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QUIZ CE101
Equations of State

Lucas Montogue

P> PROBLEMS

» Problem 1 (Smith et al., 2004)

Reported values for the virial coefficients of an alcohol vapor at 120°C are B
= —400 cm3/mol and € = —26,000 cm®/mol2. Calculate the molar volume and
compressibility factor for alcohol vapor at 120°C and 8 bar with the ideal gas
equation. True or false?

1.( ) The compressibility factor, in this case, is greater than 1.0.

2.( ) The molar volume, in this case, is greater than 3600 cm3/mol.
Repat your calculations with the simple virial equation (eqg. 2).

3.( ) The molar volume, in this case, is greater than 3800 cm3/mol.
4.( ) The compressibility factor, in this case, is greater than 0.8.
Repeat your calculations with the extended virial equation (eq. 3).
5.( ) The molar volume, in this case, is greater than 3500 cm3/mol.
6.( ) The compressibility factor, in this case, is greater than 0.8.

» Problem 2 (Moran & Shapiro, 2006)

A cylindrical tank containing 5.0 kg of carbon monoxide gas at —73°C has
an inner diameter of 0.25 m and a length of 1.2 m. Determine the pressure, in bar,
exerted by the gas using (1) the generalized compressibility chart; (2) the ideal gas
equation; (3) the Van der Waals equation; and (4) the Redlich-Kwong equation. List
your results in the following table. The critical parameters for carbon monoxide are
T, =133 Kand P, = 35 bar.

The values of a and b for use with the Van der Waals equation are

3 )2 3

a=1474 bar| —— | ; 5=0.0395 —
kmol ol

In the Redlich-Kwong equation, use

L6 T2 3

a=17.22 b‘“m—ZK - h=0.02737 —2
kmol kmol

Method Pressure (bar)
Compressibility chart
Ideal gas law

Van der Waals equation
Redlich-Kwong equation

> Problem 3 (Dahm & Visco, 2015, w/ permission)

A compound has a critical temperature of 500 K, a critical pressure of 32
atm, and an acentric factor of w = 0.45. Estimate the molar volume for this
compound in the vapor phase at T = 450 K and P = 7.5 atm using (1) the ideal gas
law; (2) the Van der Waals equation; (3) the Soave equation; (4) the Peng-Robinson
equation; and (5) the Lee-Kesler equation. List your results in the following table.

Molar Volume

Method (m3/kmol)

Ideal gas law
Van der Waals
Soave
Peng-Robinson
Lee-Kesler
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-> Problem L|'1 (Dahm & Visco, 2015, w/ permission)

One mole of n-butane vapor is compressed at a constant temperature of
400 K from P = 0.1 bar to P = 15 bar. Using the Peng-Robinson equation of state,
estimate the variation in internal energy, AU, for the gas in this process. For butane,
the critical temperature T, = 425 K, the critical pressure P, = 38 bar, and the
acentric factor w = 0.2.

A) AU = —426
B) AU = —831
C) AU = -1390)

D) AU = —1880)

- Problem 4.2

Calculate the variation in entropy, AS, for the gas introduced in the previous
problem.
A) AS = —19.1 J/K
B) AS = —45.3 J/K
C) AS = —90.2 J/K
D) AS = —133 J/K

> Problem 5 (Dahm & Visco, 2015, w/ permission)

You are designing a process in which toluene is used as a solvent. In order
to size process equipment, you need to know the properties at several conditions.
The critical temperature and pressure of toluene are T, = 592 Kand P, = 41.1 bar,
respectively. The acentric factor w = 0.264. Using the Peng-Robinson equation, you
are asked to do the following:

1. Estimate the molar volume at the critical point.
2. Find the molar volume of the liquid phase at T = 300 Kand P = 1 bar.
3. Find the molar volume in the vapor phase at T = 500 Kand P = 3 bar.

4. Find the change in molar enthalpy when toluene is heated and compressed from
T=300KandP =1bartoT =500 K and P = 3 bar.

True or false?

1.( ) The molar volume obtained in Part 1 is greater than 250 cm3/mol.

2.( ) The molar volume obtained in Part 2 is greater than 180 cm3/mol.

3.( ) The molar volume obtained in Part 3 is greater than 15,000 cm3/mol.

4.( ) The change in molar enthalpy obtained in Part 4 is greater than 50 kJ/mol.

> Problem 6 (Dahm & Visco, 2015, w/ permission)

You are designing a process in which benzene is used as a solvent. In order
to size process equipment, you need to know the properties at several conditions.
The critical temperature and pressure of toluene are T, = 562 K and P; = 49 bar,
respectively. The acentric factor w = 0.216. Using the Peng-Robinson equation, you
are asked to do the following:

1. Estimate the molar volume at the critical point.
2. Find the molar volume of the liquid phase at T = 500°R and P = 1 atm.
3. Find the molar volume in the vapor phase at T = 800°R and P = 4 atm.

4. Find the change in molar enthalpy when benzene is heated and compressed from
T =500°Rand P =1 atmtoT = 800°R and P = 4 atm.

True or false?

1.( ) The molar volume obtained in Part 1 is greater than 1.8x10*m3/mol.

2.( ) The molar volume obtained in Part 2 is greater than 2x10% m3/mol.

3.( ) The molar volume obtained in Part 3 is greater than 5x10-3 m3/mol.

