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Chapter 1 - Section A - Mathcad Solutions

1.4 The equation that relates deg F to deg C is: {(F) = 1.8 t{C) + 32. Solve this
equation by setfing t(F) = t(C).

Guess solution: t:=0
Given t= 1.8t +32 Find()” Ans.
.. F .
1.5 By definition: P=— F = mass:g  Note: Pressures are in
A gauge pressure.
By e T n_2 2
P :="3000bar D = 4mm A= Z—-D A = 12.566mm
m F
F:=PA g = 9.807—2 mass = — Ans,
S g
... F
1.6 By definition: P = A F = mass-g
: .. v f ; w2 . 2
P :=3000atm  D:=0.17m A= Z-D A = 0.0231n
ft
F:=P-A g=732.174— mass = E Ans,
sec? g

L7 Paps = prgh+Paym

o = 1353580 g = 9.832--‘3“E b := 56.38cm
Paim = 101.78kPa Pabs = p-g-h -+ Pam
1.8 p:= 13.535-~.—3_ gi= 32_.243-—2 h = 25.62in

P =29.86in Hg  Paps i= pg-h + Py
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gm,

1.10  Assume the following: p = 13.5-2~ g =982

1.11

1.12

3 o 2
om’. L8

P := 400bar hi=— Ans.

The force on a spring is described by: F = K x where K is the spring
constant. First calculate K based on the earth measurement then gy,
based on spring measurement on Mars.

On Earth:
F = mass.g = K-x mass := _,0.4,0kg g V:'-——g 981%1- X ":——_ 1 ..OSCni
; By
F N
F := mass-g F =3924N K:=— K =363.333—
X m
On Mars;
x ;= 0.40cm FMars = 1.453N
FMars
gMBIS = Ans.
mass
Given: d_P =-p-g and: p= MP Substituting: d—P = —Mi-g
dz R- dz R-T

PDenver ZDenver M
Separating variables and integrating: J' 7 dp = J —(—I—{-:fg-] dz

Psea 0
PDenver —M-g
After infegrating: In = -Z
14 g [ Pec RT Denver
Taking the exponential of both sides (ﬂ,m env er]
R R-T
and rearranging: PDenver = Psear€
[ R 1}
Pgas ;= latm M= 29§.m—_ g:=98—
- mol o _S2




R i= 82,06 S0 -2m

mol-K

M-g

T = (10+273.15K

ZDepver == 1'mi

— " ZDenver — O. 1 94

R-T

PDenver := Psea‘€

1.13 The same proportionality applies as in Pb. 1.11.
RS | SR
Zearth ;:”32.'186_--.—2 Emoon = 5.32«3 Alyoon = 18.76
Bearth
Alegrth = Alppgom —— Algr, = 113.498
Zmoon
M := Aleargy bm Ans
Wmoon ‘= M*8moon Ans
5.00doll hr 0.1doll
114 costyypp = —m i g costelee 1= 0ol o W ow
100Chr day kW-hr day
dotl doll
costpyly = 18.262 orars costelec = 25.567 orars
yr
cOoStynta] = COStpylh + COStejec
1.15 D :=1.251 mass = 2530lby g = 32_._1'_69'—5
8
Patm 3= 30.12in_Fig A= Z-D2 A = 12277

(R ]
RT ZDenver




(a) F := Py A + mass-g

F
(b) Paps = “A‘

() Al:=17f# Work = F-Al Ans.

APE = mass-g-Al Ans,

1.16 D := 047m mass = 150kg _.g = 9.813%

Patm := 101.57KPa A =0.173m’

(a) F := Payy A + mass-g Ans.

F

(b) Papg = — Pai Ans.
(€} Al:=0.83m Work = F-Al ’kJ Ans.
AEp := mass-g-Al 2kl Ans.
1.18 mass = 1250kg u = 40—

1 2
Eg = ~2—mass-u

Work = Ex

1.19 Wdot = TS AN 61 .0.92
time
‘Wdot := 200W gi= 9=.8-:—2* Ah :=50m
dot Wdot
mdaot =
g-Ah-0.91-0.92 Ans.




2.1

2.2

Chapter 2 - Section A - Mathcad Solutions

(@ My = 35kg g= 9.8-%
Work 1= Mytg-Az
(d)  AUpgar == Work
(¢) By Eqs. (2.14) and (2.21): dU +d(PV) = Cp-dT

Since P is constant, this can be written:
Mipo-Cp-dT = Mypo-dU + Mipo-P-dV

Take Cp and V constant and integrate: MI.DO‘CP'(tz o tl) = AUjotal

t] :=20-degC Cp:=4.18 —— Mmzo =23k
1 2 e e degC H20 = L0KE
AU 1 VT AR
=ty 4 —— 0,02degC  Ans.
Mito-Cr

(d) For the restoration process, the change in internal erergy is equal but of
opposite sign to that of the initial process. Thus

Q = —AUyptal

(e) In all cases the total internal energy change of the universe is zero.

Stmilar te Pb. 2.1 with mass of water = 30 kg.

Answers are: (a) W=343 kJ

(b) Internal energy change of
the water = 2.86 kJ

(¢) Final temp. = 20.027 deg C
(d) Q=-286kJ

5




2.4 The electric power supplied to the motor must equal the work done by the
motor plus the heat generated by the motor.

i = 9.7amp E = 110V Wdotmh-':z 1.25hp

Wdotefeet i= I'E Wdotegeet = 1.067x 10° W

Qdot := Wdotaect — Wd0Otmech Ans.
25 Eq.(23): AU = Q+W
Step1to2: AUty := ~200]
Q2 = AUt — Wiz Ans,
Step 3 to 4: Q34= -80_0] W34 = 300]
AUtzs = Q34+ W3y A Ans.

Step 1102 to 3 to 4 to 1: Since AU'is a state function, AU for a series of
steps that leads back to the initial state must be zero. Therefore, the sum of

the AU values for all of the steps must sum to zero.
AUty = 4700] AUty3 = —AUty5 — AUty — AUty

Ans.

Step2to3: AUty = —4x 10°)  Qp3 ;= —3800]

Was = AUtys — Qa3 Ans.

For a series of steps, the total work done is the sum of the work done for each
step.

Wiz341 3= ~1400]



2.11

2.12

2.13

Wal = W2341 - Wiz~ Wa3z — Wy

Ans,

Stepdto1: AUty = 4700] Wi1=4.5x10°]

Q4} = AUt41 - W4] Ans.

Note: Q12341 = ~W1234]

The enthalpy change of the water = work done.

M := 20:kg CP = 4 g At = 10-degC
. _ kg-degC " ' o
M- Cp-At

Wdot

Wdot := 0.25 kW At = Ans.

Q:=7.5kJ AU :=~12:k]

AU := —12:k] Q == AU

Subscripts: c, casting; w, water; t, tank. Then

mg AU + my AU, + my AU = 0

Let C represent specific heat, C=Cp=Cy
Then by Eq. (2.18)

mc‘CC‘Atc + mw'Cw' AtW + mt‘Ct'Att = 0
mc = 2-kg my, = 40-kg my = Skg

Ce: :050-——](;]——— Cf::O.S-——kJ— Cw —418-—————
kg-degC -~ kg-degC kg-degC

te = 500-degC tj := 25-degC 1t 1=30:degC (guess)
Given ~mC-CC-(t2 - tc) = (mW-CW + mt-Ct)-(tg - tl)

t> = Find (tz) Ans.

7



2.15 mass = 1-kg

(a) AT :=1K

m
®) g=98=
S

AEp
Az =

mass- g

(c) AEK = AUt

2,17

Cy = 4182

kg-K
AUt = mass- Cy-AT Ans,
AEP = AUt
Ans.
AE .
U:= K Ans.
1
—-mmnass
2

3

Az-:= 50m p = '.1000—%g4 U= 5—
. m S
D :=2m A= %Dz A =3.142m"
mdot := p-u-A mdot = 1.571 x 104%
Wdot := mdot-g-Az \ Ans,.
2.18 (a) ﬁi-;;- 762;0-9-

kg
Hy =U;+P1-Vy
(b) Up:=2784.4.—
Hy :=Uz+Py-V2

Py i= 1002.7-kPa

\-/1. = 1.128-21-;-

gm
Ans.
- cm’
Po = 1500-kPa Vo = 169.7——
AU = Uz - Uy AH =Hy-H;
Ans




222

2,23

2.25

Dj = 2.5cm up S Dy = 5cm

(a) For an incompressible fluid, p=constant. By a mass balance,
mdot = constant = u A p = uA,p.

(b) AEg :=-uy ~-u Ans.
K 5 2 5 1
Energy balance: mdotz-Hz - (mdotl-H1 + mdotQ-Hz) = Qdot
Mass balance: mdotz — mdot; — mdoty = 0
Therefore: mdotl-(H3 - Hl) + mdotz-(H3 - Hz) = Qdot
or mdot-Cp-(T3 - T1) + mdotg-Cp'(TS - TQ) = Qdot

T3-Cp~(md0t1 + mdotz) = Qdot + mdot|-Cp- T + mdotz-Cp-T2

mdot; = 1,058 Tj =25degC  mdoty = 08-2 Ty i=75degC

kJ
K _agg X
Qdot = —30—— Cp 418k X

Qdot + mdot]-Cp-T1 + mdoty-Cp- T2

T3 :=
3 (mdotl + md0t2)~Cp
Au2
By Eq. (2.32a): AH +— = 0 AH = Cp-AT
Py continui.ty.,. = Ul'ﬁ CP i 4 18 ki
incompressibility As o kg-degC

2 4
A Dy
AvE = g [—-I-J ~1 AW = u12-|:[—-—] - 1}
An D>



S
u]2 D1\4 » SRR
AT := 11=]— 019degC  Ans.
2-Cp D, V7 gegh

o’ by}
AT = 41 - —
2:Cp Do

Ans
Maximum T change occurrs for infinite D2:
D3 = o0-cm

Ans.

