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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) (0x)y,=dx; (b) (0z) ,<dz; and (¢) dz=(02), + (0z),
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-m’/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),

dP:(a—P] dT+(a—Pj gy Rl _ RTdv
or ), r

v v v?
(a) The change in 7T can be expressed as d7'= AT =300 x 0.01 =3.0 K. At v=constant,

RIT  (0.287 kPa-m”/kg - K)(3.0 K)

3 =0.7175 kPa
v 1.2 m”/kg

(aP), =

(b) The change in vcan be expressed as dv=Av=1.2 x 0.01 =0.012 m*/kg. At T'= constant,

(aP), = RTdv _ (0.287 kPa-m’/kg - K)(300K)(0.012m>/kg)
T~ 2 - -

: -0.7175 kPa
v (1.2m°/kg)

(¢) When both vand T increases by 1%, the change in P becomes
dP =(dP), +(dP); =0.7175+ (-0.7175) =0

Thus the changes in 7 and vbalance 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-m*/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 ),

ap=( L) ar+[ L) gy R _RTdv
ar ), vir v v2

(a) The change in T can be expressed as d7= AT =300 x 0.01 =3.0 K. At v = constant,

RIT (20769 kPa - m’/kg - K)(3.0 K)

3 =5.192 kPa
v 1.2m"/kg

(@), -

(b) The change in vcan be expressed as dv=Av=1.2 x 0.01 =0.012 m*/kg. At T = constant,

RTdv (2.0769 kPa - m>/kg - K)(300 K)(0.012m?)
(dP)T =- 2 = =

-5.192 kPa
v (1.2m>/kg)?

(c¢) When both vand T increases by 1%, the change in P becomes
dP=(dP), +(dP); =5.192+(-5.192) =0

Thus the changes in 7 and vbalance each other.

12-7 Nitrogen gas at a specified state is considered. The ¢, and ¢, 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 c, and ¢, of ideal gases depends on temperature only, and are expressed as c,(T) = dh(T)/dT and cT) =
du(T)/dT. Approximating the differentials as differences about 400 K, the ¢, and ¢, values are determined to be

oo (H0) (s
’ ar T=400 K AT T=400 K

S
h(410 K)-h(390 K) '/
(410-390)K C
_(11,932-11,347)/28.0 kl/kg
(410-390)K
=1.045 kJ/kg -K

(Compare: Table A-2b at 400 K — ¢, = 1.044 kJ/kg-K)

T
¢, (400K) = (d”(T)) = (Aumj
dr T=400 K AT T=400 K
w410 K)-u(390 K)
(410-390)K
_(8523-8104/280KVKe _ 0 oo
(410-390)K

(Compare: Table A-2b at 400 K — ¢,=0.747 kJ/kg-K)
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12-8E Nitrogen gas at a specified state is considered. The ¢, and ¢, 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 ¢, and ¢, of ideal gases depends on temperature only, and are expressed as c,(7) = dh(T)/dT and c¢T) =
du(T)/dT. Approximating the differentials as differences about 600 R, the ¢, and c, values are determined to be

¢, (800 R) = (Mj = (M]
b dT" )r_goor AT Jr=g00 v

h(820 R)—h(780 R)

~ (820-780R
_ (5704.7 - 54242)28.013 Brw/lom _ oo o
(820 - 780)R

(Compare: Table A-2Eb at 800 R = 340°F — ¢, =0.250 Btuw/Ibm'R )

¢, (800 R) = (Mj - (A”_(T)j
T=800 R AT T=800 R

_u(820R)-u(780R)

(820 — 780)R
_ (40763 -3875.2)28.013 Bw/lbm _ ) (oo o o
(820 — 780)R

(Compare: Table A-2EDb at 800 R = 340°F —» ¢,=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-m’/kg'K (Table A-1).
Analysis (a) The changes in T and P can be expressed as

dT = AT = (404 — 400)K =4 K

dP = AP = (96 —100)kPa = —4 kPa

The ideal gas relation Pv= RT can be expressed as v= R7/P. Note that R is a constant and v = v (7, P). Applying the total
differential relation and using average values for 7 and P,

o[22 ar(22) ap-Ror_krar
orT )p oP ), P p?

4K (402 K)(-4 kPa)
98 kPa (98 kPa)?

=(0.0117 m>/kg) +(0.04805 m>/kg) = 0.0598 m*>/kg

=(0.287 kPa -m3/kg-K)(

(b) Using the ideal gas relation at each state,

RT,  (0.287 kPa-m”/kg - K)(400 K)

v, = =1.1480 m?/kg
P 100 kPa
RT. 287 kPa-m?/kg-K)(404 K

v, =R _ (0287kPa-m kg K)A0LK) _ | 5578 1 ikg
P, 96 kPa

Thus,
Av = v, —v, =1.2078—1.1480 = 0.0598 m°/kg

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 7. 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 7, the cyclic relation can
be expressed as

(5o} G (3),

where
po RT (a_Pj -RT P
v—a ov)r (v-a) v-a
RT ov R
v=—"-+ —| ==
or ), P
T P(v—-a) ory v-a
R oP), R
Substituting,

(o5 B )

which is the desired result.

(b) The reciprocity rule for this gas at v= constant can be expressed as

w)
or ), (8T /oP),

T:P(v—a) 8_T _V-a
R oP), R
RT (apj R
P= —> | —=| =
v—-a or), v-a

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 7- v diagram are straight lines and that the high
pressure lines are steeper than the low-pressure lines.

Analysis (a) For an ideal gas Pv= RT or T = PUR. Taking the partial derivative of T with respect to vholding P constant

yields
(o) -t
ov), R

which remains constant at P = constant. Thus the derivative
(0T/0v)p, which represents the slope of the P = const. lines on a 7-v
diagram, remains constant. That is, the P = const. lines are straight
lines on a 7-v diagram.

T

P = const

(b) The slope of the P = const. lines on a 7-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 7-v diagram.

12-12 A relation is to be derived for the slope of the v= constant lines on a 7-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

T:%(PJrVZiJ(v—b)

Taking the derivative of T with respect to P holding v constant,

[”ju - Lvofy-p)= 22"

oP

which is the slope of the v= constant lines on a 7-P diagram.
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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,

53
P)r ar )p
As . _[Av
(AP J T=50°C - (AT ) P=700kPa
[S 900 kPa ~ 500 kPa J ;_( V70°c — V30°C J
(900 — 500)kPa e (70-30)°C —

(0.9660 —1.0309)kI/kg - K ?  (0.036373—0.029966)m’ /kg

(900 — 500)kPa (70 —30)°C

~1.621x107* m®/kg - K =-1.602x10~* m*/kg - K

since kJ = kPa-m?, and K = °C for temperature differences. Thus the last Maxwell relation is satisfied.
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12-9

EE
12-14 E 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]" "atP =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,
)2
oP ), oT )p
).
AP ) gopp  \AT P=400psia

[S 450 psia — 5350 psia j ;_( Y900°r ~Y700°F J
(450-350)psia |, .~ [ (900-700)°F -

(1.6706-1.7009)Btw/lbm R ?  (1.9777 -1.6507)ft’/lbm

(450—350)psia (900 —700)°F

~1.639x107° ft*/lbm-R = —1.635x107> ft>/lbm-R

since 1 Btu = 5.4039 psia-ft’, and R = °F for temperature differences. Thus the fourth Maxwell relation is satisfied.

12-16 Using the Maxwell relations, a relation for (0s/OP)r for a gas whose equation of state is P(«-b) = RT is to be
obtained.

. . . RT
Analysis This equation of state can be expressed as v = > +b. Then,

ov) _R
or), P

From the fourth Maxwell relation,

o) __(ov) __R
op), \er), P

12-17 Using the Maxwell relations, a relation for (9s/0v); for a gas whose equation of state is (P-a/v)(v-b) = RT is to be
obtained.

Analysis This equation of state can be expressed as P =

oP) _ R
or), wv-b

From the third Maxwell relation,

2] ()
ov), \or), v-b

T
+i. Then,
v->b (/2
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12-11

12-18 Using the Maxwell relations and the ideal-gas equation of state, a relation for (0s/0v)r for an ideal gas is to be
obtained.

. . . RT
Analysis The ideal gas equation of state can be expressed as P =——. Then,
v
oP) R
or), wv

From the third Maxwell relation,

a) (o) _R
ov), \oT), v
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12-12

12-19 It is to be proven that 8_P = K 8—P
or), k-1\er),

Analysis Using the definition of ¢,,
o3 {8 (e
or ), opP) \oT ),

Substituting the first Maxwell relation [SISD = auj ,

135
or ) \or),

Using the definition of ¢,
, = T(ﬁj _ T(QJ [QJ
oT ), ov)p\oT )p

P
Substituting the second Maxwell relation (ﬁ) = (8 j ,
P s

ov ﬁ
)
or),\or ),

From Eq. 12-46,

2
AL
oT )p\ov ),

Also,

k.
k-1 ¢,—-c,

Then,

() (&)
St ()
k-1 (5(,)2[513} oT )\ ov )p\ P )
oT Jp\ov ),
Substituting this into the original equation in the problem statement produces
) AFE)LE
oT ) 6TS6VP6P76TJV

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

(5, (),
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12-13
12-20 It is to be shown how 7, v, u, a, and g could be evaluated from the thermodynamic function 4 = A(s, P).

Analysis Forming the differential of the given expression for 4 produces

dh:(@j ds{%) ip
0s Jp oP ),

Solving the dh Gibbs equation gives
dh = Tds + vdP

Comparing the coefficient of these two expressions

0s Jp

&)
v=|—

OP )

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

From the definition of the enthalpy,

u =h—Pv:h—P[%J
OP )

Similarly, the definition of the Helmholtz function,

a=u—Ts=h—P% —s@
oP ) 0s Jp

while the definition of the Gibbs function gives

q:h—Ts=h—s[%]
P

Os

All of these can be evaluated for a given P and s and the fundamental /(s,P) equation.
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12-14
The Clapeyron Equation

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

12-22C 1t is assumed that vy, = v, = RT/P, and hy, = 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,

dP
h, =Tv, | —
Jg /g(dT)sat
AP

=T, -v,) (—j
4 f /@300 kPa
€ AT sat, 300 kPa

(325-275)kPa J

= Tsat@300 kPa (Vg Vs )@300 kPa| 7 T
sat@325 kPa ~ * sat@275 kPa

= (133.52+273.15 K)(0.60582 — 0.001073 m* /kg)
(136.27-130.58)°C

50 kPa J

=2159.9kJ/kg
The tabulated value of A at 300 kPa is 2163.5 kJ/Kg.