4.( ) The change in molar enthalpy obtained in Part 4 is greater than 60 kJ/mol.
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-> Problem 7 .1 (Dahm & Visco, 2015, w/ permission)

A compound has critical temperature of 800 K, critical pressure of 45 bar,
specific heat Cp = 8R, and acentric factor w = 0.25, and is well modeled by the
Peng-Robinson equation of state. 10 mol/s of the compound enters a turbine in the
vapor state at T = 600 Kand P = 10 bar. It leaves at T = 450 K and P = 0.25 bar, as
a mixture with g = 0.97. Determine the rate at which work is produced by the
turbine.

A) W, o, = —14.4 K/s
B) W, ey = —80.0 kJ/s
C) Wy ey = —146 KJ/s
D) W, rey = —212 KJ/s

- Problem 7.2
Determine the rate of entropy generation in the turbine.
A) Syen = 123 J/(K:s)
B) Sgen = 34.3 J/(K-s)
C) Sgen = 66.7 J/(K'3)
D) Sgen = 88.2 J/(Ks)

- Problem 7.3

Determine the efficiency of the engine.

A)n=0.244
B) n =0.431
C)n=0611
D) n=0.824

P> ADDITIONAL INFORMATION

Equations
Eq. 1 > The ideal gas law

PV =RT
Eq. 2 - Virial equation truncated to two terms
PV BP
L=—=1+—
RT RT
where B is the second virial coefficient.
Eq. 3 - Virial equation truncated to three terms

PV B C
Z == 1 + =+ _—2
RT |4
where B and C are the second and third virial coefficients, respectively.
Eq. 4 > Van der Waals equation

__RT _a
V-b V?

where a and b are coefficients. a is given by

. 27R°T;
64P.
where T, and P, are the critical temperature and pressure, respectively. Coefficient
b, in turn, is given by
RT,

8P.

Eq. 5 2 Redlich-Kwong equation

where a and b are coefficients.
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Eq. 6 - Soave equation
p- R ___a
V-b V(V+b)

where a and b are coefficients. Coefficient b is straightforwardly obtained as

b =0.08664 R1,

C

where T, and P, are the critical temperature and pressure, respectively. Coefficient

a, in turn, is given by the relation a = a;a, with

a=[1+m(1-1%%)]
m=0.48+1.5470—-0.1760"

T2
a. = 0.42747R* <
c

where T,. = T/T, is the reduced temperature and w is the acentric factor.

Eq. 7 & Peng-Robinson equation

P RT 3 a
V-b V(V+b)+b(V -b)

where a and b are coefficients. Coefficient b is given by

b=0.0778 R,

C

where T, and P, are the critical temperature and pressure, respectively. Coefficient

a, in turn, is given by the relation a = a;a, with

a=[1+x(1-1%)]
K = 037464 +1.542260—0.26993200°

T2
a. =0.45724R* <
C

where T, = T/T, is the reduced temperature and w is the acentric factor.

Eq. 8 2 Residual molar internal energy — Peng-Robinson

E__{ 4 }1+K\/F’ . Z+(1+\/§)B
RT || 2V2B Ja Z+(1—ﬁ)B

where A and B are parameters given by

B aP _b_P
RT? RT

Eq. 9 2 Residual molar enthalpy — Peng-Robinson

75 B y K\/Fr 7+ )B
w2 LﬁB}{H Ja }“ Z+(1-2)5

—
+
=)

[\

where A and B are the same parameters given in eq. 8.
Eq. 10 > Residual molar entropy — Peng-Robinson

5t 4 TwyT | | Z+(1+2)B
®onee L@J[ Ja }“ Z+(1-V3)8

where A and B are the same parameters given in eq. 8.

Table 1 Coefficients for use with the ideal gas heat capacity equation

£

Cr_ A+BT+CT*+DT’ +ET*
R
Formula A B % 103 C % 10° D x 108 E X 101 | Range (K)
Benzene CsHg 3.551 —6.184 14.365 —19.807 8.234 50-1000
Toluene C,Hg 3.866 3.558 13.356 —18.659 7.690 50-1000
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Figure 1 Generalized compressibility chart for P, <1.0.
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Figure 3 Generalized compressibility chart, 10 < P, < 40.
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Figure 5 Compressibility factor for acompound with w = 1.0 for use with the Lee-

Kesler equation.
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Figure 6 Molar enthalpy residual function for a compound with w = 0, as
determined with the Lee-Kesler equation.
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determined with the Lee-Kesler equation.
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P> SOLUTIONS
P.1=) Solution

1.False. Needless to say, the value of Z in the ideal gas law is exactly one.

2.True. The molar volume follows from the ideal gas law,

RT _83.14x393 _
P g

4080 ¢cm’/mol

V=

3.False. Solving the virial equation (equation 2) for V gives

PV _ B Ly _RT g
RT RT P
V:%—%O =13680 cm’®/mol

4.True. The compressibility factor follows as

PV V3680 _[0907]

" RT RT/P 4080

5.True. Inserting our data in the equation in question, equation 3, gives

PV B C 8xV 400 26,000
—:1+:+_—2—) =]l-—- =
RT Vv 83.14x393 vV v
- 244x10°7 =1- 220 26’_200
174 v

This is a cubic equation in V7, and can be easily solved with the Mathematica
code

Solve[2.44 * 10™*v == 1 — 400/v — 26000/v?, v]

This returns two invalid solutions and V = 3640 cm3/mol, which is the one
viable solution.