U12 B3] 4
AT = 41— —
2-Cp D>

226 T; = 300K Typi= 520K =100 w2350 molwt = 208
o | kmol . 7
Wsdot = 98.8kW  ndot = 50> Cp:=—R
' ' oo hr 2
AH = Cp(To — T)) AH = 6.402x 10° ¢
kmol
By Eq. (2.30):
2 2
u2 Ul Tt T VRN e S D s
Qdot = j:AH + (—2— - —2—J-molwt}ndot — Wsdot Qdot =<9004kW Ans.
2
Vs T, P
2.27 By Eq. (2.32b): AH = 24 also 2.2t
2-g¢ Vi T1 P
By continunity, _ V2 _ T2 Py 2_ 2 2
constant area = Vl- uz = ul'ﬁ”’}';'z" Au = uy” -y
T2 Py 2 7
al=a2 2200 AH = Cp-AT = E-R-(Tz - Ty)
T P2
10



Py := 100-psi Pp.:= 20-psi uy = 21— Ty.:="579.67-rankine

C fidbr S
R = 3407 molwt = 28 Z%
-2 mol-rankine T mol

Ty := 578-rankine {guess)

228 uji= 3% upi= 2002 Hy=3340 8 gy eomes s
Lo | s L ke ke
2 2
uy” —uj
By Eq.(2.32a): Q:=Hp-H{+—-— Ans.
229 uy 1= 30— Hy= 311255 Hy = 2045.7. 5
S _ kg - kg
uy = 500-E (guess)
S
up” - up
By Eq. 2.32a):  Given Ho = Hp= ——— uz := Find(uo)
Ans
| 3 e B
Dj = 5-em V1= 38861 —— Vy = 667.75-—
ST gm o gm
u-va
Continuity: Dy = Dy Ams.
uz-Vi
11




230 (a)  ty := 30-degC tp 1= 250-degC n = 3-mol

Cy :=208———
_ -mol-degC

By Eq.(2.19):  Q:=n-Cy(t2—1;)

Take into account the heat capacity of the vessel; then

my = 100-kg cy =105

Q= (mv'cv + n-Cv)-(tz - tl) 0141(3 Ans.

(b)  tj :=200-degC ty = 40-degC n = 4-mol

By Eq. (2.23): Q= H'CP'(tz - tl) Ans.

231 (a) 1 := 70-degF t:=350-degF 1= 3mol
.. BTU
Oy 1 5o By Eq. (2.19):
v mol-degF y k. 2.19)
Take account of the heat capacity of the vessel:
iy = 200- by, oy 1= 01200 _
co o lbyydegF
Q= (mv-cv + n-Cv)-(tz - t1) Ans,
(b) ;_1-.:'=___400-:c=1¢g3 tp = 150-degF ni= 4-mol
Cp:= 7--—.—-—{-{— By Eq. (2.23):
mol-degF
Q= n-Cp-(tz - t1) Ans.,
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2.33

2.34

Qdot = mdot-Q

BTU BTU R
H1 = 1322.6+—— -H2 = 1148 [ g uy ="10—
b b LS
Vi :=3.058-— Vo = 78.14-— Dy=3in Dy:=10n
T 2
mdot = mdot = 3.463 x 10 Q
Vi
Vi ft
us := mdot u = 22,997 —
L. sec
7 D2
U22 - u12 BTU
Eq. (2:32a): Wsi= Hy—Hy+——— Ws = -173.99 =~
Wdot := —Wg mdot Ans
5 BTU BTU o S
Hy = 307,218 Hz = 330 S22y =20 molwt = 4420
by, . Ibiy _ .8 S mol
f° f3 _
Vi:=925— V2 =028 — D =4I D7 == 1'in
b, b
il Ib
mdot ;= mdot = 679.263 —
1 hr
V2 fi BTU
5 := mdot u = 9.686 — W, = 5360
T2 sec Ibmol
—-Do
4
2 2
- u W BTU
Eq. (2.32a): Q := Hy— Hj + % Q=-9882——

2 molwt by

13



I-kg

236  Tj:=300-K P := l-bar ni= ——— n = 34.602 mol
28.9.8M
mol
3 3
bar-cm” T1 cm
Vi = 83.14- — Vi = 24942 —
molK P mol

V2
W= —n-J PdV = n-P(Vy - Vp) = nP(V - 3-Vy)

Vi
Whence W = —n-P-2.Vj Ans
V2
Given: T2 = TIV_ = T13 Whence T2 te 3T]
1
CP= 29 ‘;;o-ulé Ans.
o molK
Q :=n-AH Ans
AU = Q+W Ans
n

2.37 Work exactly like Ex. 2.10: 2 steps, (a) & (b). A value is required for PV/T,

namely R.
Tp o= 293.15-K Ty :=333.15K
R =8314 ' o
mol-K P{ := 1000-kPa Py := 100-kPa
(a) Cool at const V1 to P2 ' . _'{ . _5_
(b) Heat at const P2 to T2 Cp = 5 R Cv = 2 R

%)
Tao = Tl--f-,— Ty = 29.315K
1

AT, =To-Tx ATy, = 303.835K AT, =Tpn-T; AT, = -263.835K

14




]
AHp, := Cp-ATy, AHy = 8.841 x 10° —-

mol
3 J
AU, = Cy-AT, AU, = -5.484 % 10" —
mol
R-Ty 3w R-T, 3
Vim—— V] =2437x10 22 vy 2 vy = 0028
Py mol Py mol
3 ]
AH, := AU, + V(P2 - P1) AH, = -7.677x 10° ——
mol
3 J
AUy, = AHp - P2-(V2 - V1) AUy = 6.315% 10° —
mol
AU = AU, + AUy Ans
AH = AH, + AHy, Ans

15




Chapter 3 - Section A - Mathcad Solutions

-114d I {d
p \dT P p \dP T

At constant T, the 2nd equation can be written:

P2 R -
Woovar b 2|=waP k=4418100%a ' py= 1010,
p P1
AP = In(10L) AP = 225.2bar Ans
K
cm’ :
3.4 b:=2700-bar c:= 0125 —— Pi = 1-bar Py = 500-bar
_ == om =
V2
Since Work = —J PdV  a bit of algebra leads to
Vi
P2
P
Work := ¢ dp
P+b
Py

Alternatively, formal integration leads to

Py +b
Work :=c¢c-| P2 —-P;—b-In
P1+b

Ans.

35 x=a+bP a:=3910 Sam | b= -0.1-10" ? atn 2
Pl ::_I-atm Py 1= 3000-atm V= 1‘ﬁ3 (assume const.)
Combine Eqs. (1.3) and (3.3) for const. T:
Work = V-J (a+b-P)-PdP Work =/16,65atm:t”  Ans.

Py

16




: o _ K e
3.6 Bi=1210 >-degC"!  Cp:= 0.84-- M = 5-kg
' 0. KegdegC
3
sl P = 1.bar t; == 0-degC  tp 1= 20-degC
1= 75 0 ke =1 : egl. 2= o g
With beta independent of T and with P=constant,
dVv
~ = B-dT V= Vyexp| B-(t2—ty)] AV 1= V5 - V4
Avtotal = MAV AnS.
Work = —P-AV a1 (Const. P) Ans.
Q= M-Cp-(tg - tl) Ans.
AHtOtal = Q AnS.
AUistag == Q + Work Ans

3-8 Py := 8-bar Py = 1-bar T1 = 600-K Cp-_’:=-_~'-24'-'R Cyi=—R

(a) Constant V: wW=0 and AU = Q = Cy-AT

Ty = Tj— AT =Ty - T} AT = =525K

AU = Gy AT

AH = Cp-AT

(b) Constant T:

Work = R-Tl-ln(—f;—

(c) Adiabatic:



Y = E;"]‘
W and
, 7 Lo 5
3.9 P4 :=2bar Cp:==R Cy ==Kk
' -2 2
_ 7 R-T
' i
R

Step 41: Adiabatic

h]
Q41 :=0—

ol
Wy == AUy,

L R-T,
Py := 3bar T = 600K Vo= ——
_ _ 125 Py

J
Step 12: Isothermal AUy = 0—
mol

18

Vi =4988x 10

T4 =378.831K

J
AUy = 4.597 x 10° ——

mol
J
Abyy = 6436 10° —
mol
I
Q41 = 0—
mol

W41 = 4.597 % 103L

mol
m3
VY2 =0.017T—
mol
J
mol



J

AH{s = 00— ]
12 mol Al = 0—
mol
P2 J
Q2= -R-Tylnl — | Q3 = 6.006x 10° ——
Py mol
_ 3 7
Win = -Q12 Wiz = —6.006% 100 —
mol
- | PV -
Py = 2bar V3 :=V3 T3 == R _ T3 = 400K
. J
Step 23: Isochoric AUps = Cv(T3—=Ta)  AUgg = ~4.157x 10° —
mo
3 J

AHpy = Cp(T3-Tz)  AHpz = -5.82x 10 —

]
Q3= Cv(T3-T2)  Qp3 = ~4.157x 10° —

mol
J j
Wiz i=0— Wo3 = 0—
mol mol
R-Ty4 m>
P4 = 2bar T4 = 378.831K V4= —— Vi = 0.016—
Py mol
, J
Step 34: Isobaric AUsg = Cy(T4~T3) AUz = ~439.997 —
mo
J
AHzy := Cp-(T4~T3)  AHzq = —615.996——
mol
]
Q34 = Cp-(T4 - T3) Q34 = —615.996 —
mol
]
Wig = —R:(T4 - T3) Wiq = 175.999 —
mol

3.10 For all parts of this problem: T, =T; and
AUsAH=(0Q Also Q= -Work and all that remains is
to calculate Work. Symbol V is used for total volume in this problem.
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Pr=lbar  Pp=l2br Vi=12m Vailm
PQ\ Py
(a) Work = n-R-T-In| —= Work = Py VyIn| -2
WP P

(b) Step 1: adiabatic compression to P,

T P’
Y ;=__§ Vi = Vl.[_J (intermediate V}  V; = 2,702 m’

Pr-Vi—Pp- Vv
Wy —— Wy = 3063kJ

y—-1
Step 2: cool at const P, to V,
Wy o= =Py (Va - V) W = 2042k)

Work == W + W»

(c) Step 1: adiabatic compression to V,

Vi ¥
P; = Pl‘(\TJ (intermediate P) P; = 62.898 bar
2
PiV2-P1-V)
Wi —m—mm— Wi = 7635kJ
¥—1
Step 2: No work. Work = W, 35kJ Ans.