12-24 The hy, and s, 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,

dP
hy =Tv,|—
/g /g ( dTlm
AP

=Ty =V )aioc (_j
. AT ) e 120°c

Psat@125°C ~ fsat@l15°C
125°C-115°C

= T(Vg _Uf)@l20°C(

232.23-169.18)kP
:(120+273.15K)(O.89133—0.001060m3/kg)((3 3-169.13) aJ

10 K
=2206.8 kJ/kg

_hg 22068 ki/kg

=200 _56131kJkg-K
T~ (120+273.15)K

Also, s f

The tabulated values at 120°C are Ay = 2202.1 kJ/kg and s, = 5.6013 kJ/kg-K.
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12-15

12-25E The hy, 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,

dP
hpg =Ty (d_T]
sat
AP
ET(Vg —Vf)@looF(Ej 0
sat, 10°F

Psat@ 15°F — Psat@S"F
:T(Vg _V./')@ IOOF( 15°F — 5°F

= (10 +459.67 R)(1.7345—0.01201ft3/lbm)( o

(29.759 — 23.793) psia]

=482.6 psia - ft*/Ibm = 89.31 Btu/lbm  (0.1% error)

since 1 Btu = 5.4039 psia-ft’.

(b) From the Clapeyron-Clausius equation,

h{&j ’L(LLJ
Pl sat R Tl T2 sat

o[ 23:793psia ) hy, 1 B 1
29.759psia ) 0.01946 Btu/lbm-R \ 15+459.67 R 5+459.67 R
h, =96.04 Btu/lbm (7.6% error)

The tabulated value of /4, at 10°F is 89.23 Btu/lbm.
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12-16

EE
12-26 E 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

AP
h/g,Clapeyron = TV/g E

At 100°C, for an increment of 5°C, we obtain

Tl :T_Tincrement =100-5=95°C
Ty =T+ Ty oramen = 10045 =105°C
P, = P o5c =84.61kPa

Py = Py 105 =120.90kPa
AT =T, —T, =105-95=10°C
AP =P, — P, =120.90—84.61 = 36.29 kPa
Y @i00rc =0.001043m’ /kg
Veaoooc =1.6720m*/kg
V=V, —v, =1.6720-0.001043=1.6710m"’ /kg

Substituting,

AP 36.29 kPa
=T, S =(100+273.15K)(1.6710 m?/kg) ———= = 2262.8 kJ/kg

hg,
fg,Clapeyron 10K

The enthalpy of vaporization from steam table is

h @ 100°c =2256.4 m3/kg

The percent error in using Clapeyron equation is

PercentError = Mx 100 =0.28%

2256.4

We repeat the analysis over the temperature range 10 to 200°C 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 (Eqg. 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"[%]"

hig htg,clapeyron | PercentError T
[kJ/kg] [kJ/kg] [%] [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
2600 T T T T T T T T
2500} h¢g calculated by Clapeyron equation .

2400

5 | e '

< 2300¢ \.\ i

— L N ]

X
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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,

5.404 psia - ft> Weight

(250 Btu)[le) /(0.5 Ibm) —

h
(d—Pj -—£ - - —1.896 psia/R
dl ) Ty (475R)(1.5 ft3)/(0.5 Ibm)
50 psi
Using the finite difference approximation, 152 i;a -TA 0
(de (PZ—PIJ 0.5 Ibm
el Sat. vapor
dr sat T2 - Tl sat
Solving for 7>,
P, -P - i
=1 + 270 45 (0=30sia_ ) g
dP/dT 1.896 psia/R

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,

p3 .
s Btu)(MMlp;tlaftJ /(0.5 Ibm) Wﬂght
u
(d—Pj -—£ - - —1.896 psia/R
dl ) Tvg (475 R)(1.5 £t)/(0.5 Ibm)
50 psi
Using the finite difference approximation, 10§SFla ~-TA 0
(de [PQ—PIJ 0.5 Ibm
I Sat. vapor
dr sat T2 _Tl sat
Solving for Ps,
dP

Py =P+ (T, = T)) =50 psia + (1.896 psia/R)(470 — 475)R = 40.52 psia
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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 sy, of this substance at the given temperature is to be estimated.

Analysis From the Clapeyron equation, Weight
( dP j B h g, _ Sk -
T )y TV Vg
50 psia
Solving for s, 1 SPZF “T™ 0
h. 0.5 Ibm
= (250 B;‘;)é (E'S bom) _ 1 053 Btu/lbm-R Sat. vapor
Alternatively,

3
sfgz[d_P] v, = (1.896 psia/R) -0 1B 11 053 Bulbm R
dT ), 0.51bm | 5.404 psia - ft

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,

h, ia - ft’
(dpj & 90.886 Btu/Ibm [5.404 psia - ft J 04979 psiaR
sat

dT ), Tvy,  (460R)2.1446f°/bm)| 1Bt
Using the finite difference approximation,
Solving for P, at —15°F

P, =P+ Z—I;(Tz —T,)=21.185 psia + (0.4979 psia/R )(445 — 460)R =13.72 psia

Solving for P, at —30°F

P, =P+ Z’—I;(T2 —T,)=21.185 psia + (0.4979 psia/R )(430 — 460)R =6.25 psia
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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

(d_P) _ e
dT ) o vag

Using the finite difference approximation,

(d_Pj N[Pz‘PlJ _
dT ) 7, -T at Tufg

Solving this for the second pressure gives for 7, = 110°F

hg,
P, :PlJFTi(Tz_Tl)

Vi
. 404 psia - ft*
1167 psia + 154 85Btu/1b13n 5.404 psia - ft (110-100)R
(560 R)(0.86332 ft”/Ibm) 1Btu
=134.0psia

When 7, = 90°F

h
P, =P+ (1,-T)
Tu/g

1167 psia + 15485 Brw/lbm (5.404p51a fit

(90—100)R
(560 R)(0.86332 ft*/Ibm) 1Btu J

=99.4 psia

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

12-21

oth, /T
12-32 It is to be shown that Cpg~Cpr = T[MJ +V 4 (6—13) .
aT P ‘ aT sat

Analysis The definition of specific heat and Clapeyron equation are
(3
P\er ),
(d_Pj _ e
T ) Tv,,

According to the definition of the enthalpy of vaporization,

he Py By
T T T

Differentiating this expression gives
(6hfg/T] :(6hg/Tj _(6hf/T]
o ), o ), o ),

1 (thJ he 1 (th] hy

2 2

T\ oT , I° T oT p T
rg  Spsf hg —hy

T T 72

c

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

Cpg ~Cpf = T( oT TV (ﬁlm
P
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General Relations for du, dh, ds, ¢, and ¢,

12-33C Yes, through the relation

oc 2
oP ’ oT »

12-34E The specific heat difference c, — ¢, for liquid water at 1000 psia and 300°F is to be estimated.

Analysis The specific heat difference ¢, — ¢, is given as

2
(]
oT Jp\ov ),

Approximating differentials by differences about the specified state,

2
A AP
e _T[_Uj [_]
AT ) p_1o00psia \ AY ) r=300°F

=—(300 + 459.67 R)
(325-275)°F

2
V325 — Vo750 ] [ (1500 — 500)psia
P=1000psia

Y1500psia — Y500psia

_ 3 2
(60967 R)[ (0017633 260;7151)ft /lbm} [

=0.986 psia - ft*/Ibm - R
=0.183Btu/lbm-R (1 Btu =5.4039 psia - ft*)

Properties are obtained from Table A-7E.

(0.017345 - 0.017417)ft* /lbm

|

12-22
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12-23

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

Analysis The volume expansivity and isothermal compressibility are expressed as

B:l[a—vJ andaz—l(a—uJ
v\ioT ), v\ 0P ),

Approximating differentials by differences about the specified state,

! (Avj 1 (U4O°C _V20°CJ
VAAT ) p_spopa Y\ (40-20)°C P200kPa

B 1 (0.12322-0.11418)m> /kg
0.11874 m?/kg 20K
=0.00381 K

and

1N

o _l(ﬂj :_l[VMOkPa _VlsokPaJ
VAP g v( (240-180)kPa )
1 (0.09812-0.13248)m* /kg
0.11874 m3/kg( 60 kPa J

=0.00482 kPa™*
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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, ¢,= 0.731 kJ/kg-K (Table A-2b).
Analysis Solving the equation of state for P gives
RT

vV—a

r)
or), v-a

Using equation 12-29,

duchdT+{T(a—P) —P}du
or ),

Substituting,

P=

Then,

du:c(,dT+( RT __RT jdu

v-a v-a
=c,dT

Integrating this result between the two states with constant specific heats gives
u, —u; =c, (T, —17) =(0.731kJ/kg - K)(300 - 20)K = 205 kJ/kg
The ideal gas model for the air gives
du =c,dT

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, ¢, = 1.018 kl/kg-K (Table A-2b).
Analysis Solving the equation of state for v gives

RT
v="+a
Then,
vy _R
oT ), P

Using equation 12-35,

dh=c,dT + u—T(ﬁj dp
or )

Substituting,
dh = c,dT + E+o¢—E dP
P P
= cpdT +adP

Integrating this result between the two states with constant specific heats gives
hy —hy=c, (I, =T})+a(P, — )

= (1.018 kJ/kg - K)(300 — 20)K + (0.01 m*/kg)(600 — 100)kPa
=290.0kJ/kg

For an ideal gas,

dh =c,dT

which when integrated gives

hy —hy =c, (T, —T;) = (1.018 kJ/kg - K)(300 — 20)K = 285.0 kJ/kg
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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, ¢, = 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

Vv=—m-+a
P
Then,
vl _R
oT ), P
The entropy differential is
ds=c, d—T—(6—Vj dp
or ),
L, AT pdr
T P

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

T P
§y =81 =¢, lnT2—Rln?2
1 1

ST3K _ 0287 kikg - K)in 200KPa

293K 100 kPa

=(1.018 kl/kg-K)ln
=0.1686 kJ/kg -K
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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, ¢,= 3.1156 kJ/kg-K (Table A-2a).
Analysis Solving the equation of state for P gives
RT

vV—a

oP) _ R
or), v-a

Using equation 12-29,

du=c,dT + T(a—PJ —Pldv
oT ),

Substituting,

P=

Then,

duzc(,dT+( RT __RT ]dv

v—a v-—a

=c,dT
Integrating this result between the two states gives
u, —uy =c, (T, -T;) =(3.1156 kJ/kg - K)(300 - 20)K = 872.4 kJ/kg
The ideal gas model for the helium gives
du =c,dT

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, ¢, = 5.1926 kJ/kg-K (Table A-2a).