6.True. The compressibility factor follows as

V364015397

T RT/P 4080

In comparison with the result obtained with the extended virial equation -
arguably the most accurate of the three calculations — the result from the ideal
gas law is about 12% too high, while the result from the short virial equation is
about 1.1% too high.

P.2 =) Solution

The molar specific volume of the gas is required in each part of the solution.
To evaluate it, we first compute the volume of the cylinder,

71212 I 7x0.25°

V= x1.2=0.0589 m’

The molar specific volume is then

7= My=Mmx L =28x 208
m

=0.330 m’ /kmol

The critical properties are T, = 133 K and P, = 35 bar. The reduced
temperature T, and the pseudoreduced specific volume vy are, respectively,

200

T ==—=1.50
133

P =0.330><(35><105)

a =1.04
RT, 8314x133

Entering these two quantities onto Figure 2, we read a compressibility
factor Z = 0.9. From the definition of Z, we can solve for pressure, giving
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Z="__p=
RT v
p= 0.9x8314x200 :4_53X106 Pa =145.3 bar
0.330

Inserting the data in the ideal gas law gives

_RT _ 8314x200
oy 0.330

P =5.04x10° Pa=|50.4 bar

Appealing to the Van der Waals equation (equation 4), we have

_RT a 8314x200 1 1.474

P =143.7 bar

= —_ :—X__
v-b v 0330-0.0395 10° 0.330

Factor 1/10° in the first term on the right-hand side is used to convert
pressure from Pa to bar. Another way to arrive at the same result is to first compute
the compressibility factor

v, 27 1.04 27

= = = = = 0.866
Vi—1/8 64TV, 1.04—1/8 64x1.50x1.04

and then solve for P, giving

7 P p 2RI
RT v

P 0.866x8314x200 XLS:43.6 bar
0.330 10

The slight difference is attributed to roundoff.

Substituting the data in the Redlich-Kwong equation (equation 4) brings to

RT a
P= _
v-b v(v+b)T"

8314200 1 17.22

- _ =|44.6 bar

—_ X
0.330-0.02737 10° 0.330x(0.330+0.02737)x 200"

Alternatively, we can compute the compressibility factor

B Vi ~ 0.42748
v, —0.08664 (v}, +0.08664) T

1.04 0.42748

= — 7= 0.884
1.04-0.08664 (1.04+0.08664)><1.5
and then solve for P,
T p AT
RT v
p= 0.884x8314x200 XLS: 44.5 bar
0.330 10

Again, the slight difference is due to roundoff. In comparison to the value of
the first part, the ideal gas equation of state gives a pressure that is 11.3% higher
and the Van der Waals equation gives a value that is 3.5% lower. The result from
the Redlich-Kwong equation deviates from the first calculation by only 1.5%. The
results are summarized in the following table.

Method Pressure (bar)
Compressibility chart 453
Ideal gas law 50.4
Van der Waals equation 43.7
Redlich-Kwong equation 44.6

P.3 =) Solution

From the ideal gas law, we have

RT _ 0.08206x450
P 7.5

V= ={4.92 m®/kmol
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The Van der Waals equation (equation 4) is

_RT _a
V-b V?
Coefficient a is given by
. 27R’T;  27x0.08206” x500° 9 m’ - atm
64P. 64x32 "~ kmol’

while b is calculated as

_ RT. 0.08206x500
8F. 8x32

b =0.160 m’ /kmol

Inserting P = 7.5 atm and other data in the Van der Waals equation brings
to

~ 0.08206x450 22.2
V —0.160 y?

7.5

This equation can be easily solved with the Mathematica code

0.08206 * 450
Solve|7.5 ==————— —222/v%,v
v—0.16

which returns two imaginary solutions and V = 4.44 m3/kmol, which is the viable
result.

The Soave equation (equation 6) is

p-tL __ a
V—b V(V+b)

The acentric factor w = 0.45. We first require factor m,

m=048+1.547w—0.1760> =0.48 +1.547x0.45—-0.176x0.45* =1.14

In addition, the reduced temperature T,, = 450/500 = 0.9, so that

a=[1+m(1=7)] =[1+1.14x(1-0.9°%)] =1.12
[1em(1-1)] =] (1-0.9")]

Parameter a,, in turn, is given by

2 2 6
ae =0.42747R 1€ 2 0.42747x0.08206° x 220 pp 5 1 an
P. 32 kmol
so that
m® - atm
a=a.a=225x1.12=25.2 >
kmol
It remains to compute factor b,
T, 500 ;
b=0.08664R—=0.08664 x 0.08206 x EY =0.111 m” /kmol

C

Inserting P = 7.5 atm and other data in the Soave equation gives

;5 008206x450 25
' V-0.111 17(17+0.111)

The equation above can be solved with the Mathematica code

Solve |7.5 ==

0.08206 * 450 252 ]
v—0111  vw+0111)""

This returns two meaningless solutions and V = 4.29 m3/kmol, which is the
one feasible result.