(d) Step 1: heatatconst V, toP, W;=0

Step 2: cool at const P, to V,

Wy = —Pz-(Vz - Vl) Work = W




(e) Step 1: cool at const P, to V,

Wi = —P;-(Vz—vl) Wi = 1100kJ
Step 2: heat at const V, to P, Wy =0
Work := Wy Ans.
3.17 (a) No work is done; no heat is transferred.
AU'= AT=0  T,=T;=100-degC  Not reversible
(b) The gas is reiurned to its initial state by isothermal compression.
Vi
Work = n-R-T-In| — but nR-T = Py Vo
V2
a3 .
Vi=4m Vo= gfm Py = 6-bar
Vi
Work := P2-Vo-n| ——
Va2
3.18 (a) Py := 100-kPa Py := 500-kPa Ty = 303.15K
Cpi= R Cy:=—=R Yy = —
L2 SR Cv
Adiabatic compression from point 1 to point 2: =1
kJ P2y 7
Q2 :=0— AUy = W= Cv-ATp T2 =T 5
mol P
AUy = Cy(T2-Ty) AHjp = Cp(T2-Ty)
Ans.
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Cool at P, from point 2 to point 3:

T3:=Tj AH5q = Cp-(T3 - Tz) Q23 = AHp3
AUp; 1= Cy+(T3 - T2) W23 = AUp3 — Qo3
kI |
AH»q = -5.15—
23 ol Ans
kJ
=-515—
Q23 ] Ans,
Isothermal expansion from point 3 to point 1:
Py
AUj; = AHz, = 0 Pyi=Py Wi :=RTyin —
3
Q31 = -W3)
Ans.
FOR THE CYCLE: AU= AH =10

Q= Qu2+Q23+Q3 Work := Wi2+ Wo3 + W3y

(b) If each step that is 80% efficient accomplishes the same change of state,
all property values are unchanged, and the delta H and delta U values are
the same as in part (a). However, the Q and W values change.

Step 12: Wip = 12
: 12 = ——
0.8

Q12 =AU, - W2

Step 23t Was = 2
BT s

22




Q23 = AUyz ~ W3

Step 31: Wj3p = W3-0.8

Q31 = -W3j

FOR THE CYCLE:

Q=Q12+Q23+0Q3 Work := W12+ Wa3 + W3y

3.19 Here, V represents total volume.

P{ := 1000:kPa V=T Vo =5Vy  Tpe= 600-K
-~ . joule Cp
Cp := 21- Cyi=Cp-R 7= —

P molK v F ! Cy

(a) Isothermal:
T =Ty

Work = P]-Vl-ln(—
v

(b) Adiabatic:

23



(c) Restrained adiabatic:

Pext = IOO‘kPa

Work := —Pext‘(vz - V1)

Work = AU = —Pox-AV

P1-Vi
n:= AU = n.Cy-AT
R-Ty
k
Ty = Wor + T Ans.
n-Cy
Vi Ta
Py =Pp—— Ans
Va Ty
320 T;:=423.15K  Pyi=8-bar Py := 3-bar
A A 5 . '
S kI TR '3 §
Step 12: AHyp = 0 AUy = G
T mol ~ mol
Vi Vi Ty P3
If t=—=-—  Thea r:=—.— Wiz = R-T1-In(r)
Vo V3 T3 Pp
kJ
Wip = —2.502 —— Q2 :=-Wy2 Qiz = 2-502£
mol mol
Step 23: Wo3 = 0-— AUpj = Cy+{T3 - T2)
Qa3 = AUps AHpj = Cp-(T3 - T2)
klJ kJ
Q23 = ~2.079 —— AUsz = -2.079 — AHyy = =291 —IEL
mol mol mol
Process: Work := W2+ Wa3 Ans.
Q=Rp2+Qx Al

24




AH = AH; + AH»3 Ans,

AU = AUy + AUy Ans.
. . ' gm 1 2
3.21 By Eq. (2.32a), unit-mass basis:  molwt := 28 =— AH+=— AU =0
~ o mol 2
(o - ur?)
—uz —up
But AH = Cp AT Whence AT= ——— 7
2-Cp
Cp:= —?— R - gy = 2.52 g = 50— tp = 150:degC
2 molwt ' 8 s o
u’ -y
ty =1ty — Ans.
2:Cp
. 7 5 . _ o -
3.22 Cpu= ER Cy ='-2-_.~R Ty:= 3_03_.1_5~K Ts = 4_03.1_5_-]5{

. Ta
(a) Tp:=Ts Py =P;-—
P3
Wosz := R-To-In o Work := Wa3
2

Ans.

25



(b) Pp:=Pg

©

Q := AU - Work

Tr =Tz

AH); = Cp(T2 - T))

Wip = AUjp - Q12

Work := Wiz + Wo3

Q := AU — Work

T2:=Th Py i=P3

AHps = Cp(T3 - T)
AUsj = Cy+(T5 - Tp)
Work := Wip+ Wp3

Q = AU - Work

Ans.

AU}y = Cy(T2 - Th)

Q12 = AHyp
kJ
Wiz = —0.831 —
mol
kJ
Woz = 7718 —
mol

=

9

I

7

~

5
TN
s
N~

W23 1= AUz —~ Q23

Ans,

Q=-2.89%4— Ans.

mol

For the second set of heat-capacity values, answers are (kJ/mol):

AU = 1.247

(a) Work = 6.762
26

AU = 2,079

Q = -3.515



(b) Work = 6.886 Q = -5.639
() Work = 4.972 Q= -3.725

323 Tp=303.15K Tz =T T3 := 393.15K
Py = 1-bar P3 :=12-bar Cp = ER Cy = -5R
For the process: AU = Cv-(T3 - T]) AH = Cp-(T3 - T])

Ty 9]
Step 12: Py = P3-— Wi =R.-T;-In| —
T3 Py
k} kJ
Wiz = 5.608 —— Q2 :=-Wia Qj2 = -5.608—
mol mol
Step 23: W23 1= Qe Q73 1= AU
' © mol

For the process:

Q:=Q2+Q23 Ans.
324 Win=0 Work= Wp3 = —Py(V3- Vo) = -R(T3 - Ta)
But T3 =T, So... Work = R-(Tz - T1)
Also W =R-Ti:In [-;)—j Therefore
1
P T, -Ty S R
Infj— | = Ty =350-K Ty := 800-K Py := 4-bar
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3.25

3.26

b (Tz—Tl}
= Pp-exp
Ty

Va = 256-cm Define: AP |

Assume ideal gas; let V represent total volume:

P;-Vp = Pz'(VA + VB) From this one finds:

AP ~Va -Va(r+1)

— O ——— VB = e—e— AI]S
P1 VA + VB r

Ty :=300K P;:=I-atm Cp:= u R Cv:=Cp-R Y = —-1-)-

The process occurring in section B is a reversible, adiabatic compression. Let

P(final) = Py Ta(final) = Tx Tp(fina) = Tp
nA = ng Since the total volume is constant,
2naA'R-T;  na-R(Ta+Tg) 2T Ta+Tg a
= or -
Py Py Py Py )
1t
S . . P> ¥
(@)  P;:=125atm Tp:=Ty o (2)
1

T 2T P T
AT IP1 B

Define q= 2 q=Cy(Ta+Tg-2T)) ()

Ans.
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(b)

(c)

(d)

Combine Eqgs. (1} & (2) to eliminate the ratio of pressures:

Tp :=425-K (guess) Tg :=300-K
1
. Ta+Tg) ' .
Given Tg=Ty Tg:=F md(TB)
2T
Ans.
Ta+Tg
Py = Py —— () Ans.
2Ty
q:=Cy(Tao+Tp-2Ts) Ans.
Tg = 325K By Eq. (2),
i
v—1
T
Py = Py _B Ans.
T1
P
Tp=2T— ~Tp (1) Ans.
P
q:= Cv-(TA +Tg - 2-T1) Ans.
Eliminate Ta+Tg from Egs. (1) & (3):
Py
q:= i 2= : + P Ans.
mol 2-Ty-Cy
i)
Py 7
Tg =T | — (2) Ans.
Py
P2
Ta = 2-T1-P— -Tg 1) Ans.
1




_ 3 o 6 _
330 B = -24252L C = 25200- 25 T = 373.15K
T ol T el '
P; := lL-bar Py :='55-bar
B
B = —— . -3 1
R-T B'=-7817x 10 -t;a;
2
. C-B
C=— C=_3402x 10751,
R2T 2

(a) Solve virial eqn. for initial V.