Analysis Solving the equation of state for v gives

RT
v=—+a
P
Then,
vy _R
oT ), P

Using equation 12-35,

dh=c,dT + u—T(ﬁj dp
or )

Substituting,
dh = cpdT+ E+a—E dP
P P
= cpdT +adP

Integrating this result between the two states gives
hy —hy=c, (I, -T) +a(P, — B)

=(5.1926 kJ/kg - K)(300 — 20)K + (0.01 m>/kg)(600 — 100)kPa
=1459kJ/kg

For an ideal gas,
dh=c,dT

which when integrated gives

hy —hy =c,(Ty —T}) = (5.1926 k/kg - K)(300 — 20)K = 1454 kJ/kg
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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, ¢, = 5.1926 kJ/kg-K and R = 2.0769 kJ/kg-K (Table A-2a).
Analysis Solving the equation of state for v gives

RT
v=—-~+a
P
Then,
vy _R
oT ), P
The entropy differential is

ds=c d_T_(auj dP
r P

7 \er
L 4T _pde
T P

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

T P
Sy =81 =¢,p In=2-Rln—%
I A
K kP
— (5.1926 kJ/kg- K)In 22K _ (2.0769 k/kg - K)ln 200 KP4
293K 100 kPa

=-0.2386 kJ/kg -K
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12-30

12-42 General expressions for Au, Ah, and As for a gas whose equation of state is P(«~a) = RT for an isothermal process are
to be derived.

Analysis (a) A relation for Au is obtained from the general relation
T.

"¢, dT + j (T[G_PJ - P]du
T Yi oT v

Au=u,—u, :j

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

p_ RT (8_Pj R

v—-a oT v_u—a
Thus,
T(a—P -P= RT -P=P-P=0
oT ), v—a
TZ
Substituting, Au:'[ c,dT
4

(b) A relation for Ak is obtained from the general relation

T, P,
Ah=hy —hy =I chdT+_[ Z(U—T[%j de
7 R »

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

RT ov) R
v=—+ta—>|—| =—
P or), P

U_T(_jp :U—T%:u—(u—a):a

Substituting,

TZ PZ TZ
Ah:jT cpdT+jP adP:J'T c,dT+a(P,-P))
1 1

(c) A relation for As is obtained from the general relation

T, ¢ P,
As:sz—slzj —pdT—.[ @ ap
n T R \OT )p
Substituting (0V/0T)p = R/T,

T, ¢ P T, ¢ P
As = z—pdT—J.Z RY ap= " ar—rnz
n T A\P)p n T P

For an isothermal process d7 = 0 and these relations reduce to

P
Au =0, Ah:a(Pz—Pl), and As:—Rln?2
1

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

12-31
12-43 General expressions for (0u/0P)r and (0h/0v)r in terms of P, v, and T only are to be derived.

Analysis The general relation for du is

du=c,dT + T[a—Pj —Pldv
or),

Differentiating each term in this equation with respect to P at 7 = constant yields

(%), - {(%),-#)%), () () -AZ),

Using the properties P, T, v, the cyclic relation can be expressed as

G5 &), — (&), 5

Substituting, we get

(&), 15, 5)

The general relation for d# is

dh=c,dT+|v-1/ 2] |ap
r oT )p

Differentiating each term in this equation with respect to vat 7 = constant yields

(2], (-3 )2, -42), (%), (%),

Using the properties v, T, P, the cyclic relation can be expressed as

)&, =), )

Substituting, we get

(6}1) [GP] (GT)
—| == +7] =
ov ) ov); oP ),
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12-32

12-44 1t is to be shown that ¢, —¢, =T P (v .
or ) \oT )p

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

ds=[ﬁ] dT+[ﬁ dv
oT ), ov);

Substituting (5—;] = 07" from Eq. 12-28 and the third Maxwell equation changes this to
v

ds=ar+[ L) 4u
T or ),

Taking the entropy to be a function of pressure and temperature,
ds = (ﬁ ar+ (ﬁj ap
oT )p oP ),

c
Combining this result with (aa—;j = TP from Eq. 12-34 and the fourth Maxwell equation produces
P

C
ds =L dT - a—"j dP
T or ),

Equating the two previous ds expressions and solving the result for the specific heat difference,

(c —cv)dT:Ta—V dP+ o dv
’ oT )p or ),

Taking the pressure to be a function of temperature and volume,

sz(a—P dT+a—P dv
oT ), ov);

When this is substituted into the previous expression, the result is

oo 80 (8) 30 5 () o
r orT ),\oT ), oT )p\ov ) \oT ),

According to the cyclic relation, the term in the bracket is zero. Then, canceling the common dT term,

(8P auj
cp=¢c, =T\ —| | ==
or ) \or ),
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12-33

12-45 It is to be proven that the definition for temperature 7 = (0u/ 0s),, 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

dS. =dS, +dSg 20
Assume S =S(u,v) /, =const. Isolated
T, ) system
Then, boundary
ds = (ﬁ) du + (ﬁj dv (/; =const.
ou ), ov ), T,
Since v=const. and dv=0,

ds:(éj du
ou ),

and from the definition of temperature from the problem statement,

du _@
(©ulosy, T
Then,
d d
dS.s =my 14 +mg “s
A Ty

The first law applied to the isolated system yields
Ein - Eout =dU
0=dU——>m du +mpdug =0——>mpduy =-m du 4

Now, the entropy change may be expressed as

Ty -T
dS o =m 4du , 11 =m ,du | 22—
Ty Tg TyTg

As the two systems approach thermal equilibrium,

limdS,, =0
T, >T,
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12-34
12-46 An expression for the volume expansivity of a substance whose equation of state is P(v —a) = RT is to be derived.

Analysis Solving the equation of state for v gives
v=—--+a
The specific volume derivative is then
ov) R
oT ), P
The definition for volume expansivity is
1({0ov
B=—| <2
v\orl )p
Combining these two equations gives

R

P= T v ap

12-47 An expression for the specific heat difference of a substance whose equation of state is P(v —a) = RT is to be
derived.

Analysis The specific heat difference is expressed by

2
crmeo=r{2] (2)
oT )p\ov ),

Solving the equation of state for specific volume,
v=—"-+a

The specific volume derivatives are then

auj RT apj P?
_— = — = ——
oP), P2 ov);, RT

v) R
or), P

Substituting,
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12-35

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

Analysis The definition for the isothermal compressibility is
1 ( ov )
oa=——|—
v\oP ),
Solving the equation of state for specific volume,
v=—"-=+a
The specific volume derivative is then
v) __RT
oP);,  p?
Substituting these into the isothermal compressibility equation gives
o RT P B RT
P>\ RT +aP) P(RT +aP)

RT 3 a
v-b y+bhT"?

12-49 An expression for the isothermal compressibility of a substance whose equation of state is P =

is to be derived.

Analysis The definition for the isothermal compressibility is

1(60)
o=——|—
v\oP ),

The derivative is

(G_PJ_ RT a 2u+b
T

- +
ov (v-b)* T2 v*(v+b)’
Substituting,
a=—t(Ov] __1 ! _ !
- vler), v RT a  2vu+b | RTv a 2u+b

- + - +
(v-b)? T2 v (v+b)? (v-b)? TV? (v+b)?
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12-36

RT B a
v-b y+b)T"?

12-50 An expression for the volume expansivity of a substance whose equation of state is P = is to be

derived.

Analysis The definition for volume expansivity is

1(ov
B:v(ﬁl

According to the cyclic relation,

(5,50 (&),

which on rearrangement becomes

oy o),
L

Proceeding to perform the differentiations gives

([ —
or), v-b 20w+b)T>?

(8_Pj__ RT _ a |1 1
ov)r  (v-b)* BTV |v? (v+b)?

__RT  a  2w+b
(v=b)> TY? vX(v+b)?

and

Substituting these results into the definition of the volume expansivity produces

R N a
B——l v-b 2u+b)T*"?
v —RT a 2u+b

+
(v-b)* T2 V2 (v+b)?
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12-37

RT . .
% is to be derived.

12-51 An expression for the volume expansivity of a substance whose equation of state is P = >
V- vT

Analysis The definition for volume expansivity is
1(ov
p=—{ =%
v\oT ),
According to the cyclic relation,
(ﬂj (5_P] (6_T] .
oT Jp\ov ) \OP ),

which on rearrangement becomes

1

Proceeding to perform the differentiations gives

oP R a
- = 4
oT v v-b V2T2

and

(8_Pj ___RT | 2
w)r  (v-b)? VT

Substituting these results into the definition of the volume expansivity produces

R N a
po_L v=b vl
v —RT 2a
P T
(v->) v'T
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12-38

. oP
12-52 It is to be shown that f=a| — | .
or ),

Analysis The definition for the volume expansivity is
1(ov
p=—{ =2
v\oT )p
The definition for the isothermal compressibility is
1({ov
o=——|—
v\oP ),
According to the cyclic relation,
(2) (2) (2) -
oT Jp\ov ) \OP ),

which on rearrangement becomes
(B_VJ _ _(ﬂj (G_P]
or )p op).\aor),
When this is substituted into the definition of the volume expansivity, the result is
L[ (2)
v\oP),\oT ),

oP
= —Q| —
),
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12-39

Cp VoL
12-53 It is to be demonstrated that k= —=—————.
¢, (ov/opP),

Analysis The relations for entropy differential are

ds=cud—T+(an dv

T \or
ds=c ﬂ— a_u dP
1 \or),

For fixed s, these basic equations reduce to

dT opP
c,—=——| dv
T oT ),

cd—T:a—V dP
Poro\or ),

Also, when s is fixed,
ov (ov
oP \0oP),
Forming the specific heat ratio from these expressions gives
2) (o)
oT Jp\oP),
ov
OP )
The cyclic relation is
(ﬂj (0_1’] (G_T] .
oT Jp\ov )\ OP ),

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

)
= OP r__ va

=) &)
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12-40
. v T T T .
12-54 The Helmholtz function of a substance has the form ¢ = —RT In— —cT;| | -—+—In— |. It is to be shown how
Yo Iy To T
to obtain P, A, s, c,, and ¢, from this expression.

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

da = 6_a] dT + a_aj dv
oT ), ov ),

while the applicable Helmholtz equation is
da =—-Pdv—sdT

Equating the coefficients of the two results produces

P:_(a_aJ

ov);

§S=— —
or ),

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

p=""
v

K :Rlni+clnl
Yo T,

The definition of the enthalpy (4 = u + Pv) and Helmholtz function (a = u—Ts) may be combined to give

h=u+Pv
=a+Ts+ Pv

Oa Oa
:a—T— —y| —

oT ), ov);
:—RTlni—cTo(1—1+11nl]+RT1ni—cT1n1+RT

Yo o Ty T Yo Ty
=cly +cT+RT

According to ﬁ v given in the text (Eq. 12-28),
or), T

c(,:T(ﬁ =TS =
or ), T

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,

¢,=R+c, =R+c
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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 7-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 /# = A(T) for ideal gases. Therefore, the temperature of an ideal gas remains
constant during a throttling (2 = 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, 4 = 84.88 Btu/lbm. Approximating differentials
by differences about the specified state, the Joule-Thomson coefficient is expressed as

ﬂ_(ﬁj :[ﬂ)
2 h AP h=84.88 Btu/lbm

Considering a throttling process from 130 psia to 110 psia at 2 = 84.88 Btu/lbm, the Joule-Thomson coefficient is
determined to be

Tl 10 psia — Tl30 psia
(110-130) psia

~ (349.40-350.60)R
(110-130) psia

=0.0599 R/psia

] h=84.88 Btu/lbm

(b) The enthalpy of nitrogen at 1200 psia and 700 R is, from EES, 4 = 170.14 Btu/lbm. Approximating differentials by
differences about the specified state, the Joule-Thomson coefficient is expressed as

ﬂ_[ﬁj N(ﬂj
P h AP h=170.14Btu/lbm

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

_ (Tll%psia —T1210psia ~ (699.91-700.09) R

= — =0.00929 R/psia
(1190 -1210) psia

(1190 -1210) psia jh—170.14Btu/lbm

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

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] u [R/psia] 0.05 — - - - ; - . —]
100 0.004573 0.045

275 0.00417 0.0al .

