real fluid (EES) data.  
Analysis  The temperature at the final state is 
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Using data from the ideal gas property table of CO2 (Table A-20), 
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The heat transfer is determined from an energy balance noting that there is no work interaction 
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The entropy change is 
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The compressibility factor and the enthalpy and entropy departures of CO2 at the specified states are determined from the 
generalized charts to be (we used EES) 

and 

002685.0and1144.0  ,009.1
083.1

39.7
8

813.9
2.304

2985

05987.0and1028.0  ,976.0
135.0

39.7
1

226.1
2.304

373

222

cr

2
2

cr

2
2

111

cr

1
1

cr

1
1

−=−==⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

===⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

R

R

sh

R

R

ZZZ

P
P

P

T
T

T

ZZZ

P
P

P

T
T

T

Thus, 

     

( )( ) kJ/kg.K2.151

kJ/kg2935.9

=+−−=

−+−=−=∆

=−−−−−=
−−−−−=−=

1390.2)002685.0(05987.01889.0

)()()(

)3732887)(1889.0)(976.0()1028.01144.0)(2.304)(1889.0(9.3386
)()()(

ideal1221chart12chart

12112crideal1212chart

ssZZRsss

TTRZZZRThhuuq

ss

hh

Note that the temperature at the final state in this case was determined from 
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The solution using EES built-in property data is as follows: 
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12-62

Review Problems 

12-84 It is to be shown that the slope of a constant-pressure line on an h-s diagram is constant in the saturation region and 
increases with temperature in the superheated region. 

Analysis For P = constant, dP = 0 and the given relation reduces to dh = Tds, which can also be expressed as 

T
s
h

P

⎟ =⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

 h

P = const.

s

Thus the slope of the P = constant lines on an h-s diagram is equal to the 
temperature. 

(a)  In the saturation region, T = constant for P = constant lines, and the slope 
remains constant. 

(b)  In the superheat region, the slope increases with increasing temperature since 
the slope is equal temperature. 

12-85 Using the cyclic relation and the first Maxwell relation, the other three Maxwell relations are to be obtained. 

Analysis (1)  Using the properties P, s, v, the cyclic relation can be expressed as 
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(2)  Using the properties T, v, s, the cyclic relation can be expressed as 
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(3)  Using the properties P, T, v, the cyclic relation can be expressed as 
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12-63

12-86 For β ≥ 0, it is to be shown that at every point of a single-phase region of an h-s diagram, the slope of a constant-
pressure line is greater than the slope of a constant-temperature line, but less than the slope of a constant-volume line. 

Analysis  It is given that β > 0. 

Using the Tds relation: 
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Therefore, the slope of P = constant lines is greater than the slope of T = constant lines. 
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Using the properties P, T, v, the cyclic relation can be expressed as 
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where we used the definitions of α and β.  Substituting (b) and (c) into (a), 
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Here α is positive for all phases of all substances.  T is the absolute temperature that is also positive, so is cv. Therefore, the 
second term on the right is always a positive quantity since β is given to be positive. Then we conclude that the slope of P = 
constant lines is less than the slope of v = constant lines. 
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12-87 It is to be shown that  
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Analysis Using the definition of cv , 
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12-88 It is to be proven that for a simple compressible substance 
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12-89 It is to be proven by using the definitions of pressure and temperature, 
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12-90 It is to be proven by using the definitions of pressure and temperature, 
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12-91 Expressions for h, u, so, Pr, and vr for an ideal gas whose  cp
o is given by  ∑

−

⎥
⎥⎦

⎤
⎢
⎢⎣

⎡
⎟⎟
⎠

⎜
⎞

⎜
⎝

⎛
=

ni

r
ip T

Tac lno  are to be 

developed. 