Guess: V1 == —RumI
Py
PV B
Given T =1+ —\7- +—
. Uy,

Solve virial eqn. for final V.

Guess: Vo 1= RT
3]
. P2-V3 B C
Given = _—t —

V= Find(Vl)

Vg = Find(Vg)

Eliminate P from Eq. (1.3) by the virial equation:

V2

Work .= R T- 1+E+£ —1— AY
v 21V

Vv
Vi

3

vy = 30780 L
mol

cm3

Vo = 24133 —
mol

Ans.

(b) Eliminate dV from Eq. (1.3) by the virial equation in P:

v = R-T-[i + C'J-dP
P2

30

Pi

Pa :
W= —R-T-J [% + C'-Pj dp



Ans.

Note: The answers to (a) & (b) differ because the relations between the two
sets of parameters are exact only for infinite series.

_ T
332 T.:=2823K T:=298.15K T, = I T, = 1.056
C
P
P == 50.4-bar P:= 12-bar P = B P, = 0.238
c
o= 0.087 (guess)
c:m3 o om R T cm3
(a) B = —140-—= C = 7200-— Vi=— V =2066—
mo “mo P mo
Given P_Y =12
T
V = Find(V) Ans,
0.422
(b) Bp:=0083-—— Bg = —0.304
1.6
T;
0.172 ~
By = 0.139 - — = Bi=2262x10"°
4.2
Tl’
Py
Z=1+{Bg+o-Bi)— V=
(Bo+ 0B}
{c) For Redlich/Kwong EOS:
o:=1 g:=0 Q = 0.08664 W (0,42748 Table 3.1
- Y-alT
a (T = 1,7 % Table 3.1 q(T) = ._5_:[?_") Eq. 3.51)
“Ir
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Q-P,

B(Te.Py) = Eq. (3.50)
Calculate Z Guess: Z =09
Given Eq. (3.49)
Z - B(Te,Pr)
7= 1+ B(Te.Pe) ~a(Te) BT Pe) (2 +&-B(Tr.P)){Z + o-B(Tr,Py))

Z-R-T
Z:=Find(Z) Z=0928 V= —
(d) For SRK EOS:
o = 1 g:=0 Q := 0.08664 ¥ = 042748 Table 3.1
i 2
5 3 Table 3.1
a(Tr,w) =11+ (0.480 + 1.5740 - 0.1760 ) 1-T;
YolTr, 0 QP
q(T) = #-o(Tr.0) Eq.351)  B(T..Py) = Eq. (3.50)
Q‘Tr iy
Calculate Z Guess: Z:=09
Given Eq. (3.49)
7.-B(Tr,Pr)

2= 1+ B{TeR) oM B 1P o e )

_ZRT
P

Z:=Find(Z) Z =0928 V: Ans,

(e) For Peng/Robinson EOS:

ci=l1+y2  e:=1-y2 Q:=007779 ¥ :=045724 Table3.1

. 1 2
a(Tr,0) = { 1 +(0.37464 + 1.542260 - 0.26992032)-(1 - T,ZH Table 3.1
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‘P-a(Tr,e))

T,) = Eq. (3.51)
CI( r) Q-T,

Calculate Z Guess:
Given Eq. (3.49)

Q-P,
Eq. (3.50)

B(1r,P;) =

r

Z =09

Z-8(T.,P;)

Z= 1+B(T,,P,) - q(T;)-B(Tr,Py)- (Z+ e B(Tr.P)){Z + o B(Tr.Py)

Z-R-T
Z:=Find(Z) Z=092 V= =
333 T, :=3053K T :=323.15-K Ty = — T; = 1.058
C
P, :=48.72-bar P :="15bar Pri= — Py = 0.308
' _ s
® = 0.100
o (guess)
R-T cm’
V=—  V=1791—
P mo
-}-)i Ans.
R.T
0.422
(b) Bg:=0.083- By = -0.302
1.6
Ty
0. -
B = 0,139 - 7= By =3.517x 107"
T 4.2
T
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Z =1 +(Bo+m-81)-fri

I

{c) For Redlich/Kwong EOS:

z=0912

Gi=1  £=0  Q=008664 W :=042748 Table 3.1
_ Y.alT
a(Tr) == Ty 02 Table 3.1 a(Ty) = () Eq. (3.51)
Q-T,
Q-P
B(Tr,Pr) = — Eg. (3.50)
T
Calculate Z Guess: Z =029
Given Eq. (3.49)
7 - B(T:,Py)

Z=1+p(Tr,Pp) - q(Tr)-B(Tr:Pr)'(

Z+ g-B(Tr,Pr))-(Z_ + c-B(Tr_,Pr))

3
Z:=Find(Z) Z =0.906 Vo= Eg . Ans
(d) For SRK EOS:
G =1 g:=0 Q = 008664 W '=0.42748 Table3.]
1 2
- Table 3.1
o(Tr, @) = L +(0.480 + 1.5740 - 0.176m2)-[1 - Trzﬂ
\I’-oc(Tr,co) Q-Pr
q(T) = ————  Eq.@(51)  B(T,Py) = Eq. (3.50)
Q'Tr T
Calculate Z Guess: Z =09
Given Eq. (3.49)
Z~p(Ty.Py)

Z=1+p(T:.Py) —Q(Tr)'B(TrsPI‘)'(

34
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Z:=Fnd(Z)y 7 =0907 Vo= —— Ans.

(e) For Peng/Robinson EOS:

oci=1+4y2  ei=1-y2 Q:=007779 W :=045724 Table3.l

1 2
a(Tr, o) = { 1+ (0.37464 + 1542260 - 0.26992032)-(1 - TFQH Table 3.1

‘{"a(Tr,m) 2-Pr
S S Eq. (3.51 = Eq. (3.50
) = — 7 @GS0 B(TPy) = — 1. (3.50)
Calculate Z Guess: Z =09

Given Eq. (3.49)

£ )0 o asT

Z-R:
7 = Find(Z) 7 = 0.896 V= —?I Ans.
- T
3.34 T,:=3187K Ti=34815K  Tr= T, = 1.092
[
p P
P; == 37.6-bar P = 15-bar Py = ™ P, = 0.399
[
o = 0.286
(guess)
3 6 3
(a) B:=—1o4. 2L Co= 15300 v v oz
mol Y ol P mol
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V = Find(V) Z = - Ans.
R-T
0.422
(b) Bp:=0.083~- Bg = -0.283
1.6
Tr
0.172
By == 0.139 - B; = 0.02
4.2
Tr
Py

Z:=1+(Bo +0)-B1)-?

T

(c) For Redlich/Kwong EOS:

c:=1T  €:=0 Q = 008664 ¥ :=0.42748 Table 3.1
- VoalT
a(Tr) =T; 05 Table 3.1 q(Tr) = -——(Q Eq. (3.51)
Q‘Tr
Q-p
B(Ty,Py) 1= —— Eq. (3.50)
T
Calculate Z Guess: Z =09

Given Eq. (3.49)

7. B(Tr,P;)
Z+e (T P)){Z + o-B(T1.Py))

Z=1+ B(Tr,Pr) - Cl(Tr)'B(Trspr)'(

Z =Find(Z) Z = 0.888% V= Z'I;'T Ans.
(d) For SRK EOS:
oi=1 £:=0 Q := 008664 W := 042748 Table3.1
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1 2
= Table 3.1
a(Tr, o) = L + (0.480 +1.5740 — 0.176@2)-[1 - Trzﬂ o

‘I’-a(Tr,a)) Q-Pr
T,})i=——— < Eq.(3.51 = Eq. (3.50
afTr) o, ¢ (35)  B(Ty,P,) T g. (3.50)
Calculate 7 Guess: Z:=09
Given Eq. (3.49)

Z - B(Te,Pyr)

Z=1+ B(Tr,Pr) - q(Tr)'B(Tr>Pr)'(Z +8-B(Tr,Pr))'(Z + G'B(Trapr))

Z = Find(Z) Z = 0.895 Vi=——

(¢) For Peng/Robinson EOS:

cw=1+y2  E=1-y2Z Q:=007779 ¥ :=045724 Table3.1

1 2
alTr,0) = { L+ (0.37464 +1.542260 — 0.269920)2)-[1 - Trzﬂ Table 3.1

‘P-a(Tr,m) Q-P,
e —— L Eq. (3.51 = Eq. (3.50
q(T:) o ¢G5 B(repr) = — 9. (3.50)
Calculate Z Guess: Z =09
Given Eq. (3.49)
Z - (T, Pr)

7= 14 B(Tr,Pr) - q(Te)-B(Tr, Pr) ot e(Te Pz 1+ o-B(Te. 7))

Z-R-T
Z:=Find(Z) Z =0.882 Vo= —

Ans.
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335 T =523.05K
S ‘om’
: "~ mol
. PV
Given o T
R-T
Z = E—
R-T
(b) T¢:=647.1K
T; = —T'—
Te
T]' = 0.808
0.172
T
Z-R-T
V=
P
(¢) Table F.2:
337 Bi=-534-—
T mol

P := 1800-kPa

C = —5800-

mor

Py = 0.082

By = -0.281

Z =0.939

motwt := 18.015- 22
mol

or

-6

Ci= 2626.

mol”

38

cm

V= E (guess)
P
VY = Find(V)

Ans.

o = 0345

0.422
By = 0.083 — ——

Bg = ~0.51

gm

9
—  n:=mol
~mol

D i= 5000-2



T :=273.15K

. Py B C D
Given — =1l —=F—+—
R T A% V2 V3
(20,10 P;o= (107104 20.i)-bar
= f(P1, Vi)-Pi Eq. (3.12)
R-T
Zlj =1+ — Eq. (3.37) 72 =
110 -1€ Zi = Z1; =
20 1 1
40 0.953 0.953
60 0.906 0.906
80 0.861 0.859
Pi = 100|  bar 0.819 0.812
120 0.784 0.765
140 0.757 0.718
180 0.74 0.671
180 0.733 0.624
200 0.735 0577
0.743 0.53

f(P,

V) := Find(V)