450 0.003781 i )

625 0.003405 0.035 h=100 Btu/lbm

800 0.003041 T o003 ]

975 0.002688 o r i
£ 0.025

1150 0.002347 o L i

1325 0.002015 s 002 I ]

1500 0.001694 oots| b e _
0.01

0005 h=225 Btu/lbm .

0 [ ) ) ) T ) ¢ I:: — ]

0 200 400 600 800 1000 1200 1400 1600
P [psia]

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 7= 300°C is 2 = 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
P =0.8 MPa

T, =297.52°C
h=3051.6 kl/kg

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

ﬂ = a_T
oP ),
We use a finite difference approximation as
I, -1
~ —=—— (at constant enthal
“EDTh ( py)

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

P, =40 psia

h; =113.79 Btw/lbm (Table A -13E)
T, =60°F

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

P, =30 psia

T, =56.78°F (Table A - 13E)
hy =h, =113.79kJ/kg

Substituting,

T,-Ty (56.78-60)R
P, -P (30-40)psia

I

7] =0.322R/psia

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

_(or
#=\ep),
We use a finite difference approximation as
nL-T
= at constant enthal
“ED TP ( py)

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

P, =200 kPa

h, =333.93kl/kg (Table A -13)
T, =90°C

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

P, =180kPa

T, =89.78°C (Table A -13)

Substituting,

T,-T,  (89.78—90)K
P,— P (180—200)kPa

I

=0.0110 K/kPa

U
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12-44

. L RT bP . L .
12-65 The equation of state of a gas is given by v = T An equation for the Joule-Thomson coefficient inversion
T

line using this equation is to be derived.

Analysis From Eq. 12-52 of the text,

>l ),

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

f2), -
or ),

Using the equation of state to evaluate the partial derivative,

ov R bP
- =— 4+ 2 P
or), P 71°
Substituting this result into the previous expression produces

RT _bP RT bP bP
P > P T? T?

The condition along the inversion line is then

P=0

: o 7% (6(v/T)
12-66 It is to be demonstrated that the Joule-Thomson coefficient is given by g =— T .
¢, P

Analysis From Eq. 12-52 of the text,

i),

Expanding the partial derivative of «/T produces

[f’w”j _i(@_‘/] v
or ), T\or), 1?2

When this is multiplied by 77, the right-hand side becomes the same as the bracketed quantity above. Then,

T (derm)

¢, oT
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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,
¢, = 1 T (2) -v
u o )p
When p = 0, this equation becomes
vy v
or), T
This can only be satisfied by an equation of state of the form
v
Z=f(P
7=/

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 1t is the variation of enthalpy with pressure at a fixed temperature.

12-69C As Py 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 CO, 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 CO, at the specified state is determined from the generalized chart to be (Fig. A-29)

oL 30 s — -
T, 3042 (igeas =M) 7 p

and > Z, = =15

po=L =10 _y 353 BT €O

op, 739 350K

10 MPa

Thus,

h = hige —Z, R, Ty =11,351-(1.5)8.314)304.2)] = 7,557kJ/kmol
and,

I _
Error:( deal ~ )1.p _1351-7557 o0,

h 1,557

(b) At the calculated Ty and Py 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

ol

1,_[:

—Pu=h—-ZR,T =7557-[(0.65)8.314)350)] = 5,666kJ/kmol
and,

Uigea —H _ 8,439—5,666
i 5,666

Error = =48.9%
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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),
(hy = 1y)ideal = M2 ideal = M igeat = 9306 6,537 = 2769 kJ/kmol
and

P
(55 =5 )igeas =55 =57 —R, 111?2 =193.562—183.289 —8.314x ln% = 4510 kJ/kmol -K
1

(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)

T,
T A 2B g
T, 1262
e —— 7, =0.6andZ,, =0.25
Pp =—=——=1.770
P, 3.39
and
T
Thy :Tiz%z 2.536
o ' ——>Z,, =04andZ_, =0.15
P, 12
Ppy =—2=——=2.540
P, 3.39
Substituting,

}72 _}71 =R,T.,(Zy _th)+(’72 _E)ideal
=(8.314)126.2)0.6—0.4)+ 2769
=2979 kJ/kmol

S =81 =R, (Zyy =Z )+ (52 =51 igeal
=(8.314)0.25-0.15)+4.510
=5.341 kJ/kmol-K
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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)
M =18.0151bm/lbmol, T, =1164.8R, P, =3200 psia
Analysis (a) The pressure of water vapor during this process is
P, =P, = Py @ s00r =680.56 psia
Using data from the ideal gas property table of water vapor (Table A-23),
(hy = hy)ideat = Mrigeal — M igea = 12,178.8 — 7738.0 = 4440.8 Btu/Ibmol
and

P
(55 = 5))ideas =55 — 57 — R, ln?z:53.556 ~49.843 —0=3.713 Btu/lbmol - R
1

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)

T, 960

R = =0.824
T, 1164.8
P 680.56 > Z, =0.340 and Z, =0.277
Pp = ="2""=0213
P, 3200
and
_ T, _ 1460 _
R 1648
—— Z,,=0.157 and Z,, =0.0903
P,  680.56
R =——= =0213
P 3200

cr
The enthalpy and entropy changes per mole basis are
}72 - }_11 = (}72 - }_ll)ideal R T (Zyy = Zp)
=4440.8 — (1.9858)(1164.8)(0.157 — 0.340) = 4864 kJ/kmol

S5 =51 =052 =5 ideal — Ry (Zsn —Z)
=3.713 —(1.9858)(0.0903 — 0.277) = 4.084 Btu/Ibmol - R

The enthalpy and entropy changes per mass basis are

By —py =M= 4864BWIbmMOL _ oo by iom
"7 M " 18.015Ibm/lbmol

5, -5 _ 4.084Btu/lbmol - K
M 18.015lbm/Ibmol

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

T, =500°F| A, =1202.3 Btu/lbm
5, =1.4334 Btw/lbm - R

=0.2267 Btu/lbm-R

Sy =85 =

(Table A-4E)
x; =1

P, =680.56psia| h, =1515.7 Btu/Ibm
(from EES)

T, =1000°F s, =1.7008 Btu/Ibm - R

The enthalpy and entropy changes are

hy, —h, =1515.7-1202.3 =313.4 Btu/lom
s, —s; =1.7008 —1.4334=0.2674 Btu/lom -R
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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)
M =18.015bm/Ibmol, T, =1164.8 R, P,. =3200 psia

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

(hy =1y igeat = Maideat = M1 jdear = 12:178.8 =17,032.5 = ~4853.7 Btu/Ibmol
and
(52 =5 )ideat =55 —5; — R, In22 — 53,556 -56.411-1.9858xIn 0%
P 3000

=—0.6734 Btu/Ibmol-R

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)

ro_ TN _ 1960 _
7T 11648 ~ ~
—> 7, =0387 and Z; =0.188
P 3000
Py =—-=""=0.9375
P, 3200
and
T, 1460
R2 = T iAo Ot
T, 11648
}jf 1000 ——>7,,=0233 and Z, =0.134
Ppy =—>=——=03125
P, 3200

cr

The enthalpy and entropy changes per mole basis are

1/72 _1/71 = (1/72 _1/71 )ideal _RuTcr (ZhZ _Zhl)
— _4853.7—(1.9858)(1164.8)(0.233 — 0.387) = —4497.5 Btw/lbmol

55, =51=(5;, _El)ideal -R, (Zsz _Zsl)
=-0.6734—(1.9858)(0.134—0.188) = —0.5662 Btu/lbmol-R

The enthalpy and entropy changes per mass basis are

hy —h, —4497.
h2 —hl _ 2 1 _ 4497.5 Btu/lbmol — _249.7 Btu/lom
M 18.015 Ibm/lbmol

5y -3, = S =51 _ —0.5662 Btu/lbmol-R _ _0.0314 Btu/lbm-R
M 18.015 Ibm/Ibmol

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

P, =3000 psia | /, =1764.6 Btu/Ibm
T, =1500°F | s, =1.6883 Btu/lbm-R

P, =1000psia | h, =1506.2 Btu/lbm
T, =1000°F s, =1.6535 Btu/lbm-R
The enthalpy and entropy changes are

hy —hy =1506.2—1764.6 = —258.4 Btu/lbm
s, —s; =1.6535-1.6883 =—-0.0348 Btu/lbm-R
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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)
M =18.015kg/kmol, T, =647.1K, P, =22.06 MPa

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

(hy = 1) igeat = M2 ideal =M1 idear = 23,082 30,754 = ~7672 kI/kmol

and
(55 =5 )ideat =55 =5 — R, In 22 = 217.141-227.100-8 314x1n >0
P 1000

=-4.2052 kJ/kmol-K

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)

T,
T N8 349
T, 647.1 ~ ~
» | — 7,,=0.0288 and Z, =0.0157
Py = ——=——=0.0453
P, 22.06
and
T
Ty :T—zz%zl.om
;f 05 —— Z,, =0.0223 and Z,, =0.0146
Pyy =2 =———=0.0227
P, 22.06

cr

The enthalpy and entropy changes per mole basis are

1/72 _1/71 = (1/72 _1/71 )ideal _RuTcr (Zh2 _Zhl)
— 7672 — (8.314)(647.1)(0.0223—0.0288) = ~7637 kJ/kmol

5, =51=(5;, _El)ideal -R, (Zsz _Zsl)
=-4.2052-(8.314)(0.0146—-0.0157) = —4.1961 kJ/kmol - K

The enthalpy and entropy changes per mass basis are

o p o hy —hy _ ~7637kIkmol _ ., okJlkg
> 7' M 18.015kg/kmol '

5y =5, = 53 =81 _ —4.1961kJ/kmol-K — _0.2329kJ/kg-K
M 18.015 kg/kmol

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

P, =1000kPa | &, =3698.6kJ/kg
T, =600°C | s, =8.0311kJ/kg-K

P, =500kPa | h, =3272.4kl/kg
T, =400°C | s, =7.7956kl/kg-K

The enthalpy and entropy changes are

hy —h, =3272.4-3698.6 =-426.2kJ/kg
s, —8; =7.7956-8.0311=-0.2355kJ/kg -K
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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