Analysis By making the change in variable, x = ln(T/Tr), the enthalpy of this substance relative to a reference state is given 
by 

∑

∑ ∫∫

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−−−+−−−−−+−
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−−−−−−
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x

x

xni
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T
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Similarly, s0 is given by 

∑

∑ ∫∫

⎥
⎥
⎦
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⎜
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With these two results, 

Rs
r eP

Phu
/o

=

−= v

According to the du form of Gibbs equations, 

v
vdR

T
du

−=  

Noting that for ideal gases,  and Rcc p −=v dTcdu v= , this expression reduces to 

v
vdR

T
dTRc p −=− )(  

When this is integrated between the reference and actual states, the result is 

refref
lnln

v
vR

T
TR

T
dTc p −=−∫

Solving this for the specific volume ratio gives 

( )[ ]RTTRs ref
o )(exp

ref
−−−=

v
v

The ratio of the specific volumes at two states which have the same entropy is then 

( )[ ]RTTRss )(exp 12
o
1

o
2

ref
−−−−=

v
v

Inspection of this result gives 

[ ]RRTso
r /)(exp −−=v
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12-68

12-92 It is to be shown that the position of the Joule-Thompson coefficient inversion curve on the T-P plane is given by 
(∂Z/∂T)P = 0. 

Analysis The inversion curve is the locus of the points at which the Joule-Thompson coefficient µ  is zero, 

01 ⎟ =⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

=µ v
v

Pp T
T

c

which can also be written as 

0=−⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

P
ZRT

T
T

P

v
       (a) 

since it is given that 

P
ZRT

=v         (b) 

Taking the derivative of (b) with respect to T holding P constant gives 
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⎠

⎞
⎜⎜
⎝

⎛
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⎠
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⎜
⎝
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∂
∂
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⎜
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∂
∂
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⎠
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⎜
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∂
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P
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T
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Substituting in (a), 

0

0

0

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=−+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂
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⎜⎜
⎝

⎛
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⎠
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⎜
⎝
⎛
∂
∂

P

P

P

T
Z
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T
ZT

P
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T
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P
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which is the desired relation. 
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12-69

12-93 It is to be shown that for an isentropic expansion or compression process Pv k = constant. It is also to be shown that 
the isentropic expansion exponent k reduces to the specific heat ratio cp/cv for an ideal gas. 
Analysis We note that ds = 0 for an isentropic process.  Taking s = s(P, v), the total differential ds can be expressed as 

0=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
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∂

= v
vv

dsdP
P
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P
       (a) 

We now substitute the Maxwell relations below into (a) 

to get 

0
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∂

∂
∂
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Rearranging, 
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Dividing by P, 01
=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂
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v

dP
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s
       (b) 

We now define isentropic expansion exponent k as 

s

P
P

k ⎟
⎠
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⎜
⎝
⎛
∂
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Substituting in (b),  

0=+
v
vdk

P
dP  

Taking k to be a constant and integrating, 

Thus, 
constant

constantlnconstantlnln

=

=⎯→⎯=+

k

k

P

PkP

v

vv

To show that k = cp/cv for an ideal gas, we write the cyclic relations for the following two groups of variables: 
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where we used the relations  
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Setting Eqs. (c) and (d) equal to each other, 
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Substituting,  
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which is the desired relation. 
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12-70

12-94 The cp of nitrogen at 300 kPa and 400 K is to be estimated using the relation given and its definition, and the results 
are to be compared to the value listed in Table A-2b. 

Analysis (a)  We treat nitrogen as an ideal gas with R = 0.297 kJ/kg·K and k = 1.397.  Note that PT-k/(k-1) = C = constant for 
the isentropic processes of ideal gases. The cp relation is given as 

           

( )
)1(11

1)1/()1/(1)1/()1/(

−
=

−
=

−
=⎟
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Substituting, 
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(b)  The cp is defined as cp = 
PT

h
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

. Replacing the differentials by differences, 

( ) ( )
( )

( )
( ) KkJ/kg1.045 ⋅=

−
−

=
−
−

=⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

≅
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kJ/kg/28.011,34711,932
K390410

K390410

kPa300

hKh
T
hc

P
p

(Compare: Table A-2b at 400 K  →  cp = 1.044 kJ/kg·K) 

12-95 The temperature change of steam and the average Joule-Thompson coefficient during a throttling process are to be 
estimated. 