(guess)

Eq. (3.38)

1
0.951
0.895

0.83

0.749
0.622
0.5+0.1789i
0.5+0.2814¢

0.5+0.355i
0.5+0.416i
0.5+0.469i

Note that values of Z from Eq. (3.38) are not physically meaningful for

pressures above 100 bar.
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T :2273.15K

Given f%: I+P~+%+—% f(P,V) := Find(V)
) Y A"
(20,10 P (107194 20-i)-bar V= g (guess)
1
f P ,V. .P.
- ( ‘R'T‘) ! Eq. (3.12)
7= 1+ —t Eq.337)  z2= L4 |1 BY Eq.(338)
2 4 R-T
110 10 Zi = 71 = 72; =
20 1 1 1
40 0.953 0.953 0.951
80 0.906 0.906 0.895
80 0.861 0.859 0.83
P = 100]  bar 0.819 0.812 0.749
120 0.784 0.765 0622
140 0.757 0718 0.5+0.179i
160 074 0671 0.5+0.281]
180 0733 0.624 0.5+0.355i
200 0735 0577 0.5+0.416)
0743 0.53 0.5+0.469i

Note that values of Z from Eq. (3.38) are not physically meaningful for

pressures above 100 bar,
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3.38

1 1 T T
0.9 —
Zi 08 _
Z1
Ziorr :
0.6 - .
0.5 [ | |
20 50 100 150 200
P;-barh1
(a) Propane: T, i=369.8 K Poi=4248bar o= 0.152
T := 313.15K P := 13.71-bar
T p
Ty = — T, = 0.847 P = — P, = 0.323
Te Pc
For Redlich/Kwong EOS:
c.=1 g=0 Q = 0.08664 Vo= 0.42748 Table 3.1
_ .ol T
a(Tr) =T, > Table 3.1 q(Ty) = ¥oa(T) Eq. (3.51)
Q'Tr
Q-P;
B(Tr,Pr) = Eq. (3.50)
r
Calculate Z for liquid by Eq. (3.53) Guess: Z =0.01
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Given

2= B(Te.Pe) +(Z + & BTy, Pr))-(Z + G-B(Tr,Pr))-(

1+B(Tr,Pr)—z]
a(Te)-B(Tr. Py)

Z-R-T
Z =Find(Z) Z = 0.057 V= 5 Ans.
Calculate Z for vapor by Eq. (3.49)  Guess: Z =09
Given
Z-B(T:. Py

z=1+p(T,,P;) - Q(Tr)‘B(TT’Pr)'Z.(Z + B(Tr,Pr))

Z = Find{7) Z = (0.789 V= T Ans,
. - T
Rackett equation for saturated liquid: T; = T T = 0.847
c
Vo= 20000 —— Z: = 0.276

0.2857
V= VC-ZC[(I“Tr) :I Ans.

For saturated vapor, use Pitzer correlation:

0.422

Bo := 0.083 - —— By = ~0.468
Tr
0.172

By =0.139 - —— By = 0207
Ty

R-T

T
\Y ::T+R-(B0+m-81)-P—: Ans.
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Parts (b) through (t) are worked exactly the same way. All results are
summarized as follows. Volume units are cu.cm./mole.

R/K, Ligq. R/K, Vap. Rackett Pitzer
(a) 108.1 14992 942 1537.8
(b) 1145 1174.7 981 12287
(c) 122.7 9203 102.8 9904
(d) 133.6 7170 109.0  805.0
(e) 1489 1516.2 1254 1577.0
() 1583 1216.1 130.7 1296.8
(gy 170.4 971.1 1374 10740
(h) 187.1 768.8 1464  896.0
(i) 153.2 13303 1339 1405.7
Gy 1642 10579 1403 11543
(k) 179.1 835.3 148.6 9554
() 201.4 6458 160.6 7958
(m) 61.7 12525 535 12769
(n) 64.1 10069 551 10385
(0) 669 8145 570 8534
(p) 703 6612 591 7078
(q) 644 1318.7 54.6 13190
(r) 674 1046.6 563 1037.2
(s) 70.8 8356 583 8564

() 748 6695 60.6  700.5
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339 (a) Propane  Te:= 369.8K P, 1= 42.48bar ®:= 0152

T = (40 +273.15)K T = 313.15K P = 13.71bar
T p

Tr = Tr = 0.847 Pr = — PI' = 0-323
T, Pe

From Table 3.1 for SRK:

=1 g=0 Q= 0.08664 Y = 042748

2
a(Tro) = 1+ (0.480 +1.5740 — 0.176(02)-[1 - TIEH

¥-a(Tr,0) Q-P,
T;) = ——= Eq. (3.51) Ty, Pr) = Eq. (3.50
Q( r) Q. B( r r) T, q- ( )
Calculate Z for liquid by Eq. (3.53) Guess: Z = 0.01

Given

I+B(Tr,Pr)ﬁZJ

7= B(Tr,Pr)+(Z+5‘B(Trspr))‘(z+G'B(T"’Pr))'( q(Tr)'B(Tr,Pr)

Z = Find(Z) Z = 0.055 V= 2;—3 Ans.
Calculate Z for vapor by Eq. (3.49)  Guess: 7Z =09

Given
Z - B(Ts,Py)
(2 +e-B(Tr.P))-(Z + o-B(Tr.Py))

Z=1+B(Ty,Pr) - q(Te)-B(T1,Py):

Z:=Find(Z) Z=0.78 V=22 Ans.
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Parts (b) through (t) are worked exactly the same way. All results are
summarized as follows. Volume units are cu.cm./mole.

SRK, Liqg. SRK, Vap. Rackett Pitzer

(a) 104.7
) 110.6
(© 1182
@) 1285
(€ 142.1
® 150.7
(2) 161.8
(h) 177.1
() 146.7
G) 156.9
(k) 170.7
@) 1913
(m) 612
(n) 635
(0) 663
() 69.5
(@ 614
(r) 63.9
(s) 66.9

(y 70.5

1480.7 942
1157.8 98.1
904.9 102.8
703.3 109.0
1487.1 1254
1189.9 130.7
947.8 1374
747.8 146.4
13053 1339
1035.2 140.3
815.1 148.6
628.5 160.6
12489 535
1003.2 551
810.7 57.0
6374 591
1296.8  54.6
1026.3 56.3
817.0 58.3
652.5  60.6

1537.8

1228.7

990.4

805.0

1577.0

1296.8

1074.0

896.0

1405.7

1154.3

955.4

795.8

1276.9

1038.5

853.4

707.8

1319.0

1057.2

856.4

700.5
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340 (a) Propane T, :=369.8K P = 42.48-bar o = 0.152

T 1= (40 +273.15-K T = 313.15K P = 13.71-bar
P
Tr = -,']:“ T]' = 0-847 Pr = — Pr = 0.323
TC PC

From Table 3.1 for PR:

2
1
oc(Tr,co) = [ 1+ (0.37464 +1.542260 — 0.26992(02)-[1 - Trzﬂ

oi=1+2 s:=1~y2 Q:=007779 ¥ :=045724

¥oa(Tr,0) Q-P,
T = — Eq. (3.51) Ty, Pr) = Eq. (3.50)
Q( r) QT, B( r r) T,
Calculate Z for liquid by Eq. (3.53) Guess: 7 = 0.01

Given

1+B(Tr,Pr)—ZJ

Z= (T, Pr) +(Z+c-B(Tr.By))(2 +c-B(Tr,Pr)).( NIRRTy

Z:=Find(Z) Z=0049 V= Z'—E-T-

Ans.

Calculate Z for vapor by Eq. (3.49)  Guess: Z =06
Given
z—B(T:,P;)
(Z +2-B(Te,Pr))(Z + 0B (T2, Py))

7= 1+ B(Tr,Pr) - q(1,)-B(T,P,).

Z-R-T

Z :=Find(Z) Z=0.766 Vo= 2 Ans,
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Parts (b) through (t) are worked exactly the same way. All results are
summarized as follows. Volume units are cu.cm./mole.

PR, Liq. PR, Vap. Rackett Pitzer

(a) 922 14545 942 1537.8
(b) 97.6 11318 98.1 1228.7
(c) 1044 8792 102.8  990.4
(d) 1137 6781 109.0  805.0
(¢) 1252 14535 1254 1577.0
(h 1329 11563 1307 12968
(g) 143.0 9150 1374 1074.0
(h) 157.1 7158 1464  896.0
() 1294 1271.9 1339 1405.7
() 138.6 10023 1403 11543
(k) 151.2  782.8 148.6 9554
G) 1702 5973 160.6  795.8
(m) 54.0 12330 535 12769
(n) 56.0 9873 551 10385
(0) 584 7948 57.0  853.4
(p) 614 6416 591  707.8
(@ 541 12802 546 13190
(r) 563 10097 563 1057.2
(s) 589 800.5 583  856.4
(t) 622 6361 60.6 7005
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3.41 (a) For ethylene,  molwt := 28,054~

o = 0.087
T P
Tr = e Pr -
T¢ Pe
From Tables E.1 & E.2:
L=l +wZ Z = (.841
- 18ke ZnRT
n = —— Viotal =
~.molwt P
(b) T :=323.15K P:= 115-bar
T
Ty = — T, = 1.145
Te

From Tables E3 & E.4: Z := 0.482

- Tg 1= 282.3K

Pe = 50.,40_"':'bar

T = 328.15K P = 35-bar
T, = 1.162 P; = 0.694
Zo = 0.838 Z1:=0.033

Ans.