Ein _Eout _ AE 0 (steady) _ 0

Ein = Eout
WC,in + Ihhl = mhz

Wc,in = ’h(hz _hl)

system

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

T, 263

Tp =—=—"-=1376
T, 191.1
r o oos —— 7,,=0.075
Pp=—=—"=0.172
P, 4.64
and
T
Tpy =22 =38 534
. 19111
P —— 7,,=025
Ppy=—2=——=129
Thus,
hy =hy = RT o (Zy = Zjp) + (hy = y)igean
=(0.5182)(191.1)0.075 — 0.25) + 2.2537(175 — (- 10))
=399.6 kl/kg
Substituting,

Wein = (0.2 kg/s)(399.6 ki/kg )= 79.9 kW
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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)

M =44.097 kg/kmol, R =0.1885kl/kg-K, T, =370K, P,. =4.26 MPa

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
2 7 MPa
P

— — cp
(SZ_Sl)ideal :.!A?dT_Ru lnPI )L

When the expression of Table A-2c is substituted for ¢, and the integration
performed, we obtain Propane |4
2 2
c P P,
(53 — 51 ideat :I—pdT—Ru 1n—2=j 4 bteT+dT? |dT—R, In"2 f
7 RO\ g
T. P 750 kPa
—aln 24 b(Ty ~ 1)+ S(17 -1+ L1 1) R, n 22 177°C
T 2 3 1
T T 7, Y Y
0=—4.04In—2-+30.48 —2 —4.50 | -0.786|| —= | —4.507 |+0.01058/ | —= | —4.50°
450 100 100 100

—(8.314)1n 1000
750

Solving this equation by EES or an iterative solution by hand gives
T, =532K

When en energy balance is applied to the compressor, it becomes
2 2

W =ty — 1 )igeat :Jcpdej(a BT +cT? +dT3)dT
1 1

b c d
=mu—Jn+50§—n%+ga§—nﬁ+za?—nﬁ

=—4.04(532 — 450) + 0.1524(532% = 450%) = 52.4(5.32° —4.50%) + 0.7935(5.32* — 4.50*)

=9111kJ/kmol
The work input per unit mass basis is

b W _ 91Tkl kmol
"M 44.097 kg/kmol
The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or

=207 kJ/kg

from EES)
T =t =30 2
Mor 7370
h o os —— 7, =0.136
PR1=P—1:—4'26=0.176
cr *
and
7= 32
R, 310
P S Y
P 4.26

cr
The work input (i.e., enthalpy change) is determined to be
Win =hy =hy =(hy = hy)igeas = RTc (Z3y = Z)y)
=207 — (0.1885)(370)(0.971 - 0.136)
=148kJ/kg
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12-53

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)

M =31.999 lbnv/Ibmol, R =0.06206 Btw/lbm-R, T, =278.6R, P, =736 psia

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:

(53 =51 )ideal =0
. 70 200 psia\

. P
s5—sf =R, In—>=(1.9858) In— = =2.085 Buv/lbmol-R 600°F O,
: ~0fs

Then from Table A-19E, /

T, =1060 R ——> /1) 4 = 7543.6 Btw/lbmol, s; = 53.921 Btw/Ibmol-R

70 psia

s5 =57 —2.085=53.921-2.085=51.836 Btu/lbmol-R

s5 =51.836 Btw/lbmol- R —— T, =802 R, &y 4y = 5614.1Btu/Ibmol
The enthalpy change per mole basis is

(hy =1y igeat = M2ideal = 1 jdear = 5614.1-7543.6 = =1929.5 Btw/Ibmol
The enthalpy change per mass basis is

(hy = 1)) igea —1929.5 Btu/Ibmol

Ny =) igeal = = =-60.30 Btu/lbm
(2 =g M 31.999 Ibm/Ibmol
An energy balance on the nozzle gives
Ein = Eout

i(hy + V2 12) = ri(hy +V312)
hy+V2I12=hy V2

Solving for the exit velocity,

‘ 2 ft2/s2 )|
Vy =2 + 200 — )" =] (0 f5)* + 26030 Brw/tbmy 227 SN _ 1738 11y
1 Btu/lbm

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

from EES)
T, T
Ty :T_lz%:&gos Tr =T—2=%=2.879
;)f 200‘ Z,, =0.000759 ;r 70 ' Z,, =0.00894
Pp=—=2220272 Ppy =—==——=0.0951
P, 736 P, 736

The enthalpy change is
hy =hy = (hy =h)igeat =RT et (233 = Z)1)
=—60.30 Btu/Ibm — (0.06206 Btu/Ibm - R )(278.6 R)(0.00894 —0.000759)
=—60.44 Btu/Ibm

The exit velocity is

‘ 2 ft2/s2 )|
Vy =72 +20 )| =| (0t5)? +2(60.44 Bru/lbm) 250378557\ 1740 fus
1 Btu/Ibm
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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)

T,
T =37 oos
T, 370
—— Z,,=028and Z, =0.92
P, 1
Ppy =—-=—>-=0235 I
P, 426
and Propane
1 MPa
TRZ:T—Z:E:LOOS 100 °C 0
T, 3 A
» A — Z,, =1.8and Z, =0.50
Ppy =—%=——=0.939
P, 426

cr
Treating propane as a real gas with Z,,, = (Z,+2,)/2 = (0.92 + 0.50)/2 = 0.71,
Pv=7RT =Z,,,RT = C = constant

Then the boundary work becomes

? 2 Z,RT /P,
Wp.in Z—J‘ PdU:—J‘ ga’v:—Can—z:Z&ngTln#__
. 1 1 v vi Z\RT /P, Z,\P,

_ (0.71)0.1885 kirke- K)373 K)in 25 _ g6 c31g
(071 J373K)

(0.92)4)
Also,
hy —hy =RT, (Z = Z )+ (hy =By igea = (0.1885)370)0.28 —1.8)+ 0 = —106 kJ/kg
uy —tt; = (hy —h) = R(Z,Ty — Z,T;) =—106—(0.1885)[(0.5)(373) - (0.92)373)| = ~76.5 ki/kg
Then the heat transfer for this process is determined from the closed system energy balance to be

Ein - Eout = AEsystem

Gin + Wpin =Au =1, —u,
Gin = Uy —11))—wy 1y ==76.5-99.6 =-176.1kI/kg — qo, =176.1kI/kg
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12-55

=
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$='C3H8'; goto 10
endif
If N\ame$='"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$='02'"; goto 10
endif
If Name$="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

e 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]"
g_ideal-w_ideal=u_ideal[2]-u_ideal[1]

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

xR 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]-DELTASs[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])

DELTAN[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]-DELTAhA[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[11*v[1]=Z[1T*R*T[1] "to get v[1], the lower bound"
pl2]*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]"
g_chart-w_chart=u[2]-u[1]

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

"R SOLUTION USING EES BUILT-IN PROPERTY DATA *****n
"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]"
g_ees-w_ees=u_ees[2]-u_ees[1]
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"Entropy change"
DELTAs_ees=s_ees[2]-s_ees[1]

SOLUTION

DELTAh[1]=16.48 [kJ/kg]
DELTAR[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
g_chart=-155.3 [kJ/kg]
g_ees=-175.8 [kJ/kg]
g_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]

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."

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

12-57
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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).

Analysis The exergy destruction is determined from its definition Xyegyoyed = ToSgen Where the entropy generation is

determined from an entropy balance on the contents of the cylinder. It gives

Sin _Sout +Sgen =AS

system
~ Low +S8gen =M(53 =51) —>Sgen = (52 _Sl)+—qom
b,surr surr
where
Assys =835 :R(Zsl _ZSZ)+(S2 _Sl)idcal
T, P 4
Sy =5 )iqe =C,In=%=  —Rln—==0-0.1885In— =—0.261 kJ/kg - K
( 2 l)ldeal P T1 P1 1 g
T,
T -4 37Ty 008
T, 370
—— 7, =021
P, 1
Pp =—-=——=0235
P, 426
and
T.
Tro S T T N
T, 370
—_—> ZSZ = 1.5
Py =—2=——=0.939
Pcr
Thus,
ASg =53 =81 =R(Zyy = Z5) +(55 =51 )igear = (0.1885)(0.21-1.5)-0.261=-0.504 kl/kg-K
and

QOut
X destroyed — TOSgen = TO((S2 _S1)+

surr
176.1 kJ/kg

=(303K) —0.504+
303K

]kJ/kg K

= 23.4 kJ/kg
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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 O, 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 0,
T,
TRI:—1:£:1.13 175K
T, 154.6 6 MPa
P 6 ——> Z,=0.682 and Z, =1.33
Pp=—=——=1.19
P, 5.043
Then,

3
P ZRT—— s, = Q08202598 KPa - m kg - K)(175 K)
X 6000 kPa
v 0.05m

L= =968kg
v;  0.00516 m’/kg

=0.00516 m>/kg

The specific volume of oxygen remains constant during this process, v, = v;. Thus,

R2:£:£:1_46 Z, =0.853
T, 154.8 X 7. <109
v, 0.00516 m’ /kg 2 =5
Vr2 P, =191

RT, /P, (0.2598 kPa-m’/kg - K)(154.6 K) /(5043 kPa)
Py = Py, P, =(1.91)(5043)= 9652 kPa
(b) The energy balance relation for this closed system can be expressed as

= AEsystem
Wi =AU =m(uy —uy)

E -E

n out

Wi = m[h2 —hy —(Pv, - Ry, )]:m[hz -h —R(Z,T, _ZlTl)]
where
hy =hy =RT(Zy = Zyp) + (hy = hy)igear
=(0.2598)(154.6)(1.33 —1.09) + 52.96
=62.51klJ/kg
Substituting,

W, =(9.68 kg)[62.51—(0.2598 kJ/kg - K){(0.853)(225) - (0.682)(175)}K | = 423 kJ

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$="02'
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R_u=8.314 [kJ/kmol-K]
T_cr=T_CRIT(Fluid$)
P_cr=P_CRIT(Fluid$)
MM=molarmass(Fluid$)
R=R_u/MM

"Analysis"

"(a)"

T_R1=TUT 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)

vl=Z 1*R*T1/P1

m=V/vl

v2=vl

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_R?2) "the function that returns compressibility factor at T_R2 and P_R2"
P2=7_2*R*T2/v2

P2=P_R2*P_cr

"(b)"

hl_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

DELTAuU=DELTAh-R*(Z_2*T2-Z_1*T1)