The Peng-Robinson equation (equation 7) is

po RT a
V=b V(V+b)+b(V -b)

10
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The acentric factor w = 0.45. Before anything else, we compute factor «,
K =0.3746+1.542260 — 0.2699%"
Sk =0.3746+1.54226%0.45-0.2699 x 0.45* =1.01

The reduced temperature is T, = 450/500 = 0.9. Coefficient a is
determined next,

a=[1+x(1-1%)] =[1+1.01x(1-09) [ =1.11
We also require coefficient a,

22 2 2 6
R°T; 0457274 0.08206" x 500 _yy at;n
P. 32 kmol

a. =0.457274

so that

m6 -atm
12

a=a.o0=24.1x1.11=26.8
0

Parameter b, in turn, is given by

RT, 0.08206 x 500

b=0.0778 =0.0778 x — 0.0998 m’/kmol

C

Substituting P = 7.5 atm and other data in the Peng-Robinson equation, we
get

;5 0.08206x450 _ 26.8
T 7-0.0998 V(7 +0.0998)+0.0998(7 —0.0998)

As recommended in the previous calculation routines, we can easily solve
this with the Mathematica code

0.08206 * 450 25.2

Solve [7.5 == . , ]
ove v —0.0998  v(v +0.0998) + 0.0998(v — 0.0998)" "

The one meaningful solution, in this case, is ¥ = 4.29 m3/mol.

The reduced pressure is B. = P[P, = 7.5/32 = 0.234. Mapping this quantity
and a reduced temperature T, = 0.9 onto Figure 4, we read Z° = 0.9. Likewise, we
read Z! = —0.06 from Figure 5. The compressibility factor Z is then

Z=2"+wZ =0.9+0.45%(-0.06)=0.873

The molar volume follows as

PV — ZRT
L=—->V ="
RT P
—  0.873x0.08206x450
7=t *2" ~4.30 m’ /kmol
7.5
The results obtained with each method are summarized in the following
table.
Molar Volume
Method (m3/kmol)
Ideal gas law 492
Van der Waals 4.44
Soave 4.29
Peng-Robinson 4.29
Lee-Kesler 4.30
P.4 =) Solution

Part 1: Using residual properties, the change in internal energy for a process is

0,-0 =(l72 _@g)+(@g_(71ig)_((71 —U:g)

In this particular case, there are two simplifications: (1) the initial state is a
vapor at 0.1 bar, therefore it can be assumed to be an ideal gas, with the result that

U, - l_llig = 0; and (2) the process is isothermal and, since internal energy is only a

11
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function of temperature for an ideal gas, l_]zig - l_]ilg = 0. Accordingly, for this process
the equation above simplifies to

0,0, =(0, -T2 )+ (027 - (G-F7) =(T,~T¢)

We proceed to compute (T, — U.8). Before employing the Peng-Robinson
equation, we must calculate a few parameters. The reduced temperature is T,. =
400/425 = 0.941. Factor k follows as

K =0.37464+1.542260-0.2699320°
ok =0.37464+1.54226x0.2—0.269932x0.2> = 0.672

As for a,

a=[1+x(1-1%)] =[1+0.672x(1-0.941°)] =1.04

and a,

22 2 2 6
a. =045724 8T _ 45704, B34 X425 | 55 g Dar-em’
F. 38 mol

Combining the two previous results,

6
a=aca=(1.50x10")x1.04=1.56x10’ bar-cm”
mol
Lastly, we compute parameter b,
RT .
b=0.07780—<=0.07780 x% =72.3 cm’/mol

C

Inserting our results into the Peng-Robinson equation, we write

P RT 3 a
V-b V(V+b)+b(V -b)
_ 83.14x400 1.56x107

S 15=

V-123  V(V+723)+723(V -72.3)
The equation above can be easily solved with the Mathematica code

83.14 * 400 1.56 = 107

Solve [15.== . v
ove V—723 VIV +723) + 723V —723)

which returns two meaningless imaginary solutions and V = 1770 cm3/mol, which is
the one viable solution. Entering this value into the definition of the compressibility
factor, we get

:PV: 15x1770 _ 0798
RT  83.14x400

The expression for residual molar internal energy to use is equation 8,

E:_ [ 4 } 1+K\/F’}ln Z+(1+\/5)B
RT 228 Ja Z+(1—x/§)B

We have all necessary quantities but coefficients A and B, which are given by

1.56x107)x15
= ZP2 :( 2 ) > :0.212
RT 83.14° x400
5 bP __723x15
RT 83.14x400

=0.0326

Finally, UR/RT is calculated to be

T K 0.212 jx(1+0.672><\/0.941]x1 (0.798+2.41x0.0326 ﬂ

= —_— n
242 x0.0326 J1.04 0.798—0.414x0.0326

RT

=-0.418

and

12
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U,-U¥ =-0.418x8.314x400 = —1390 J/mol

Sincen = 1 mol, we conclude that

AU =-1390 1]

¢ The correct answer is C.