Viotat ::% O;ZS-m?_’

P

P, = —
I Pc

P, = 2.282

Zy = 0:126

P-Viotal
Z:=7p+07] Z = 0.493 = — n = 2171 mol
mass := n-molwt Ans.
3.42 Assume validity of Eq. (3.37).
Pi:=1lbar  Tj:=300K Vi := 23000
PV R-T 3
Zi=—— Z1=092 Bi=—(z1-1) B=-1942x10""
R-Ty Py mol
With this B, recalculate at P, P2= Shar
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B-P>
Zy=14+——= Zp=0611 V3 . Ans.
T :
3.43 T = 753.15-K Te := 513.9-K T, = = T, = 1.466
_ A1 )
P := 6000-kPa P := 61.48-bar po= L P, = 0.976
P
© := 0.645 Bo = 0,083 - 2422 Bg = —0.146
1.6
T;
0.172
By :=0.139 - B; = 0.104
4.2
T
R-T T
V= ——+ (B + o-Bi)R—
P c
For an ideal gas: V= %—T—
3.44 T = 320K P := 16-bar Tg:=369.8K P := 42:48.bar
o 1= 0.152 Vo= 2002 7, = 0276 o gm
® =45 T ol ¢ e ‘molwt := 44.097 —
S ST S mol
T P
Tr = — Tr = 0.865 Pr = — Pr - 0.377
Te Pe
[(1_Tr)0.2857] o’
Viig := Ve Ze Vlig = 96.769—
mol
Viank = 0_.3_5-11"13 Mijjq = Ans.
Viig
molwt
0.422
Bp := 0.083— ——= By =-0.449
1.6
T;
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0.172

B =0.139-——— By =-0177
Tr4.2
R-T Te
Vyap = _.+(BO+(DBl) R
P c
Myap = W
molwt

3.45 T:=298.15K
P := 2.43-bar

0.422
Bg = 0.083 - —6

Tr1.
0.172

By = 0.139 - ——
4.2

346 (a) Ti=333.15K
Pi= 14000-kpa

o= 0. 1__00_

Vygp = 16:m

Te = 425.1K

P, = 37.96-bar

3

Bg = —0.661

T = 305.3K
P = 48.72-bar

Vtof;ll- =0 15 m3

49

3
Vvap = I.318x 103111_
mol
Ans.
T, = L T, = 0.701
C
P
Ppi= — P = 0.064
C

mo}@__;'; 58123.5.m_.

mol
Cm3
V = 9469 % 10° T
mol
Ans
T, = L T, = 1.091
Tc
P = — P, = 2.874
C
m
moiwt = 30,0782
2 mol



From tables E.3 & E.4: Zg := 0.463 7y = -0.037
Z-R-T crn3
Z: =2+ w2y Z = 0459 Vi=—— V =90.87—
P mo
o _ Viotal
ethane -= v
molwt
v |
(b) = fotal P = 20000-kPa PV=ZRT=ZRTT,
40-kg ' )
PV ]
or T, = 2 where o= o= 29.54820—
Z R-Fe kg
. P
Whence T, = -~——~—0 889 t Pri=— Py = 4.105
Z P

This equation giving T, as a function of Z and Eq. (3.54) in conjunction with
Tables E.3 & E.4 are two relations in the same variables which must be
satisfied at the given reduced pressure. The intersection of these two
relations can be found by one means or another to occur at about:

Tr = 1.283 and Z = 0.693
Whence T:=TpTe
T=39L.7K or ¢ Ans.

347 Vipga = 0:15-m°

Te = 282.3-K
. Viotal
' ( 40-kg)
molwt
or Pr = OL-Z

T := 298.15K

®:=0.087  molwt = 28.054 2

P := 50.40-bar
-mol

PV = Pr'Pc'V = Z‘R‘T

o = 4675



T
Whence P, = 4.675.Z at T,:= T Tr = 1.056
c

This equation giving P, as a function of Z and Eq. (3.54) in conjunction with
Tables E.3 & E.4 are two relations in the same variables which must be
satisfied at the given reduced temperature. The intersection of these two
relations can be found by one means or another to occur at about:

P.:=1582 and 7:=0338 P:=P.P;

3.48 Mwater = 15 ~kg Viotal = 0.4-m3

Interpolate in Table F.2 at 400 degC to find:

. - Ty
3.49 Ty := 298.15-K Te = 305.3-K Try = — Ty = 0.977
) c
. P1 o
P ;= 2200-kPa P := 48.72-bar Pr o= I Pr1 = 0.452
_ . _
Viotal == 0.35-m° ® = 0.100
From Tables E.1 & E2:  Zg := 8105 71 = ~0.0479
Z-R-T; cm
Z=Zy+ w27y Z = 0.806 Vi = Vi =908—
Py mol
o ' T2
T2 :=493.15-K T = o T2 = 1.615
C

Assume Eq. (3.37) applies at the final state.

0.422
By = 0.083 - Bg = -0.113
1.6
Tr2
0.172
By =0.139- By =0.116
) 4.2
T
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R-T>

Py = T, Auns.
Vi—{Bg+woB)R-—
1 ( 0 1) b
. _ T
3.50 T :=303.15K Te = 304.2-.K T, = T T; = 0.997
c
Vistal = 0.5-m Pg:=73.83-bar ©:=0224 molwt:= _4_4.01-'——I
0.422
By = 0.083 - Bg = —0.341
1.6
Tr
0.172
By :=0.139 - —— B; = -0.036
4.2
T:
- V22w 1039
10-kg T ol
molwt
R-T
P= T Ans.
V - (Bo+oB{)R °
Pe
3.51 Basis: 1 mole of LIQUID nitrogen
Th
Th=773K Te=1262-K T = T Tr = 0.613
S e .
P = I-atm P¢ = 34.0-bar P = . P, =0.03
: ' .
0.422
Bo :=0.083 - —~ Bo = —0.842
T,
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B, = 0.]39—M

Tr4.2

Z =1 +(B0+(D'B])-f;—r

r

By = -1.209

Z = 0.957

~ PViq -3
nvapor = ZRTn nvapor =5.718x 10 mol
Final conditions:
2-Vy 3
Nptal == 1-mol + nvapor V= 1 V = 6900521—
Dtotal mol
e T
T:=298.15K Tp = — T, =2.363
Te
R-T
Pig 1= ~— Pig = 359.2bar
Use Redlich/Kwong at so high a P.
Q = 0.08664 ¥ = 042748 a(Try:= Tr o a(Tr) = 0.651
2.2
Yol }-R™-T Q-
. (1)} R T - ° (3.43)
Pe c
3 bar-cm3 3
a=090Im b= 26 737cm
mol ' mo
. RT (3.44) Ans.
V-b V(V+b)
_ e em
3.52 For isobutane: T, := 408.1-K P, := 36.48 bar Vi = 1.824-"—
Ty = 300-K Py := 4-bar Ty = 415K Py = 75-bar
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From Fig. (3.17):

Py T2 Py
Py = — Ty = — Py = —
rl P, r2 T 2 Pe
P =0.11 Tz = 1.017 Py = 2.056
Pr1 = 2.45

The final T > Tc, and Fig. 3.17 probably should not be used. One can easily

show that

P'VC
Z-R-T

Pr=

BT -3
V= 262720
S w mol

Z=7Zp+02

Eq. (3.65):

3.53 For n-pentane:
T =29115K

TI’] = —
C

Tr = 0.62

From Fig. (3.17): pr1=-‘ 269

By Eq. (3.65),

p2 1= pr—

with Z from Eq. (3.54) and
Tables E.3 and E.4. Thus

© 5 0.181 Zo:=03356  Zy:=-00756

Z =032 P2Ve 1774
=L Pr2 = ZRT Pr2 = 1.
P
Vo = Vl-—rl— Ans.
Pr2
Te = 469.7°K Poi=33.7bar  ppi=0.63-E5
Ppi= 1 bar Ty = _41-3';'1'5‘-1(_ Py := 120-bar
Py T P>
Py = — Ty = — Py = —
Pe T, Pg
P, = 0.03 Ty = 0.88 Py = 3.561

Pr2
Pri
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3.54 Forethanol: T.:=5139K  T:=45315K T, := _;; T, = 0.882
' c
. _ . P
P = 61.48-_b31_' P= _200-ba; P = i’_ Pr = 3.253
C
cm3 L Ry
Vo= 161 mofwt = 46069 22
- . mol L mol
From Fig. 3.17: pri=2.28
Pr
= Ans.
p v, n
molwt
3.55 For ammonia:
. : : T
Ts = 405.7.K T:=293.15K Tr = ? T, = 0.723
' c
Pe = 112.8:bar P := 857-kPa Py = ~ P, = 0.076
R ety .
. : . 3 | B
Vc = 72 5 f—_— Z; = 0242 o = 0.253
mol
0.2857 3
1-T, cm
Eq. (3.63): Vliquid = VC-ZC[( r) ] Viiquid = 27.11 —
mol
0.422
B() = 0083 — —""—'i—6 BO _ —0627
Ty
0172
By :=0.139 - —— By = -0.534
4.2
Tl‘
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T, em’

R-T
Vvapor = = + (Bo+ @ Bi)R-— Vvapor = 2616—

AV = Vyapor — Viiquid Ans,
Alternatively, use Tables E.1 & E.2 to get thevapor volume:
Zp:=10929 Zy :=~0.071 Z:=Zy+ w2 Z=0911
Z-R-T e’
VV&pOI‘ = P Vvap()r = 2591 —‘—‘mol
Ans.