Analysis The enthalpy of steam at 4.5 MPa and T = 300°C is h = 2944.2 kJ/kg.  Now consider a throttling process from this 
state to 2.5 MPa.  The temperature of the steam at the end of this throttling process will be 

C72.273
kJ/kg2.2944

MPa5.2
2 °=

⎭
⎬
⎫

=
=

T
h
P

Thus the temperature drop during this throttling process is 

C26.28°−=−=−= 30072.27312 TTT∆

The average Joule-Thomson coefficient for this process is determined from 
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T
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12-71

12-96 Argon enters a turbine at a specified state and leaves at another specified state. Power output of the turbine and 
exergy destruction during this process are to be determined using the generalized charts. 
Properties  The gas constant and critical properties of Argon are R = 0.2081 kJ/kg.K, Tcr = 151 K, and Pcr = 4.86 MPa 
(Table A-1).   
Analysis (a)  The enthalpy and entropy departures of argon at the specified states are determined from the generalized 
charts to be 
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⎪
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⎫
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T P1 = 9 MPa 
T1 = 800 K 
V1 = 100 m/s 20 kW 

T0 = 25°C 

W
·

Ar 
m·  = 3 kg/s 

Thus argon behaves as an ideal gas at turbine inlet. Also, 
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−+−=− hhZZRThh hhcr P2 = 1.5 MPa 
T2 = 450 K 
V2 = 150 m/s The power output of the turbine is to be determined from the energy balance equation, 
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(b) Under steady conditions, the rate form of the entropy balance for the turbine simplifies to 
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The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ,  X Tdestroyed gen= 0S
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12-72

12-97 Problem 12-96 is reconsidered. The problem is to be solved assuming steam is the working fluid by using the 
generalized chart method and EES data for steam. The power output and the exergy destruction rate for these two 
calculation methods against the turbine exit pressure are to be plotted.  

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

" Input Data " 
T[1]=800 [K] 
P[1]=9000 [kPa] 
Vel[1]=100 [m/s] 
T[2]=450 [K] 
P[2]=1500 [kPa] 
Vel[2]=150 [m/s] 
Q_dot_out=20 [kW] 
T_o=25+273 "[K]" 
m_dot=3 [kg/s] 
Name$='Steam_iapws' 
 T_critical=647.3 [K] 
P_critical=22090 [kPa] 
Fluid$='H2O' 

R_u=8.314 
M=molarmass(Fluid$) 
R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 
"State 1" 
h_ideal[1]=enthalpy(Fluid$,T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], P=P[1]) "Entropy of ideal gas" 
"State 2" 
h_ideal[2]=enthalpy(Fluid$,T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], P=P[2]) "Entropy of ideal gas" 

"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 

m_dot*(h_ideal[1]+Vel[1]^2/2*convert(m^2/s^2,kJ/kg))=m_dot*(h_ideal[2]+Vel[2]^2/2*convert(m^2/s^2,kJ/kg))+Q
_dot_out+W_dot_out_ideal 

"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_ideal[1] - m_dot*s_ideal[2] - Q_dot_out/T_o + S_dot_gen_ideal = 0 

"Exergy Destroyed:" 
X_dot_destroyed_ideal = T_o*S_dot_gen_ideal 

"***** COMPRESSABILITY CHART  SOLUTION ******" 
"State 1" 
Tr[1]=T[1]/T_critical 
Pr[1]=P[1]/P_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 
DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h_chart[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 
DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s_chart[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 
"State 2" 
Tr[2]=T[2]/T_critical 
Pr[2]=P[2]/P_critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 
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12-73

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 
DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h_chart[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 
s_chart[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 