Part 2: The procedure to calculate AS is quite similar to the one used to
compute AU. We first expand the molar entropy change S, — S, as

5.5, (5, 5+ (5257 )~ (5, - 57)

However, here, the entropy change is not O for the ideal gas process; entropy is
a function of P and T, even for an ideal gas. It is true, nevertheless, that we can
model the butane at the start of the process as an ideal gas, simplifying the relation
above to

S, =5, =(5,-5)+(S =51~ (557

5,-5,=(5,-5¢)+(5x 57

The expression for residual molar entropy, per the Peng-Robinson model, is
equation 10,

5t 4 TwyT | | Z2+(1+42)B
®onen Lﬁgﬂ Ja ]1“ Z+(1-V2)8

All necessary quantities were computed in the previous problem. Substituting,
we obtain

QR

% =1n(0.798—0.0326)

242 %0.0326 J1.04 0.798-0.414x0.0326

0.212 0.672x+/0.941 0.798+2.41x0.0326
- In =-0.430

and
S, — S =-0.430x8.314 =-3.58 J/mol-K
The ideal gas component is determined starting with the relation

d§=&dT+£dl7
T v

S5 (G g Rl
2 1 V

T=400K T f

Since the upper and lower bounds of the integral are the same, the result is
zero and we do not need Cy;. The equation then simplifies to

§2ig _§lig :Rln(V;/VI)ZRln(szRln(ﬁj

RT /P J

2

LSS = 8.3l4xln(?—'51j =-41.7 J/mol-K

Returning to S, — S;, we obtain
S, -8, =-3.58+(—-41.7)=-45.3 J/mol-K

Sincen = 1 mol, we conclude that

|AS =-453 J/K|

¢ The correct answer is B.
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P.5 =) Solution

1.True. At the outset, we compute k,
K =0.3746+1.54226—0.2699 "

5k =0.3746+1.54226x0.264 —0.2699 x 0.264” = 0.763

Factor « follows as
a=[1+x(1-1")] =[1+0.763%(1-1.0)] =10

This result becomes obvious if we recall that we are dealing with critical
conditions; nevertheless, calculating k was not a waste of time, as we will need it in
upcoming calculations. We proceed to compute parameter a,

22 5 2 ]
els :0-45724Xw=2.70x107 bar—crzn
c 41.1 mOl

a. =0.45724

Gleaning the previous results, parameter a is found as

6
0 =aca =(2.70x107)x1.0 =2.70x10" 22N
mol
Parameter b is determined next,
RT, .
b=0.0778—<=0.0778 x% =93.2 cm®/mol
7 .

Writing the Peng-Robinson equation and substituting, we have

P RT 3 a
“V=b V(V+b)+b(V -b)
83.14x592 2.70x10’

LALl=—— o= 7 (7 +932)+93.2(F -93.2)

The equation above can be solved with the Mathematica code

83.14 * 592 2.7 % 107

Solve [41.1 == . v
ove V—932 V(V+932)+932(V —93.2)

which returns two meaningless solutions and ¥V = 308 cm3/mol, which is a feasible
result.

2.False. The reduced temperature is now T,, = 300/592 = 0.507. Factor k is
dependent on the acentric fator only and continues to be k = 0.763. The
corresponding a is

2

o= [1 +0.763%(1-0.507" )] ~1.49

Parameter a. is dependent on absolute quantities only and remains unchanged.
Thus,

bar-cm®
2

a=aca=(2.70x10")x1.49 = 4.02x10’ 1
mo

Likewise, parameter b continues to be 93.2 cm3/mol. Substituting in the Peng-
Robinson equation gives

83.14x300 4.02x107
1.0 =2 R _
V-93.2 V(V+93.2)+93.2(V—93.2)

This equation can be solved with the Mathematica code

4.02 = 107

Solve |1.== 83.14 % 300/(V — 93.2) — v
ove *300/( ) =7 7932 1 9320V —932)

which returns ¥V = 107 cm3/mol, ¥ = 1410 cm3/mol, and ¥ = 23,300 cm3/mol. The
lowest result is the molar volume of the liquid phase.

3.False. The reduced temperature has changed to T,, = 500/592 = 0.845, and
factor a becomes

14

© 2020 Montogue Quiz



2

o= [1+O.763x(1—0.8450'5)] ~1.13

Thus,
7 7 bal’ * Cm6
a=(2.70x10")x1.13=3.05x10" ———
mol
Substituting in the Peng-Robinson equation gives
~ 83.14x300 3.05x10’

3.0=

V-932  V(7+932)+932(V-93.2)
The solutions to this equation are V = 150 cm3/mol, V = 418 cm3/mol, and V =

13,200 cm3/mol. The largest result is the vapor solution.

4.True. The change in molar enthalpy determined using residual properties is
H,-H =(H,~Hf)+(HE - H®)-(H, - H?)

We know from the problem statement that state (1) is a liquid and state (2) is a
vapor, and we will compute the residual molar enthalpy for each. The expression for
molar enthalpy is equation 9,

H*R Z+<1+\/§)B

A
w2 LﬁBHH Ja }“ Z+(1-V3)B

where

aP bP

A= 7 s B=—

R°T RT
To begin, consider vapor (2) at 500 K and 3 bar. We have a = 3.05x107
bar-cm®/mol and b = 93.2 cm3/mol. Coefficients A and B are calculated to be

3.05x107 }x3.0
- szz( 2 ) =0.0531
R’T*  83.14°x500

p_bP _ 92.3x3.0
RT ~ 83.14x500

=6.66x107°

Now, in part 3, we have specified that the molar volume of the vapor phase in
question is 13,200 cm3/mol. The compressibility factor is then

7 PV _3.0x13,200

= = =0.953
RT  83.14x500

We now have all the information necessary to compute H. Accordingly,

rTR
T (0.953-1)
RT

0.0531 0.763 % /0 845 O.953+2.41x(6.66x10‘3)
- ) x| 14+ x1n

2ﬁx(6.66x10-3 J1.13 O.953—O.414><(6.66><10’3)