AV = Vyapor — Vliquid

3.58 10 gal. of gasoline is equivalent to 1400 cu ft. of methane at 60 degF and 1
atin. Assume at these conditions that methane is an ideal gas:

R=07302—7mMm8m8¥ T = 519.67-rankine ‘P = Laatm
Ibmol-rankine o T '
) ] PV
V = 1400-f° D= n = 3.689Ibmol

=
.-_3

For methane at 3000 psi and 60 degk:

To:=190.6-1.8rankine T := 519.67-rankine T, ::Tlc T, = 1.515
Pc := 45.99-bar P := 3000-psi P, = PE P, = 4.498
’ c
o = 0.012
From Tables E.3 & E.4:
Zo = 0.819 7= 0234 Z:=Zp+wZ Z =0.822
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_ ZnRT

Ans.

Calculate the effective critical parameters for hydrogen by equations (3.55)

Vv :
tank P
3.59 T := 25K P = 3.213bar
and (3.56)
43.6
Te 1= ~—m—-
21.8K
+
2.016T
20.
P = -—-—5—»-bar
442K
1+
2.016T
=0
PT = — Pr - 0.294 Tr
. R-
Imitial guess of volume: V=
Use the generalized Pitzer correlation
422
Bg = 0.083 - 0.422 Bg = -0.495
1.6
T;
Pro e
Z:=1+(Bo +@-Bl)-— Z'='0823
Tr o i
For Redlich/Kwong EOS:
c:=1 g:=0 Q = 0.08664
a(Ty) =T Table 3.1
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Te = 30.435K

P. = 10.922bar

= Te=o0820
TC . AR
cm3
V = 646903 —
mol
0.172
B; =0.139-—— B; =-0.254
42
Ty
Ans.  Experimental: Z =0.7757
¥ = 042748 Table 3.1
Yo
q( r) = Q( r) Eq. 3.51)



Q'Pr

B(Ty,Pr) = Eq. (3.50)
r
Calculate Z. Guess: Z =09
Given Eq. (3.49)
Z -~ B(Te.Pr)
Z=1+ B(Trapr) - q(Tr)'B(Tr:Pr)‘
| 7z +B(Tr.Pr))
Z = Find(Z) Ans, Fxperimental: Z = 0.7757
3.61 For methane: o = _(_},0-12 Tg := 190.6K 'Pc.:'rz' 45.9%bar
At standard condition: T := .[(6_(_} - 32)_-5 * 2___73‘.15}1{ T = 288.706 K
Pitzer correlations: P i="latm
T
Tr = — Trz 1.515 Pr ::f‘ Pr=0.022
Te Pc
0422 0.172
Bg := 0.083 — —— By =-0.134 B;:=0139-—— B; = 0.169
1.6 4.2
T; Tt
Pr PI'
Zg =1 +Bo-?r Zy=0998  Zj:= BJ-T—r 21 = 0.00158
3
ZR-T
Z = Z0+0-Z] Z=0998 V= Vi = 0.024—
P mol
(a) At actual condition: T :=3_[(50 - '3;2)_-?5;- + 27315:11( P := 300psi
Pitzer correlations: T = 283.15K
T P
Ty = — T, = 1.486 Pyi=— = 0.45
Te Pe
0.422
By :=0.083 - —— Bg = —-0.14!
1.6
Ty
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.
By = 0139 - L2

Tr4 2

Z 1+B r
= -+ —_
0 0 T

r
Z=Zp+o-2Z;

_ -3
qr = 150-106-_-5—'
o day

qi
b) ni| = —
(b) ng v

1

(c) D :=22.624in

By = 0.106

Py
Zgo = 0.957 Z1 =B|-— Z1 =0.0322

T
Z-R-T m3
7 = 05958 Vyi= —— V5 =0.00109—
P mol

Vo A
= gy ns.
qQ2 q1 Vi

Ans.

A = 0259m>

Ans,
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3.62 0012 - (072_86 Use the first 29 components in Table B.1
1.0.087 10281 sorted so that @ values are in ascending
b ERRS order. This is required for the Mathcad
0.1 10279 . .
S AR slope and intercept functions.

0.152 o 0;2_76
0.181| {0282
0a87|  loarm
0:19 0267
0191 oz
1 0:194 10275
0196 = |0273
020 loam
0205 | . |0273
Colo2r | Jo2n
o= 021 zc: 0271
o2l o loars| b= intercept(, Zc) = (0.291)
Cloms | o foan| | | '
lo23s | (0269
10252 ot027 e
- '0...’262" S _(:)“264. . |
028 1 .0;2.6_5-. Zc 0.8
0207\ = jo2se|  CON,
0.301 {0266 |

10.302 0.266 -
0303 0.263 035 79T 02 03 04
1031l 0 |0263
oz {026
loss) o loos,

m ‘= s'lope(oa , ZC) : (-0.09 1)

R = corr(0,Zc) = (~0.878) rREZ 0771

0.26
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Chapter 4 - Section A - Mathcad Solutions

4.1 (a) Ty := 473.15K T := 1373.15K n := 10-mol
ForSO2: A=5609 B=0801100> C=00 D=-101510

ICPH(473.15,1373.15,5.699,0.801-10‘3,0.0,—1.015-105) = 5.654-10°

ICPH := 5.654-10°-K AH := R-ICPH Q = n-AH
Ans.
(b) T :='523.15K T = 1473.15K n := 12-mol
For propane: A =1213  B=2878510°  C=-882410°

1cPH(523.15,1473.15, 1213, 28.785-10">,-8.824-10” 6 0.0) = 1.947.10°

ICPH = 1.947-10° K AH := R-ICPH Q = n-AH
| Ans.
4.2 (a) Tg:= 473.15K fi = 10-mol Q = 800-kJ
For ethylene: A = 1424  Bo=Adot10 7 o 439210
K ST

1 := 2 (guess) Given

Q= n.R.HA-TO-(T ~1)+ —?-Toz.(rz - 1)} + %T(ﬁ.(ﬁ - 1)}

T = Find(t) T = 2.905 T:=1Tg T

Ans.

(b) Tg = 533.15K n := 15-mol Q := 2500-kJ

. ) . —-—3 .. B
1.630-10 o 987310
For 1-butene: A := [.967 B = i—-w———-w———— Ci=————
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T=3 (guess) Given

Q= n‘R-}:[A-TO-(t 1)+ -?--'1‘02-(12 - 1)] " %-T(f-(ﬁ - 1)}

T = Find(t) T = 2.652 T:=1Tg Ans.
(©) Tp = 500-degF i = 40-Tbmol Q=10%BTU
Values converted to SI anits
To = 533.15K n = 1.814x 10" mol Q = 1.055 x 10°kJ
e - 14394-107° 43921076
For ethylene; A ;= 1.424 Bz —=lfl o, O e i
7 := 2 (guess) Given ' ' B R
B C
Q= n-R-H:A-TO-(T —1)+ —é--ng-(rz _ I)J + 5-‘T03-(‘L'3 - 1)}
1 := Find(z) 1=225% T=1tTp
Ans.

4.3 Assume air at the given conditions an ideal gas. Basis of calculation is 1 second.

P = Latm To 1= 122-degF V = 250- T:=932.K
Convert given values to SI units V = 7.079 m3
T i= (T - 32degF) +273.15K Tp = (To - 32degF) + 273.15K
T =118737K Tg = 323.15K
n:= -P—V~ n = 266.985mol
R-Ty
For air: A=3355 B=0575100° C=00 D=-001610

ICPH(323.15,773.15,3.355,0.575-10‘3,0.0,—0.016-105) = 1648.702
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4.4

4.7

4.9

ICPH := 1648.702.K AH :=R-ICPH Q:

Ans.
molwt = 100.1- 20 To:=323.15K  T+=1153.15K
52 400.8-= o = 323.15-
O .
n = 10000-kg n = 9.99x 10¥mol
molwt
For CaCO3: A:=12572 B=2637100° D =-3.12010°

ICPH(323.15, 1133.15, 12.572,2.637-10—3,0.0,—3.120-105) = 113554
ICPH = 11355.4-K AH := R-ICPH Q =n-AH

Let step 12 represent the initial reversible adiabatic expansion, and step 23
the final constant-volume heating.

Ty = 298:15K T3 :=298.15K Py :=121.3-kPa
_. _ _ Py
Py :="101.3-kPa P3:= 104.0-kPa Ty = T3--P—
H _ _ ;
Cp = 30.3240¢ (guess) Ty = 290.41K
mol-K
R
P
Py
Given Th= Tl-(?j Cp := Find{Cp) Ans.
1
72,150 (4697 (3370 (3092
186,177 | 15076 | 13025 13419 |
M:=|78.114 -5331 Te = | 5622 | K Pgi=| 4898 |'bar Tp:=|3532 |K
: . mo o ' N R )
192141 | 591.8 14106 383.8
- \(84.161 )" \353.6) 14073 o \3539)
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. . __>
AH is the value at AHeyp Is the given (273.15 + 25)K Th
25 degC. value at the normal Try = - Ty = —
boiling point. T¢ Te
3663) oo (3572 0.635 0.658
1.366.1 } o 3367 0.587 0.674
AH'=433.3|-—  AHggp=1393.9 [-— Ty =| 053 To =10.628
S 41230 Sl 136320 0.504 0.649
Aze2s) 0 \3s82) 0.539 0.639
—
1 —T,, 038
(a) By Eq. (4.13) AH, =1 AH-
1-Tp

>
AH,, — AH
PCE = (—“——7’9-100%} This is the % error

Hexp

Pe
1.092-/ In) — | - 1.013
(b) ByEq. (4.12): AHp : .