W_in=m*DELTAu

Solution
DELTAh=62.51 [kJ/kg] T1=175 [K]
DELTAh_ideal=52.96 [kJ/kg] T2=225 [K]
DELTAu=43.65 [kJ/kg] T cr=154.6 [K]
Fluid$='02' T RI1=1.132
hl _ideal=-121.8 [kJ/kg] T R2=1.456
h2_ideal=-68.8 [kJ/kg] V=0.05 [m"3]
m=9.682 [kg] v1=0.005164 [m"3/kg]
MM=32 [kg/kmol] v2=0.005164 [m"3/kg]
P1=6000 [kPa] v_R2=0.6485
P2=9652 [kPa] W_in=422.6 [kJ]
P_cr=5043 [kPa] Z 1=0.6815
P RI=1.19 Z 2=0.8527
P _R2=1914 Z h1=1.331
R=0.2598 [kJ/kg-K] Z h2=1.094

R_u=8.314 [kJ/kmol-K]
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12-83 The heat transfer and entropy changes of CO, 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

P
T, =T, 22— 00+ 273 %) 3MP2
P 1 MPa
Using data from the ideal gas property table of CO, (Table A-20),

(hy =y )igeat = M2 ideal = P igear =161,293-12,,269 = 149,024 kJ/kmol

=2984K

P
(53 =51 )ideal =55 =51 — R, ln?2 =333.770-222.367-8.314x ln% =94.115 kJ/kmol-K
1
hy =By )igear 149,024 kJ/kmol
(hy =y Yoy = T2 idea 149, 10 ~3386.9 kl/kg
M 44 kg/kmol

The heat transfer is determined from an energy balance noting that there is no work interaction

Tideal = (U =11 )igear = Ny =1y )igeas =R(T, =T) »

=3386.9kJ/kg-(0.1889kJ/kg.K)(2984-373) =2893.7 kd/kg

The entropy change is

(52 _El)ideal 94.115 kJ/kmol
As. =(55 —5): = = =2.1390 kJ/kg.K
ideal ( 2 l)ldeal M 44 kg/kmol g
The compressibility factor and the enthalpy and entropy departures of CO, at the specified states are determined from the
generalized charts to be (we used EES)

T,
T :T—I:%:I.Z%
If . ’ —— 7, =0.976, Z,, =0.1028and Z ; = 0.05987
Py =——=——=0.135
P, 739
and
T
Ty L 298 g4y
T, 3042 ~ ~ ~
—— 7, =1.009, Z,, =-0.1144and Z, =—0.002685
P, 8
Ppy =—2=——=1.083
P, 739
Thus,

Gehart =ty —Uyp = (hy =h))igea = RT (Z3y = Z 1)~ Z,R(T, —T})
=3386.9—(0.1889)(304.2)(—0.1144 - 0.1028) — (0.976)(0.1889)(2887 — 373) = 2935.9 kJ/kg
AS hart = (52 =81 ) chart = R(Z1 = Z5) + (53 =51 ideal
=(0.1889)0.05987 — (~0.002685))+2.1390 = 2.151kJ/kg.K

Note that the temperature at the final state in this case was determined from

P, Z .
T, =T, ==L = (100+273K) 8MPa 0.976 _ )ge5k
P Z, 1MPa 1.009
The solution using EES built-in property data is as follows:
v, =0.06885 m>/k T, =2879K
T, =373K) ! g P, =8MPa 2
u, =-8.614kJ/kg ,. iy =2754kl/kg
P, =1MPa v, =v, = 0.06885 m’/kg

s, = —0.2464 kl/kg K s, =1.85kI/kg K

Then
Grps =Uy —uy =2754—(-8.614) =2763 kJ/kg

Asgps = (55 =5, ) pps =5, — 8 =1.85—(~0.2464) = 2.097 kJ/kg.K
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12-62

Review Problems

12-84 1t is to be shown that the slope of a constant-pressure line on an /-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

2 h
Os »

P = const.
Thus the slope of the P = constant lines on an A-s diagram is equal to the
temperature.
(a) In the saturation region, 7' = constant for P = constant lines, and the slope
remains constant.
(b) In the superheat region, the slope increases with increasing temperature since s

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
)2)) -
0s ) ,\ 0V )p\OP ),

Substituting the first Maxwell relation, a—T =— 8_P\ ,
ov os),

[6T os) (ov 8Tj Os 6Tj [auj
== |=] =-1—|—=| | =] =1—>|—| =|—
ov ) \ov)p\oP), oP ) \ov)p oP), \0s)p
(2) Using the properties 7, v, s, the cyclic relation can be expressed as
S E) ),
ov )\ 0s )p\0T ),
P

Substituting the first Maxwell relation, ﬂ =— —\ ,
av N & v

&G, —EE - —E) A

(3) Using the properties P, T, v, the cyclic relation can be expressed as

2@,

Substituting the third Maxwell relation, (éj = (E} ,
v T ar v

5 GG, =B ), ), E),
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12-63

12-86 For £> 0, it is to be shown that at every point of a single-phase region of an %-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 5> 0.

Using the 7ds relation: dh=Tds+vdP —— ah =T+ ud—P
ds ds
Oh
(1) P = constant: — | =T
s ),
(2) T = constant: (%] =T +u(a—P]
0s ) 0s )r
But the 4th Maxwell relation: (G_P] = —(6—T)
0s )p ov )p
Substituting: (%j =T - u[a—T] =T- 1
0s ) ov )p B
Therefore, the slope of P = constant lines is greater than the slope of 7= constant lines.
(3) v=constant: (%j =T+ U(G—P (a)
os ), os ),
From the ds relation: ds = C—VdT + op dv
T or ),
T P T (oP
Divide by dP holding v constant: O ) _cfor [8_ _Lfee (b)
orP), T\oP), os), c,\oT),

Using the properties P, T, v, the cyclic relation can be expressed as

21133, — (3] -3, vl o

where we used the definitions of & and . Substituting () and (c) into (a),

(%) :T+u(a—P] :T+ﬂ>T

Os Os c,a

Here o is positive for all phases of all substances. T is the absolute temperature that is also positive, so is c¢,. Therefore, the
second term on the right is always a positive quantity since £ 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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12-64
12-87 It is to be shown that

c, =-T ﬁj o&r and c¢ :Ta—P QJ
or ) \oT ), r or ) \oT ),

Analysis Using the definition of c,,,
o _r{ ) _fas) (2p
or ), oP ), \aoT ),

o . 0. 0
Substituting the first Maxwell relation (6; = Vj ,

c(,=—Tz or
or)\oT ),

Using the definition of c,,
c, :T(ﬁj :T(@] (ﬂj
oT )p ov)p\oT Jp

o . P
Substituting the second Maxwell relation (@) = (6 ] ,
P K

v or
cp=Ta—P 6_(/
or ) \oT ),

P
12-88 It is to be proven that for a simple compressible substance (S—S} = e
v u

Analysis The proof is simply obtained as

(as]u B _(Zj

Os) __\v) __-P
ov (Guj T
0s J,

i
T
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12-65

. . .. 0 %) .
12-89 It is to be proven by using the definitions of pressure and temperature, 7 = (a—uj and P= _[6_uj that for ideal
S v v N

. . 0
gases, the development of the constant-pressure specific heat yields [Ej =0
T

Analysis The definition for enthalpy is

h=u+Pv

(ahJ (auJ (auj (an
—| == +P|—| +v|—
oP), \oP); oP); oP);

Assume u =u(s,v)

Then,

Then,

) AR5 A5
(&) 7, JA5), ol
(&), o), A, =)

For ideal gases

RT ov R
v=— and | —| =—
P oP ),

Then,

(ahj TR
— | ==——+v=—v+v=0
oP ), P
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12-90 It is to be proven by using the definitions of pressure and temperature, 7 = (

. . 0
gases, the development of the constant-volume specific heat yields (_uj =0.
T

(4

Analysis Assume u = u(s,v)

du:(a—uj ds+(a—uJ dv
os ), ov ),
(iuj _(61] (ﬁj +(5_u) (ﬁ/j
ov), \0s)\ov), \ov)\ov);,
:T(ﬁj +P
ov ),
From Maxwell equation,

T(ﬁj +P:T(8—PJ _P
ov); oT ),

For ideal gases

p-RT 4 (5_’3) _R
v or ),

Then,

Then,

(6_14) =T£—P=P—P=0
ov); v

S

Ou and P=— Ou
Os ), 0

U p

12-66

j that for ideal
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12-67

r

12-91 Expressions for 4, u, s°, P,, and v, for an ideal gas whose ¢, is given by c;’, = Za ; {h{TLH are to be

developed.

Analysis By making the change in variable, x = In(7/T,), the enthalpy of this substance relative to a reference state is given
by

h= ]‘cpdT:Zai ]ixi_"exdx
T,

ref Kref
z N (R ) P () (AR ) P O L (B!
= ae . . . .
—Xpf + (A —m)x T == —n—=Dx} [+ = (=) (= n)!

Similarly, s° is given by

T X
o _ CP _ i-n _2x
s’ = j(Tde—ZaiTr jx e "dx
Tref Kref
Z a,e™ | (20) 7" = (i -m)2x) "+ (=i —n-D2x) T — L+ (=) (i~ n)!
27 | = (22, ) T+ (= )2, ) T = =) = n =123, ) T = (<D (= )
With these two results,
u=h—Pv
P = es° /R

According to the du form of Gibbs equations,
du dv

T v

Noting that for ideal gases, ¢, =c, —R and du = c,dT , this expression reduces to

dr dv
R4l _ _p4¥
(©,=R) T v

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

J.cpﬂ—RlnL:—RlnL
T

(4

ref ref

Solving this for the specific volume ratio gives
v o
—= exp[— (s - R(T - T,ef))R]
Vret
The ratio of the specific volumes at two states which have the same entropy is then
v
Y~ expl- (53 -5 — R(Ty -1 R]
Vier

Inspection of this result gives

v, =exp|_— (s° —RT)/RJ
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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 7-P plane is given by
(0Z/oT)p = 0.