TR
SH 0139
RT
and
3
H* =-0.139%83.14x500 = ~5780 mr—cin =578 J/mol
mo

Let us proceed to the calculations for the initial state (1) at 300 K and 1 bar. As
we have established in part 2, for this state, we have a = 4.02x107 bar-cm®/mol?
and of course b = 92.3 cm3/mol. Parameters A and B are such that

4.02x10")x1.0
A= ‘;PZZ( . ) = 0.0646
R’T*  83.14°x300

15
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5 bP _ 92.3x1.0

= === —-370x107°
RT 83.14x300

In part 2, we established the molar volume of this state to be 107 cm3/mol.
Thus,

_PV_ 10x107 oo s
RT ~ 83.14x300

We can now determine the residual molar enthalpy for this state,

E=(4.29x103 —1)

0.0646 0.763x~/0 507 4.29x107 +2.41x(3.70x10™)
— x| 1+ xIn :
242%(3.70x107) J1.49 4.29x107 ~0.414x(3.70x107)
TR
CHT sy
RT
so that

3
% = —15.0%83.14x300 = —374.000 227 ™ _ 37 400 J/mol

mol
This leaves the ideal gas enthalpy change
_. _. T,=500K
Y - = CdT
L=300K 7

Using coefficients from Table 1, the integral above becomes

500 (3.866+3.558x103T+13.356><105T2

HEf-H*=| 8314 T =27,700 J/mol
300 ~18.659x107°T° +7.690x107"' T*

Finally, returning to the enthalpy equation,

HZ—]__Il :(ﬁz _H;g)_i_(H;g _Hlig)_(]—_ll —]—_Ilig)

~H,—H, =-577+27,700-(-37,400) =|64.5 kJ/mol

P.6 =) Solution

1.True. To begin, we compute factor k,

k=0.3746+1.54226 —0.2699%°

ok =0.3746+1.54226x0.216—0.2699x0.216> = 0.695

Factor a is, in turn,

a=[14x(1-17)] =[140.695%(1-1.0)] =1.0

This result is expected, since we are dealing with a fluid under critical
conditions. Next, parameter a,, is given by

2
2 8.314x10°) x5622
a. = 04572481 _ 0 45724 ( )
P, 41.1
6
na, =2.04x10 Mbar

mol’

Combining the two previous results, we have

m® - bar
2

a=a.a =(2.o4x10-5)><1.o —2.04x107°
¢ mol

We also require parameter b,

8.314x107°)x 562
b= 00778 KT _ o 07785\ )
P. 49.0

=7.42x10"° m’/mol

16
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Substituting these quantities and P = 49.0 bar in the Peng-Robinson
equation, it follows that

8.314x10°)x 562 S
49.0=( ) 2.04x10

V=742x10° [V +(7.42x10°) |+(7.42x10°)[ 7 - (7.42x10°7) |
This equation can be solved for the molar volume V¥, for example by using
the Mathematica code

(8.314 x 1075) * 562
V—742%1075

Solve [49. ==

2.04 % 1075 ’
V(V +7.42 % 1075) + 7.42 « 10-5(V — 7.42 x 1075)’

This returns two imaginary solutions and V = 2.49 x 10** m3/mol, which is
the one feasible result.

2.False. The temperature and pressure are convertedas T =278 Kand P =
1.01 bar, respectively. The reduced temperature is now T, = 278/562 = 0.495.
Factor k is dependent on the acentric factor only and remains k = 0.695. We
proceed to determine «,

2

a= [1+K(1—T,°~5)]2 =[1+0.695%(1-0.495"*) | =1.45

Since a. is dependent on the ideal gas constant and critical quantities T,
and P, we still have a; = 2.04x10° m®bar/mol2. Coefficient a is determined next,

6
_s m’ -bar
2

a=a.a =(2.o4x10-5)><1.45 =2.96x10
« mol

Coefficient b is also dependent on unchanged quantities only, so that b =
7.42x107° m3/mol as before. Inserting our data in the Peng-Robinson equation
brings to

Lot (8.314x107°)x278 2.96x10°
T T o7.42x10° (17+7.42><1o—5)+7.42x10-5(17—7.42><10-5)

The equation can be solved with the Mathematica code

8.314 % 107> = 278
V—742%1075

Solve [1.01 ==

2.96 % 1075 ’
V(V +7.42 % 1075) + 7.42 « 10-5(V — 7.42 x 1075)’

which returns ¥ = 8.55x10°> m3/mol, ¥ = 0.00111 m3/mol,and V¥ = 0.0216
m3/mol. Since we are dealing with a compound in the liquid phase, the molar
volume is most likely the lowest result, ¥ = 8.55x 10> m3/mol.

3.True. The temperature and pressure are converted as T = 444 Kand P =
4.05 bar, respectively. The reduced temperature has changed to T, = 444/562 =
0.790. Factor k remains unchanged, and « follows as

a=[14+x(1-17)] =[1+0.695%(1-0.790") | =1.16

Parameter a; = 2.04x10° m®bar/mol2 as before. Thus,

6
s m’ -bar
2

a=a.a =(2.O4><10‘5)><1.16=2.37><10‘
< mol

In addition, b = 7.42x107° m3/mol is unaltered. Inserting our data in the
Peng-Robinson equation brings to

408 (8.314x107)x 444 2.37x10°°
T Y -7.42%107 17(I7+7.42><10-5)+7.42x10-5(17—7.42><10-5)

The equation can be solved with the Mathematica code

17
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(8.314 % 1075) 444

Solve [4.05 == V7427105

2.37 %1075 ’
V(V +7.42 % 1075) + 7.42 « 10-5(V — 7.42 x 1075)’

which returns V = 1.09%10* m3/mol, V = 4.11x10“ m3/mol,and 7V = 8.52x 103
m3/mol. Since we are dealing with a vapor phase, the correct molar volume is most
likely the highest result, ¥ = 8.52x103 m3/mol.