"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 

m_dot*(h_chart[1]+Vel[1]^2/2*convert(m^2/s^2,kJ/kg))=m_dot*(h_chart[2]+Vel[2]^2/2*convert(m^2/s^2,kJ/kg))+Q
_dot_out+W_dot_out_chart 

"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_chart[1] - m_dot*s_chart[2] - Q_dot_out/T_o + S_dot_gen_chart = 0 

"Exergy Destroyed:" 

X_dot_destroyed_chart = T_o*S_dot_gen_chart"[kW]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 
"At state 1" 
h_ees[1]=enthalpy(Name$,T=T[1],P=P[1])  
s_ees[1]=entropy(Name$,T=T[1],P=P[1])  
"At state 2" 
h_ees[2]=enthalpy(Name$,T=T[2],P=P[2]) 
s_ees[2]=entropy(Name$,T=T[2],P=P[2])  

"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 

m_dot*(h_ees[1]+Vel[1]^2/2*convert(m^2/s^2,kJ/kg))=m_dot*(h_ees[2]+Vel[2]^2/2*convert(m^2/s^2,kJ/kg))+Q_d
ot_out+W_dot_out_ees 

"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_ees[1] - m_dot*s_ees[2] - Q_dot_out/T_o + S_dot_gen_ees= 0 

"Exergy Destroyed:" 
X_dot_destroyed_ees = T_o*S_dot_gen_ees 
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P2

[kPa] 
T2
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12-98 An adiabatic storage tank that is initially evacuated is connected to a supply line that carries nitrogen. A valve is 
opened, and nitrogen flows into the tank. The final temperature in the tank is to be determined by treating nitrogen as an 
ideal gas and using the generalized charts, and the results are to be compared to the given actual value. 

Assumptions 1 Uniform flow conditions exist. 2 Kinetic and potential energies are negligible. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance:   m m m m m m miin out system out initial           (since )− = → = = =∆ 2 0  

Energy balance:     E E E m h m ui iin out system     − = → + =∆ 0 2 2  

10 
MPa

V1 = 0.2 m3

Initially 
evacuated 

N2

Combining the two balances:     u2 = hi

(a)  From the ideal gas property table of nitrogen, at 225 K we read 

u h hi2 6 537= = =@225 K kJ / kmol,  

The temperature that corresponds to this u2 value is 

 (7.4% error) T2 = 314.8 K

(b)  Using the generalized enthalpy departure chart, hi is determined to be 
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     (Fig. A-29) 

Thus,  

and 

( )( )( )

kJ/kmol593,5

kJ/kmol593,52.126314.89.0537,69.0

2

crideal,

==

=−=−=

i

uii

hu

TRhh

Try T2 = 280 K.  Then at PR2 = 2.95 and TR2 = 2.22  we read Z2 = 0.98 and cr2,2 /)( TRhh uideal − = 0.55 

Thus, 

( )( )( )
( )( )( ) kJ/kmol283,5280314.898.0564,7

kJ/kmol564,72.126314.855.0141,855.0

222

crideal2,2

=−=−=

=−=−=

TZRhu

TRhh

u

u

Try T2 = 300 K. Then at PR2 = 2.95 and TR2 = 2.38  we read Z2 = 1.0 and cr2,2 /)( TRhh uideal − = 0.50 

Thus, 

( )( )( )
( )( )( ) kJ/kmol704,5300314.80.1198,8

kJ/kmol198,82.126314.850.0723,850.0

222

crideal2,2

=−=−=

=−=−=

TZRhu

TRhh

u

u

By linear interpolation, 

 (0.6% error) K294.7 2 =T
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12-99E Methane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for 
this compression is to be determined using the departure charts and treating the methane as an ideal gas with temperature 
variable specific heats. 
Properties The properties of methane are (Table A-1E) 

psia673  R,9.343  R,Btu/lbm1238.0  lbm/lbmol,043.16 crcr ==⋅== PTRM
Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the expression of Table A-2Ec is substituted for cp and the 
integration performed, we obtain 