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

H:L T(ﬂj -v|=0
¢, oT )p

which can also be written as

T(a—) _ZRT (a)
or), P

since it is given that

_ZRT
J3

(4

(b)
Taking the derivative of (b) with respect to 7 holding P constant gives
(@j _(azrT/P)) _R T(ﬁ_zj vz
oT )p oT p P oT ),
Substituting in (a),
R(f32) | ZRT
P or ), P

T(a—zj +Z-7=0
or ),

oT )p

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* = constant. It is also to be shown that
the isentropic expansion exponent & reduces to the specific heat ratio c,/c, 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

ds = O dP+ o dv=0 (a)
oP), ov)p

We now substitute the Maxwell relations below into (@)

(3], 17, ~(3).15)

to get
_(&j dP+(£] dv=0
ﬂ s a]‘ N
Rearranging,
dpP— o (ee dv=0—— dP- o dv=0
60 or s ov s
dP oP
Dividing by P, — dv=0 b
1viding by 7 P(aul v (b)

We now define isentropic expansion exponent k as

=
ov ),

Substituting in (b)
dar k dv _
v

Taking & to be a constant and integrating,

InP + kIn v = constant —> In Pv* = constant
Thus,

Pv¥ = constant
To show that k = c,/c, for an ideal gas, we write the cyclic relations for the following two groups of variables:

N o e s

v S )T V) S Jr v/,

(S,T,P)—)(éj (3_1)) (a—Tj :—]—)C_p(a_Pj (a_Tj =-1 (d)
0T )p\ Os )\ OP ) T \ 0Os );\OP),

where we used the relations

V:Tﬁ andc, =T — Os
oT ), oT )p

Setting Eqs (¢) and (d) equal to each other,

HEl ) - FE )

or,
Cp (0Os OP) (ov) (o' (0sov) (oPoT) (ov) (oP
) (2)3)5) 33152 8D
but
aRT/P N
( ;) ( )%
Subst1tut1ng,

which is the desired relatlon.
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12-70

12-94 The c, 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**" = C = constant for
the isentropic processes of ideal gases. The c, relation is given as

(8Pj (80
cp=T— —
or ) \oT )p

RT [au] R
vV=—— — | — =—
P oT )p

P
P kD oP\ _ Kk CT kDT _ (PT—k/(k—l) )Tk/(k—l)—l __kp
or). k-1 -1 T(k—1)

Substituting,

1. 297 kl/kg K
p:T( kP J(RJ kR 1.397(0.297 ki/kg ):1.0451(”1(&K

Th-H\P) k=1 13971

(b) The c, is defined as c, = (S—;ﬁ) . Replacing the differentials by differences,
P

= (A_hj _h(410 K)-h(390 K) _ (11,932 -11,347)28.0 ki/kg _ 1,045 k/kg. K
AT ) p_300kpa (410-390)K (410-390)K

(Compare: Table A-2b at 400 K — ¢, =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 7= 300°C is & = 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

P =2.5MPa

T, =273.72°C
h=2944.2 kl/kg

Thus the temperature drop during this throttling process is
AT =T, — T, =273.72 - 300 =-26.28°C

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

w= (a—Tj = (ﬂj _{am72-300FC 13.14°C/MPa
oP ), AP ) 4 304 7k1ke (2~5 - 4.5)MPa
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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, T, = 151 K, and P, = 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
T
L= 30055, P, =9 MPa
bor, 151 7,=800K
° Z, =0 and Z =0 '
B9 s Vi=100m/s 5o
' P, 486
Thus argon behaves as an ideal gas at turbine inlet. Also,
T, 450
R == =T =< 8
> T, 151
Z, =0.024and Z, =0.013
P 15 ? :
Pp =——=——=0.309
* P, 486
Thus,
hy —hy :RTL’r(Zhl —th)+ (hy =1y )igear P, =15 MPa
=(0.2081)(151)0 —0.024) + 0.5203(450 — 800) = —182.9 kJ/kg Tj —450 K
The power output of the turbine is to be determined from the energy balance equation, V2 =150 m/s
Ein - Eout = AEsystem =0 (steady) - Ein = Eout
iy + V21 2) = iy V3] 2)+ Qo + W
: : vi-vil o
Wou = —'n{(hz —hy) +%} ~Oout
Substituting,

W, =-( kg/s)[— 182.9+

(150 m/s)? — (100 m/s)> { 1 kl/kg

2 1000 2/2D—2OkJ/S=51OkW
m~/s

(b) Under steady conditions, the rate form of the entropy balance for the turbine simplifies to

. . . . 20
Sin - Sout + Sgen = ASsystem =0
. . Qout { _ S _ Qout
ms; — s, — 80 =0 > Spep =5, —5))+ =2
b,out Tb

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X destroyed — YZ)S gen >

. . ) Ous
Xdestroyed :TOSgen :To(m(SZ _S2)+Lt

where s, -5, = R(ZSl — ZS2 )+ (s2 -5 )ideal
T. P 450 1.5
and S3 =51 )ugen =€ I1—2— RIn—%=0.5203 In— — 0.2081 In—= = 0.0735 kl/kg - K
( 2 l)ldeal P T1 })1 800 9 g
Thus, s, —s; =R(Z, —Z,, )+ (53 = ) )geas = (0.208D[0 = (0.013)]+ 0.0735=0.0708 ki/kg - K
Substituting,

; 20
Xdestroyed = (298 K{B kg/s)(00708 kJ/kg - K)+ 2(;82]

J =83.3 kW
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12-72

13
12-97 E 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_0=25+273 "[K]"
m_dot=3 [kg/s]
Name$='Steam_iapws'
T_critical=647.3 [K]
P_critical=22090 [kPa]
Fluid$="H20'

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

ek 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

et 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]-DELTAR[1]  "Enthalpy of real gas using charts"
DELTASs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure"
s_chart[1]=s_ideal[1]-DELTASs[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

DELTA[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]-DELTASs[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]"

mrex 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_0*S_dot_gen_ees
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12-74
I:>2 T2 Woutchart Woutees Woutideal Xdestroyedchan Xdestroyedees Xdestroyedideal
[kPa] K] [kW] [kW] [kW] [kW] [kW] [kW]
1100 | 450 1822 1836 2097 909.1 905.7 836
200 450 1829 1853 2097 620 610.9 550.1
300 450 1837 1871 2097 449.7 434.4 382.8
400 450 1844 1890 2097 327.9 306.2 264.1
500 450 1852 1909 2097 232.7 204.2 172
600 450 1859 1929 2097 154.3 118.6 96.79
700 450 1867 1950 2097 87.51 44.06 33.19
800 450 1874 1971 2097 29.18 -22.56 -21.9
900 450 1882 1994 2097 -22.7 -83.47 -70.5
2200
2150-
- ideal
2100 N
< 2050
2 I
~= 2000
3 I
‘=2 1950
1900-
1850-
1800 L L L L L L L L
100 200 300 400 500 600 700 800 900
P[2] [kPa]
1000
800 _v_xdestroyed,ideal
'§' 600- * xdestroyed,ees
_\‘-—_-D 400- < xdestroyed,chart
o |
£ 200
o I
ko]
X 0
-200
-400 L L L L L L L L
100 200 300 400 500 600 700 800 900

P[2] [kPa]

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

12-75

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 / and internal energy u, respectively,
the mass and energy balances for this uniform-flow system can be expressed as

Mass balance: my, —mg, = Amgygery —>  m;=m, (since Mgy, = My = 0)

Energy balance:  E, —E = AE, - 0+m;h; = myu,

system
Combining the two balances:  u = h; ? 10 é
N
(a) From the ideal gas property table of nitrogen, at 225 K we read 2 MpPa
Vi=02m’
The temperature that corresponds to this u, value is
B . Initially

T, =3148K  (7.4% error) evacuated

(b) Using the generalized enthalpy departure chart, 4; is determined to be

T, 225
Tpi=——=——7=1L - -
YT, 1262 B jgear =i .
P 10 hi = T =0.9 (Flg A-29)
Pp,=—t=—"—=295 uter
TP, 339
Thus,
B = D sgea —0.9R, T, = 6,537 —(0.9)8.314)126.2) = 5,593 kJ/kmol
and
it = h, = 5,593 kJ/kmol

Try T, =280 K. Then at P, =2.95 and Ty, = 2.22 we read Z, = 0.98 and (hy jges — 1)/ R, Ty = 0.55

Thus,
hy = hygeq —0.55R, T, =8,141—(0.55)8.314)126.2) = 7,564 kJ/kmol

urcr

ity =hy —ZR,T, =7,564—(0.98)8.314)280) = 5,283 ki/kmol
Try T, =300 K. Then at Py, =2.95 and Tk, =2.38 we read Z, = 1.0 and (}_zweal —}_12)/RMTcr =0.50
Thus,

hy = hygeq —0.50R, T, =8,723—(0.50)8.314)(126.2) = 8,198 kJ/kmol

ity =hy —ZR, T, =8,198—(1.0)8.314)300) = 5,704 kJ/kmol

By linear interpolation,

T,=2947K  (0.6% error)
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12-76

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)

M =16.043 Ibny/Ibmol, R =0.1238 Btw/lbm-R, T, =343.9R, P, =673 psia
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 ¢, and the
integration performed, we obtain

2 2
- ¢ P a P
(55 =51 ideal = jT”dT—Ru ln—? = J-(F+b+cT+dT2JdT—Ru ln—? 500 psia
1
T, ¢ o pay, d o3 3 ) )L
=aln—=+b(T, -T)+=T5 -T7"))+—T5 -T7)—-R, In—
7, (L -T)+Z @ -I0)+ 5 (I -1 - R, A
Substituting, Methane [ 3
T : -
0=4.751n—2+0.006666(T, — 560)+M (T} -5607)
560 2
-9
_0ASI0A0 7 s 5603 (1.9858) In 220 50 psia
3 >0 100°F
Solving this equation by EES or an iterative solution gives
T, =892R
When en energy balance is applied to the compressor, it becomes
2 2

T jcpdT :j(a+bT+cT2 +dT)dT
1 1

b c d
=a(T, —T1>+5(T22 —T12)+§(T§ —Tﬁ)+z(r;‘ -1

0.006666

=5
= 4.75(892-560) + ———— (892 _5602)4 2:09352x10°7

(892° —560%)

-9
~ 0.4510x10 (892* —560%)
= 3290 Btu/lbmol
The work input per unit mass basis is
Win _ 3290 Btu/lbmol

" =74~ 16.043 Tbm/Ibmol
The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or

=205.1Btu/lbm

from EES)
T,
T 560 g
T. 3439
—— Z,, =0.0332
P 50
Py =——=—"—"-=0.0743
P, 673
and
T
Tpy =—2= 892 _ ) 504
T, 3439
Py =—2=""=0.743
P, 673

cr
The work input is determined to be
Win =hy =hy =(hy = h))igeat =R (Z)y =Z )
=205.1Btu/lbm —(0.1238 Btu/Ibm - R )(343.9 R)(0.0990 —0.0332)
=202.3Btu/lbm
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12-77

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 0.207x10° K" at 20°C.
Analysis We take v= v (P, T). Its total differential is

o)
ar ), r),

which, for a constant pressure process, reduces to
2%
dv=|—| dT
ar)p

Dividing by v and using the definition of S,

v v\dl)p

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

ﬂu—zzﬁ(Tz _Tl)
vi

or

% —explp(r, -1

Substituting the given values and noting that for a fixed mass ¢4/ = v/vy,
v, =¥, exp[B(7, — 73)]= (0.5 m* Jexp[[0.207 x 10 K=" )50 - 10C]
=0.50000414 m’
Therefore,

AV =V, —V, =0.50000414 — 0.5 =0.00000414 m* = 4.14 cm®
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12-78

13
12-101 E 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:

T, =40°C | u, =106.37 kJ/kg
p=2 MPa} s, =0.3916 kl/kg K
T, =40°C ) u, =264.25k/kg
P, =0.1 MPa} s, =1.1484 kl/kg K