4. False. The difference of molar enthalpies can be expanded as

H, —f,=(H,-%)+(dE - 7%~ (A, - 7F)

Reading enthalpy residuals from Figures 6 and 7, we have, using the Lee-
Kesler equation,

(ﬁ,—ﬁ,ig)z{ﬁ—ﬁig

0 ]—_I—I'_]i 1
+o| ———= | =-5.5+0.216x(-8.9)=-7.42
RT, RT,

RT,
with the result that
H, —H® =-7.42x8.314x562 = —34,700 J/mol

Proceeding similarly with H, — H;g gives

(Flz—ﬁ;g){ﬁ—ﬁig

0 ]—_I—ﬁi 1
+o| ———2| =-0.14+0.216x(-0.2) =-0.183
RT, RT, R

C

so that
H,—H® =-0.183x8.314x562 = —855 J/mol
[t remains to compute H;g - Hig, which is given by
HE-HE=[Crdr

Using coefficients from Table 1, the integral above becomes

e i =

1

444 3.551-6.184x10°T +14.365x10°T"
8.314

T =16,700 J/mol
278 —19.807x107°7° +8.234x107"'7*

Substituting in the first equation, the change in molar enthalpy is calculated
to be

H, —H, =-855+16,700—(~34,700) =

P.7 =) Solution
Part 1: The typical energy balance for a turbine is

VVsrev Iy
—,:HZ _Hl

n

Using residuals, the equation becomes

14 — ie _ i H - H
%:(HZ—HQ’%)%H?—H{%)—(HI_Hfg)

The ideal gas change in enthalpy is straightforwardly obtained as
. . 450
Hf-HF* = -[600 C,dT = 8R(450—600) =-9980 J/mol

The residual molar enthalpy, per the Peng-Robinson model, is given by equation

L 4 ,{\/f Z+(1+\/§)B
7~ {2&3}{1+ Ja }m z+(1-2)B (D
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Before we proceed, we must calculate some of the parameters in the equation
above. Consider the initial state of the compound, which enters the turbine at T =
600 K and P = 10 bar. Given the acentric factor w = 0.25, we begin by computing
factor k,

K =0.37464+1.542260-0.2699320"
ok =0.37464+1.54226x0.25-0.269932x0.25° = 0.743

The reduced temperature is T, = 600/800 = 0.75. Factor a is determined next,

2

a=[1+x(1-1")] =[1+0.743x(1-075)] =121

We also need ag,

22 2 2 6
ap = 04572487 _ 0 45724, 3314 B0 _ 55, 17 ar-em’
re 45 mol
so that
; ; bar-cm®
a=aca=(450x10")x1.21=545x10" —— —
mol
Parameter b is, in turn,
RT. .
b=0.0778 e _ 0.0778x 33142800 _ 15 3 mol
P. 45

Lastly, we resort to the Peng-Robinson equation,

P RT 3 a
V—b V(V+b)+b(V-b)
_ 83.14x600 5.45%10’

~10=

V-115 V(7 +115)+115(V -115)

The equation above has three solutions: 159, 928, and 3790 cm3/mol. Since
the entering fluid is a vapor, the pertinent value is the largest one, V = 3790
cm3/mol. Having obtained the molar volume, we can establish the compressibility
factor,

7 B _10x3790 _ oo
RT ~ 83.14x600

We can also determine parameters A and B,

5.45x107 )x10
- ijzz( _ ) —=0.219
R'T?  83.14x600
p=2f_ 11510 __ 03
RT  83.14x600

We now have all the information needed to compute HR using equation (I),

rTR
I;TZ(O'%O_I)_{{ 0.219 }{1+0.743x\/0.75}n[0.760+2.41><0.0231}}:_0'683

242 x0.0231 V121 0.760-0.414x0.0231

Solving for HR gives
H,—H® =-0.683x8.314x 600 = —3410 J/mol

It remains to compute H, — H;g. Since the pressure of the outlet gas is quite low
(0.75 bar), we might suggest that it is an ideal gas. But the fluid is a liquid-vapor
mixture and only the vapor can be modeled as an ideal gas. Conveniently, the
intensive properties of VLE mixtures can be computed as a weighted average of the
properties of the individual phases, or

AR = gH +(1-g) A™

Modeling the vapor as an ideal gas, its residual molar enthalpy (and all residual
properties) is O. This leaves
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H,—H¥ =003H"

At P =0.75 barand T = 450 K, we appeal to the Peng-Robinson model a
second time, with the following results,