1

23
1

3
2

2
1

2
212

1

2

1

2
2

1

2

1

2
2

1
ideal12

ln)(
3

)(
2

)(ln
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Solving this equation by EES or an iterative solution gives 
R8922 =T

When en energy balance is applied to the compressor, it becomes 

Btu/lbmol3290

)560892(
4

104510.0
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The work input per unit mass basis is 

Btu/lbm205.1===
lbm/lbmol16.043

Btu/lbmol3290in
in M

w
w

The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 
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The work input is determined to be 

Btu/lbm202.3=
−⋅−=

−−−=−=
)0332.00990.0)(R9.343)(RBtu/lbm1238.0(Btu/lbm1.205

)()( 12crideal1212in hh ZZRThhhhw
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12-100 The volume expansivity of water is given. The change in volume of water when it is heated at constant pressure is 
to be determined. 

Properties The volume expansivity of water is given to be 0.207×10-6 K-1 at 20°C. 

Analysis We take v = v (P, T).  Its total differential is 

dP
P

dT
T

d
TP
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛=

∂
∂

∂
∂ vv

v

which, for a constant pressure process, reduces to 

dT
T

d
P
⎟
⎠
⎞

⎜
⎝
⎛=
∂
∂v

v  

Dividing by v and using the definition of β, 

dTdT
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d

P
β

∂
∂

=⎟
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⎛=

v
vv

v 1

Taking β to be a constant, integration from 1 to 2 yields 

or 

( )

( )[ ]12
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1

2

exp

ln

TT
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−=

−=

β

β

v

v

v

v

Substituting the given values and noting that for a fixed mass V2/V1 = v2/v1, 

( )[ ] ( ) ( )( )[ ]
3

163
1212

m50000414.0

C1050K10207.0expm5.0exp

=

°−×=−= −−TTβVV

Therefore, 
3cm4.14==−=−∆ 3

12 m00000414.05.050000414.0= VVV
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12-101  The work done by the refrigerant 134a as it undergoes an isothermal process in a closed system is to be 
determined using the tabular (EES) data and the generalized charts.  

Analysis  The solution using EES built-in property data is as follows: 

kJ/kg.K1484.1
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For the generalized chart solution we first determine the following factors using EES as 

02635.0and  03396.0  ,9857.0
02464.0

059.4
1.0

8369.0
2.374
2.313

147.5and  82.4  ,08357.0
4927.0

059.4
2

8369.0
2.374
2.313

222
2

2

2
2

111
1

1

1
1

===⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

===⎯→⎯

⎪
⎪
⎭

⎪
⎪
⎬

⎫

===

===

sh

cr
R

cr
R

sh

cr
R

cr
R

ZZZ

P
P

P

T
T

T

ZZZ

P
P

P

T
T

T

Then, 

kJ/kg.K4194.0kJ/kg.K)08148.0)(147.5(
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The copy of the EES solution of this problem is given next.   

"Input data" 
T_critical=T_CRIT(R134a) "[K]" 
P_critical=P_CRIT(R134a) "[kpa]" 
T[1]=40+273.15"[K]" 
T[2]=T[1]"[K]" 
P[1]=2000"[kPa]" 
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12-79

P[2]=100"[kPa]" 
R_u=8.314"[kJ/kmol-K]" 
M=molarmass(R134a) 
R=R_u/M"[kJ/kg-K]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
DELTAs_EES=(entropy(R134a,T=T[2],P=P[2])-entropy(R134a,T=T[1],P=P[1])) 
q_EES=T[1]*DELTAs_EES 

s_2=entropy(R134a,T=T[2],P=P[2]) 
s_1=entropy(R134a,T=T[1],P=P[1]) 