ASgpg =5, —8; =1.1484 - 0.3916 = 0.7568 kJ/kg.K
Grps = [ Asgpg = (40 +273.15K)(0.7568 kl/kg.K) = 237.00 ki /kg
Wegs = Ggps — (U, —u;)=237.00 — (264.25-106.37) =79.1kJI/Kkg

For the generalized chart solution we first determine the following factors using EES as

Ty :izﬁ:o 8369

T. 3742

}‘;’ 5 — 7,=0.08357, Z,; =4.82 and Z,; =5.147
Pp =—=———=0.4927

P, 4.059

T.. 3742

1;’ ol —— 7,=09857, Z,, =0.03396 and Z_, =0.02635
Pyy =—2=———=0.02464

P.  4.059

cr

Then,

Ahy = Z,,RT,, =(4.82)(0.08148 kI/kg.K)(374.2 K) =146.97 kI/kg
As; = Z R =(5.147)(0.08148 kJ/kg.K) = 0.4194 kJ/kg.K

Ahy = Z,,RT,, =(0.03396)(0.08148 kl/kg K)(374.2K) = 1.04 kl/kg
As, = Z , R =(0.02635)(0.08148 ki/kg K) = 0.002147 k/kg K

P .
ASige = RIn === (0.08148 kJ/kg.K)ln(Ej =0.2441 kl/kg - K
P, 2

AS art = ASiaeat — (A5, — Asy) =0.2441 - (0.002147 — 0.4194) = 0.6613 kI/kg - K
Gerat = TYAS syt = (40 + 273,15 K)(0.6613 kI/kg.K) = 207.09 kl/kg

At gy = Mtigeq) = (Ahy = Ahy) = (Z,RT, = Z,RT})

=0—(1.04 - 146.97) — [(0.9857)(0.08148)(313.2) — (0.08357)(0.08148)(313.2)| = 122.92 kI /kg
Wepart = Qepart — Ml = 207.09 —122.92 = 84.2 kd/kg

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]"

"k SOLUTION USING EES BUILT-IN PROPERTY DATA #*xxx*!

"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]))
g_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])
g_EES-w_EES=DELTAu_EES

u_1l=intEnergy(R134a,T=T[1],P=P[1])

u_2=intEnergy(R134a,T=T[2],p=P[2])

ek COMPRESSABILITY CHART SOLUTION kst

"State 1"

Tr[1]=T[1)/T_critical

pr[1]=p[1]}/p_critical

Z[1]=COMPRESS(Tr[1], Pr[1])

DELTANh[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])

DELTANh[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*In(P[2]/P[1])
DELTAs_chart=DELTAs_ideal-(DELTASs[2]-DELTAS[1])

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

"Conservation of energy for the closed system:"

DELTAh_ideal=0
DELTAu_chart=DELTAh_ideal-(DELTA[2]-DELTAh[1])-(Z[2]*R*T[2]-Z[1]*R*T[1])
g_chart-w_chart=DELTAu_chart

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

SOLUTION

DELTAh[1]=146.97 [kJ/kg]
DELTAN[2]=1.04 [kJ/kg]
DELTAh_ideal=0 [kJ/kg]
DELTAs[1]=0.4194 [kJ/kg-K]
DELTASs[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]
g_chart=207.09 [kJ/kg]
g_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

12-80
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12-81

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:
T, =100°C—— h; =—-4492kl/kg
T, =100°C, P, =4 MPa—— s, =10.22kJ/kg K
u, =h; —RT, =(—4492)—-(0.5182)(100+273.15) = —4685kl/kg
v, = R% =(0.5182 kJ/kg.K)(%) =0.04834 m>/kg
State 2:

T, =350°C—>h, =-3770kJ/kg
T, =350°C, P, =4 MPa—>s, =11.68kJ/kg.K
Uy = hy — RT, = (~3770)—(0.5182)(350 + 273.15) = —4093 kJ/kg

T .
v, =R —2 -(0.5182 kJ/kg_K)(w
P

2

=0.08073 m"/kg
4000 kPa

Wigeal = P(vy —v;) = (4000 kP2)(0.08073 - 0.04834)m" /kg = 129.56 kJ/kg
Gideal = Wideal + WUy —u;)=129.56 + [(—4093) - (—4685)] =721.70 kJ/kg
ASigeal =5, —5; =11.68-10.22=1.46 kJ/kg

For the generalized chart solution we first determine the following factors using EES as

T, 373

T, 3042
e A ——> Z7,=0.9023, Z, =0.4318 and Z, =0.2555
Py =——=——=0.5413
P, 1739
T
Tpy =—2= 623 _ 2.048
T, 3042
P A —> Z,=0995, Z,, =0.1435 and Z , =0.06446
Ppy =—2=——=0.5413
e 1.39
State 1:
Ahy =Z, RT, =(0.4318)(0.5182 kJ/kg.K)(304.2K) = 68.07 kl/kg
hy = hy jgeq) — Ay = (—4492) - 68.07 = —4560 kJ/kg
u; =h —Z;RT, =(-4560)—(0.9023)(0.5182)(373.15) = -4734 kl/kg
T .
v, =Z,R—= (0.9023)(0.5182)ﬂ =0.04362 m>/kg
B 4000
As; = Z 4R =(0.2555)(0.5182kJ/kg.K) = 0.1324 kJ/kg K
51 = 81 idea — As; =10.22-0.1324 =10.09 kJ/kg.K
State 2:

Ahy = Z,,RT,, = (0.1435)(0.5182 kJ/kg.K)(304.2 K) = 22.62 kI /kg
Uy = hy —Z,RT, =(~3793)—(0.995)(0.5182)(623.15) = —4114 kl/kg
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Then,

T .
vy = Z,R2 = (0.995)(0.5182) 82315 _ 0.08033 m? /kg

P, 4000

As, = Z R = (0.06446)(0.5182 kJ/kg K) = 0.03341 kJ/kg. K
§3 = $2ieal — A5y =11.68-0.03341=11.65 kl/kg. K

Wepat = P(v, —v;) = (4000 kPa)(0.08033 - 0.04362)m? /kg = 146.84 kJ/kg
Genart = Wenart + () —11;) =146.84 + [(—4114) — (—4734)| = 766.84 kJ/kg

AS gt = S5 — 8 =11.65-10.09 = 1.56 kJ/kg

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

v, =0.04717 m*/kg
uy = —39.82 kl/kg

T, = 100°c}
s, =-1.439kJ/kg K

P, =4 MPa

v, =0.08141m°/kg
uy =564.52kl/kg

T, :350°c}
s, =0.06329 kl/kg.K

P, =4MPa
Wegs = P(v, —v;) = (4000 kPa)(0.08141-0.04717)m? /kg = 136.96 kJ/kg
Grps = Wegs + Uy —1;) =136.97 +[564.52 — (=39.82)| = 741.31 kJ/kg

Asggs = 55 —5; = 0.06329 — (~1.439) = 1.50 kJ/kg

12-82
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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)

M =16.043 Ibm/Ibmol, T, =343.9R, P, =673 psia, c, =0.532 Btu/lbm - R, R =0.1238 Btu/lbm - R

Analysis () Using empirical correlation for the ¢, of methane as given in Table A-2Ec gives

Ity — =J'cpdT:I(a+bT+cT2 +dTydT

500 psia
b C d o
=a(T, _Tl)+E(T22 ‘T12)+§(Tz3 ‘T13)+Z(T24 _T14) 1100°F
-2 -5 ﬂ\
= 4750(1000) + 2000610 7 15602 _ 56024 9:09392x10 7 5603 5603
2 3 Methane |3

—-0.4510x107°
+

f(lsm“ -560%) rK
=12,288 Btu/lbmol- R

The work input is equal to the enthalpy change. The enthalpy change per unit mass is Sl%gf;a

_hy—h; 12,288 Btu/Ibmol

M 16.043 Ibm/lbmol
Similarly, the entropy change is given by
2 2
c P P.
5y~ 5 ideat :j—”dT—Ru 1n—2=I i+b+cT+dT2de—Ru In-2
1 T P, T P,

T, C 2 2 d 3 3 P,
=aln—=+b(T, -T))+— (T -T")+— (T, -T°)-R, In—=
7 PO TS0 T+ S ) R, In

1 .09352x107°
=4.7501n 5566(? +0.6666x1072 (1560 — 560) +M(IS6OZ -560%)
_ -9
L 2045100 7 15603 _560%)— (1.9858) In 220
3 50
=7.407 Btu/Ibmol-R
The entropy change per unit mass is
(53 — 81 )igyt = 2 idear _ TAOTBWIbMOLR _ ) ye17 gy by . R

M 16.043 Ibmy/Ibmol

(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.)

T
T :_lzﬂzl.@,
T, 3439
—> Z,; =0.03313 and Z,, =0.01617
B 50
Rl =—=——-=0.0743
P, 673
and
T 1560
o=z = 1560y 5y
T, 3439
—> Z,, =0 and Z,, =0.00695
P, 500
Ppy=——=—>-=0.743
P, 673

cr
The work input and entropy changes are
Wiy =hy =y =(hy = hy)iges — RT(Z), = Z)y)
=765.9 —(0.1238)(343.9)(0 — 0.03313) =767.4 Btu/lbm

Sy =51 =(52 =5 )ideal —R(Z2 —Z )
=0.4617 — (0.1238)(0.00695 — 0.01617) = 0.4628 Btu/lbm -R
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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

Wiy =hy —hy =Ty (s, —5,) = 767.4 Btu/Ibm — (537 R)(0.4628 Btu/lbm - R) = 518.8 Btu/Ibm

The second-law efficiency of the compressor is

Weey 5188
w 767.4

My = =0.676=67.6%

actual
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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 7 (in Kelvin) is

(a) proportional to the enthalpy of vaporization /4, at that temperature,
(b) proportional to the temperature 7,

(c) proportional to the square of the temperature 7,

(d) proportional to the volume change vy, at that temperature,

(e) inversely proportional to the entropy change sy, at that temperature,

Answer (a) proportional to the enthalpy of vaporization /, at that temperature,

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

(@0 (b) 9% (c) 16% (d) 22% () 27%
Answer (€) 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

@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) = R7, the specific heat difference ¢, — ¢, is equal to
(@R b)YR-D (c)R+b (d)o0 (e) R(1 + ub)
Answer (a) R

Solution The general relation for the specific heat difference ¢, - ¢, is

2
(3
oT Jp\ov ),

For the given gas, P(v- b) = RT. Then,

RT (auj R
v=—tb—> ==
P P

or), P
RT (apj RT P
P= — | = == S
v-b ov)r  (v=-b} v-b
Substituting,

2 2
cp—cuz—TE PR =R
P v-b) P(v-b)

12-110 --- 12-112 Design and Essay Problems
ooy
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