Kk =0.743
7 =L 200563
T. 800

2

a=[14x(1-1)] =[140.743x(1-0563") | =1.41

22 2 2
R _ 45704, 33147 %8007 _ ) <0107
P. 45 mol

bar-cm®
2

a. =0.45724

0 bar-cm®
2

a=a.a =(4.50><107)><1.41=6.35><1
¢ mol

RT, 83.14 %800

b=0.0778 =0.0778 4—5 =115 ¢m’/mol

C

Referring to the Peng-Robinson equation, we have

P RT 3 a
-V -b I7(I7+b)+b(l7—b)

83.14x450 6.35x10’

SO S 7 (V+115)+115(7 -115)

The equation above has solutions ¥ = 137 cm3/mol, ¥ = 1380 cm3/mol, and V
= 48,300 cm3/mol. Since we are modeling a liquid, we take the molar volume to be
the lowest result, ¥ = 137 cm3/mol. We proceed to compute the compressibility
factor,

p _ BV, 0.75x137

=22 =2.75x10°
RT,  83.14x450

In sequence, parameters A and B are

6.35x107 )x0.75
A= szz( 2 ) = -0.0340
R’T* 83.14*x450
5 _bP _ 115x075
RT  83.14x450

=2.31x10"

We now have all the information needed to compute H?L,

%:(2.75x103 —1)

0.0340 0.743x+/0.563 2.75x107 +2.41x(2.31x107)
- In =-12.7
2\/5><(2.31><10*3) J1.41 2.75%107 —0.414><(2.31><10‘3)
so that
H =-12.7x8.314x450 = —47,500 J/mol
and

H,—-H}=0.03H"" =0.03x(-47,500) = —1430 J/mol

Returning to the energy balance, we write
— = (H, - HE)+(HE - HE)-(H, - H)

W,
1430+ (~9980) —(~3410) = ~8000 J/mol
n
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Finally,

W, o, =10 (=8000) =[-80.0 ki/s|

¢ The correct answer is B.

Part 2: The typical energy The rate of entropy generation, S‘gen, can be
estimated by applying an entropy balance to the turbine,

Sout + Sgen

0=rir. S. —rin

mn—n out

On a molar basis,

© S, =n(S,-5,) ()

Introducing residuals, we write

S, -5 =(5,-5¢)+ (S -5)-(5,-5"*)

Since C} is constant, the ideal gas portion can be found with the usual equation

SkE_St=CIn [T] Rln LPJ
n B
.55 =(8x8.314)xIn 200 g 314xin[ 27212 2 40 Jimol
600 10

The residual entropy per the Peng-Robinson model is given by equation 10,

Sk ,{\/_ Z+(1+\/§)B
T LIBHI] Z+(1-V3)8

All parameters on the right-hand side have been calculated in the previous part.
For state 1,

§R
== ln(0.760 —-0.023 1)

242 x0.0231 v1.21 0.760—-0.414x0.0231

_[[ 0.219 j(o.743x\/0.7sjln( 0.760+2.41><0.0231ﬂ

QR
S =-0.469
R

with the result that
S, — 8% =—-0.469x8.314 = -3.90 J/mol -K

Proceeding similarly with stage 2, we obtain

5—:1 (2 75%107° —2.31x10" )

R
[ 0.0340 M 743x+/0.563 } [2.75><103+2.41><(2.31x103)
n

2\/§x 2.31x107 J1.41 2.75><10-3—0.414><(2.31><10'3)
.-.S—=—11.5
R
so that
ig OR,L
55 ~0.0322 =0.03x(-11.5)
R R

- S, — S =287 J/mol-K

Combining the individual terms gives
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S, -5, =(8,-5F)+(S¢-5%)~(5,-57)
.8, -8, =-2.87+2.40—(-3.90) =3.43 J/mol-K

Finally, substituting into equation (ll) gives the rate of entropy generation,

S =10x3.43=(343 J/(K -s)

¢ The correct answer is B.

Part 3: A reversible turbine with the same outlet pressure would have zero
entropy generation; in mathematical terms,

5.5, (5.5 )+ (52 -51)~(5.-51) =0

The reversible turbine has the same inlet stream as the actual turbine, so the
residual for the inlet stream is as calculated in part 2. Assuming the stream leaving
the reversible turbine is a VLE mixture, it will be at 450 K. Consequently, the ideal
gas entropy change is also the same as it was in part 2. Thus,

(5,-5:)+2.40—-(~3.90)=0
~(8,-53)=-6.30 J/mol-K
The residual entropy of the VLE mixture is
(5,-5%)=qS™ +(1-q)5™

We are still modeling the vapor as an ideal gas, so its residual entropy is O. The
residual entropy of the saturated liquid was calculated in part 2. Accordingly,

—6.30 = q><0+(1—q)><(—1 1.5R)
.q=0.934

The fluid leaving the reversible turbine is 93.4% vapor. Returning to the
enthalpy balance for a turbine,

W - _ _
%:U_Iz_H;g)+(H;g_Hllg)_(H1—H1‘g)

the only difference between this and the energy balance in part 1 is the quality
of stream 2, for which we write

H,—H¥ =(1-0.934) H*" =(1-0.934)x(-47,500) = -3140 J/mol

so that

Wsjm =-3140+ (—9980) —(—3410) =-9710 J/mol

n

From part 1, Wsyre,,/r'z = 8000 J/mol. The efficiency of the engine is then

=220 _[0.824

9710

¢ The correct answer is D.
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Got any questions related to this quiz? We can help!

Send a message to contact@montogue.com and we'll

answer your question as soon as possible.
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