"Conservation of energy for the closed system:" 
DELTAu_EES=intEnergy(R134a,T=T[2],p=P[2])-intEnergy(R134a,T=T[1],P=P[1]) 
q_EES-w_EES=DELTAu_EES 
u_1=intEnergy(R134a,T=T[1],P=P[1]) 
u_2=intEnergy(R134a,T=T[2],p=P[2]) 

"***** COMPRESSABILITY CHART  SOLUTION ******" 
"State 1" 
Tr[1]=T[1]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 
DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical"Enthalpy departure" 
Z_h1=ENTHDEP(Tr[1], Pr[1]) 
DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
Z_s1=ENTRDEP(Tr[1], Pr[1]) 
  
"State 2" 
Tr[2]=T[2]/T_critical 
Pr[2]=P[2]/P_critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 
DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical"Enthalpy departure" 
Z_h2=ENTHDEP(Tr[2], Pr[2]) 
DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
Z_s2=ENTRDEP(Tr[2], Pr[2]) 

"Entropy Change" 
DELTAs_ideal= -R*ln(P[2]/P[1]) 
DELTAs_chart=DELTAs_ideal-(DELTAs[2]-DELTAs[1])  

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
q_chart=T[1]*DELTAs_chart 

"Conservation of energy for the closed system:" 
DELTAh_ideal=0 
DELTAu_chart=DELTAh_ideal-(DELTAh[2]-DELTAh[1])-(Z[2]*R*T[2]-Z[1]*R*T[1]) 
q_chart-w_chart=DELTAu_chart 
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SOLUTION 

DELTAh[1]=146.97 [kJ/kg] 
DELTAh[2]=1.04 [kJ/kg] 
DELTAh_ideal=0 [kJ/kg] 
DELTAs[1]=0.4194 [kJ/kg-K] 
DELTAs[2]=0.002147 [kJ/kg-K] 
DELTAs_chart=0.6613 [kJ/kg-K] 
DELTAs_EES=0.7568 [kJ/kg-K] 
DELTAs_ideal=0.2441 [kJ/kg-K] 
DELTAu_chart=122.92 [kJ/kg] 
DELTAu_EES=157.9 [kJ/kg] 
M=102  
P[1]=2000 [kPa] 
P[2]=100 [kPa] 
pr[1]=0.4927  
Pr[2]=0.02464  
P_critical=4059 [kpa] 
q_chart=207.09 [kJ/kg] 
q_EES=237.00 [kJ/kg] 

R=0.08148 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 
s_1=0.3916  
s_2=1.1484 [kJ/kg-K] 
T[1]=313.2 [K] 
T[2]=313.2 [K] 
Tr[1]=0.8369  
Tr[2]=0.8369  
T_critical=374.2 [K] 
u_1=106.37  
u_2=264.25 [kJ/kg] 
w_chart=84.18 [kJ/kg] 
w_EES=79.12 [kJ/kg] 
Z[1]=0.08357  
Z[2]=0.9857  
Z_h1=4.82  
Z_h2=0.03396  
Z_s1=5.147  
Z_s2=0.02635 
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12-102 The heat transfer, work, and entropy changes of methane during a process in a piston-cylinder device are to be 
determined assuming ideal gas behavior, using generalized charts, and real fluid (EES) data.  

Analysis  The ideal gas solution: (Properties are obtained from EES) 

State 1:  
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For the generalized chart solution we first determine the following factors using EES as 
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The solution using EES built-in property data is as follows: 
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kJ/kg136.96==−= /kg0.04717)m-41kPa)(0.0814000()( 3
12EES vvPw

[ ] kJ/kg741.31=−−+=−+= )82.39(52.56497.136)( 12EESEES uuwq

kJ/kg1.50=−−=−=∆ )439.1(06329.012EES sss
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12-83

12-103E Methane is compressed steadily. The entropy change and the specific work required are to be determined using the 
departure charts and the property tables. 
Properties The properties of methane are (Table A-1E) 

RBtu/lbm1238.0R,Btu/lbm532.0psia,673  R,9.343  lbm/lbmol,043.16 crcr ⋅=⋅==== RcPTM p

Analysis (a) Using empirical correlation for the cp of methane as given in Table A-2Ec gives 
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Methane

50 psia 
100°F The work input is equal to the enthalpy change. The enthalpy change per unit mass is 
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Similarly, the entropy change is given by 
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The entropy change per unit mass is 
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(b) The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to 
be (Figs. A-29, A-30 or from EES. We used EES.) 
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The work input and entropy changes are 
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12-84

12-104E Methane is compressed in a steady-flow device. The second-law efficiency of the compression process is to be 
determined. 

Analysis The reversible work input to the compressor is determined from 

Btu/lbm8.518)RBtu/lbm4628.0)(R537(Btu/lbm4.767)( 12012rev =⋅−=−−−= ssThhw

The second-law efficiency of the compressor is 

67.6%==== 676.0
4.767
8.518

actual

rev
II w

w
η
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12-85

Fundamentals of Engineering (FE) Exam Problems 

12-105 A substance whose Joule-Thomson coefficient is negative is throttled to a lower pressure. During this process, 
(select the correct statement) 
(a) the temperature of the substance will increase. 
(b) the temperature of the substance will decrease.  
(c) the entropy of the substance will remain constant.  
(d) the entropy of the substance will decrease. 
(e) the enthalpy of the substance will decrease.  
Answer  (a) the temperature of the substance will increase. 

12-106 Consider the liquid-vapor saturation curve of a pure substance on the P-T diagram. The magnitude of the slope of 
the tangent line to this curve at a temperature T (in Kelvin) is  
(a) proportional to the enthalpy of vaporization hfg at that temperature, 
(b) proportional to the temperature T,  
(c) proportional to the square of the temperature T,  
(d) proportional to the volume change vfg at that temperature,  
(e) inversely proportional to the entropy change sfg at that temperature, 
Answer  (a) proportional to the enthalpy of vaporization hfg at that temperature, 

12-107 Based on the generalized charts, the error involved in the enthalpy of CO2 at 300 K and 5 MPa if it is assumed to be 
an ideal gas is   

 (a) 0  (b) 9%  (c) 16%  (d) 22%   (e) 27% 

Answer  (e) 27% 

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). 

T=300 "K" 
P=5000 "kPa" 
Pcr=P_CRIT(CarbonDioxide) 
Tcr=T_CRIT(CarbonDioxide)  
Tr=T/Tcr 
Pr=P/Pcr 
hR=ENTHDEP(Tr, Pr) 
h_ideal=11351/Molarmass(CO2) "Table A-20 of the text" 
h_chart=h_ideal-R*Tcr*hR 
R=0.1889 
Error=(h_chart-h_ideal)/h_chart*Convert(, %) 
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12-86

12-108 Based on data from the refrigerant-134a tables, the Joule-Thompson coefficient of refrigerant-134a at 0.8 MPa and 
100°C is approximately 

(a) 0 (b) -5°C/MPa (c) 11°C/MPa (d) 8°C/MPa  (e) 26°C/MPa 

Answer  (c) 11°C/MPa 

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). 

T1=100 "C" 
P1=800 "kPa" 
h1=ENTHALPY(R134a,T=T1,P=P1) 
Tlow=TEMPERATURE(R134a,h=h1,P=P1+100) 
Thigh=TEMPERATURE(R134a,h=h1,P=P1-100) 
JT=(Tlow-Thigh)/200 

12-109 For a gas whose equation of state is P(v - b) = RT, the specific heat difference cp – cv is equal to    

(a) R (b) R – b (c) R + b (d) 0  (e) R(1 + v/b)  

Answer  (a) R 

Solution  The general relation for the specific heat difference cp - cv is 
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For the given gas, P(v - b) = RT.  Then, 
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Substituting, 
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12-110 ··· 12-112  Design and Essay Problems 
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