M 0.930 - Tyo

>
AH. — AH
PCE := [——’l———@-m%}

Hexp
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410 The In P vs. 1/T relation over a short range is very nearly linear. Our
procedure is therefore to take 5 points, including the point at the temperature
of interest and two points on either side, and to do a linear least-squares fit,
from which the required derivative in Eq. (4.11) can be found. Temperatures
are in rankines, pressures in psia, volumes in cu ft/lbm, and enthalpies in
Btu/lbm. The molar mass M of tetrafluoroethane is 102.04. The factor
5.4039 converts energy units from (psia)(cu ft) to Btu.

(a) T:=459.67+5 AV = 1.934-0.012 i=1.5
(18787 (=5)
latie2t Lo
I }
Data: P :=|23.767 ti=135 = m—e———— i := In(P;
S I e Y YA ()
26.617 110
29726 - \15)

slope := slope(x,y) slope = —4952

(-P)

dPT = ——— slopidPdT = 0.545

o .o TAV-dPdT
T 54039 ¢

The remaining parts of the problem are worked in exactly the same
way. All answers are as follows, with the Table 9.1 value in ():

(a) AH = 90.078 (90.111)
(b) AH = 85.817 (85.834)
(¢) AH = 81.034 (81.136)
(d) AH = 76.007 (75.902)

(€) AH = 69.863  (69.969)
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a1 (119377} 536.4 '54.72

Mi=| 32002 |- 2 7 512:6 [K Pg:=|80.97 [bar Ty o=
AH is the value at AHexp is the given _—
273.15K
0 degC. value at the normal Ty =
boiling point. Te
NE AR | 0.623
AH i=1{1189.5 -i ) _ 0,659
s/ 0.629
(a) By Eq. (4.13)
AH,, — AH
PCE = (__n_ex_p 100% This is the % error
exp
m‘(‘___>“
Pe
1.092-f In] — | —1.013
{(b) By Eq. (4.12): AH,, = )
M 0.930 — Tp2 ]

-100%

AH, - AH
PCE = (_n___e@

Hexp

AR
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(f) 2,732,016 J
(2) -105,140 J
(h) -38,292 J
(i) 164,647
(j) -48,969 J
(k) -149,728 J
() -1,036,036 J

(m) 207,436 ]

(s) -492,640 J
(t) 109,780 J
(u) 235,030 J
(v) -132,038 J
(w) -1,807,968 J
(x) 42,720 J
(v) 117,440 J

() 175,305 J

4.22 The solution to each of these problems is exactly like that shown in

Example 4.6. In each case the value of AHoy93 is calculated in

Problem 4.21. Results are given in the following table. In the first

column the letter in () indicates the part of problem 4.21 appropriate to

the AHC,q4 value.

T/K AA | 103AB | 106 AC | 10-5AD | IDCPH/F | AHOp/J

(a) | 873.15 -5.871 4.181 | 0.000 -0.661 -17,575 | -109,795
(&) | 773.15 1.861 -3.394 | 0.000 2.661 4,729 1 -900,739
¢ | 923.15 6.048 | -9.779]0.000 |7.972 15,635 | 2,716,381
(i) }973.15 9.811 -9.248 1 2.106 -1.067 25,229 189,876
() {583.15 -9.523 11.355 | -3.450 1.029 10,949 -59,918
(1) | 683.15 -0.441 0.004 | 0.000 -0.643 _2,4161-1,038452
(m) | 850.00 4.575 -2.323 ] 0.000 -0.776 13,467 220,903
fnp | 1350.00 -0.145 (.159 | 0.000 0.215 345 180,845
{0} | 1073.15 -1.011 -1.149 | 0.000 0916 -9,743 168,578
(r) | 723.15 -1.424 1.601 | 0.156 -0.083 -2,127 -71,037
(1) | 733.15 4.016 -4.422 1 (0.991 0.083 7,424 117,204
(u) | 750.00 7.297 -9.285 | 2.520 0.166 12,172 1 247,202
(v) | 900.00 2418 -3.647 | 0.991 0.235 3,534 | -128,504
(w) | 673.15 2.586 -4.189 | 0.000 1.586 4,184 | -1,803,784
() | 648.15 0.060] 0.173]0.000 |-0.191 125 42,845
o/ | 1083.15 41751 -4766 1814 |0.083 12,188 | 129,628
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4.23

4.24

This is a simple application of a combination of Eqs. (4.18) & (4.19) with
evaluated parameters. In each case the value of AHe,q5is calculated in Pb.
4.21. The values of AA, AB, AC and AD are given for all cases except for
Parts (e), (g), (h), (k), and (z) in the preceding table. Those missing are as
follows:

Part No. | AA | 103AB{ 106AC | 105 AD
(© 7425} 20.778 | 0.000| 3.737
(2) 3.629] 8.816, -4904| 0.114
(h) 9987| 20.061| -9.296| 1.178
(k) 1.704 | -3.997] 1.573| 0.234
(2) -3.858| -1.042| 0.180| 0.919
g = 150-10 = T o= (60 - 32)-§K+273.15K T = 288.71K P:= latm

The higher heating value is the negative of the heat of combustion with water
as liquid product.

Calculate methane standard heat of combustion with water as liquid product:
CH, + 20, --> CO, +2H,0
Standard Heats of Formation:

-]
mol

_]. :

AH s = ~74520" :
I Lo mol

AHgop = 0
AHgeen = _——393509;—(—)—1 AH{.Hz_Oﬁq 1= .--.285830;1-?.1

AH. = AHpeoz + 2-AHapolq — AHens — 2-AHpo
HigherHeatingValue := —AH| AH, = —8.906 x 10° s

mol

Assuming methane is an ideal gas at standard conditions:

p 1
.. n=1793x 10522
R-T day

0=

Ans.
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425 Calculate methane standard heat of combustion with water as liquid product
Standard Heats of Formation: CH4 + 202 --> CO, +2H,O

J -J
1= - 4520 —— AH =0
AHfCH4 7 moi f{)z_ mol
_ ' . 1 I
AHfCOZ = "'393509~rn—01' AHfHZ()hq 285830 }E)-i
AHccHg = AHgcon + 2-AH201iq — AHfCH4 2 AHfoz
J

Calculate ethane standard heat of combustion with water as liquid product:
Standard Heats of Formation: C,Hg + 7/20, --> 2CO, +3H,0
AHfC2H6 = ——83820—51———
r_nol
7
AHccom6 = 2AHpro2 + 3-AHapotiq — AHgcons — E'AHfOZ

Calculate propane standard heat of combustion with water as liquid product

Standard Heats of Formation: C;Hg + 50, --> 3CO, +4H,0

I
AHKBHS = —104680;—(—;1

AHccaHs = 3AHgc o2 +4-AHanolig — AHpcsps — 5-AHpop
kJ

AHcsyg = ~2219.167—

Calculate the standard heat of combustion for the mixtures

Gas b) has the highest standard heat of combustion. Ans,
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4.26

4.28

2H2 + 02 = 2120() AHpy = 2:(-285830)-]
C+ 02 = COAg) AHpy = ~393509:
N2(g)+2H20(1)y+CO2(g)=(NH2)2CO(s)+3/202 AH := 631660-]

N2(g)+2H2(g)+C(s)+1/202(2)=(NH2)2CO(s)

AHjgg = AHﬂ + AHgp + AH Ans.

On the basis of 1 mole of C10H18
(molar mass = 162.27)

Q = ~43960.162.27-J Q = -7.133x 10°J

'This value is for the constant-volume reaction:

C10H18(1) + 14.502(g) = 10C02%{g) + IH20(])

Assuming ideal gases and with symbols representing total properties,

Q= AU = AH - A(PV) = AH - R-T-Angq

T :=298.15-K Angyg = (10 - 14.5)-mol

AH = Q +R-T-Anggs  AH = ~7.145x 10°]

This value is for the constant-V reaction, whereas the STANDARD
reaction is at const. P.However, for ideal gases H = f(T), and for liquids H

is a very weak function of P. We therefore take the above value as the
standard value, and for the specified reaction:

C10H18(l) + 14.502(g) = 10CO2(g) + 9H20()  AH

9H20(1) = 9H20(g) AHygp 1= 9-44012:

C10H18(1) + 14.502(g) = 10C02(g) + 9H20(g)

AHagg = AH + AH,,, AH Ans.
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.29 FURNACE: Basis is 1 mole of methane burned with 30% excess air.

CH4 + 202 = CO2 + 2H20(g)

Entering: Mpoles methane ny =1

Moles oxygen np = 2-1.3 n =2.6

Moles nitrogen o . 79

n3_‘.-_=,2-.6-~42-—i_- n3y = 9.781
Total moles of dry gases entering n:=nj+n+n3 n = 13.381
At 30 degC the vapor pressure of water is
4.241 kPa. Moles of water vapor entering:
4241
ng = -13.381 = 0.585
7 To1.325- 4241 e

Leaving: CO2 --1 mol {1)

H20 -- 2.585 mol 2)

02 --2.6-2=0.6 mol 3

N2 -- 9.781 mol 4

By an energy balance on the furnace:
Q=AH= AH298+AHP

For evaluation of AHp we number species as above.

n=
i=1.4 R = 8314
A= Z nj-Aj
B .= Z ni-Bj D= Z nj-D;
! i i
A=48692 B = 0010897 D = -5892x 10"
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The TOTAL value for MCPH of the product stream:

MCPH{303.15, 1773.15,48.692, 10.897-10~,0.0,-0.5892-10°) = 59.89511
MCPH := 59.89511

AHp := R-MCPH-(1773.15 — 303.15)

From Example 4.7: AHpgg = —802625

Q := AHp + AHz9g Ans.

HEAT EXCHANGER: Flue gases cool from 1500 degC to
50 degC. The partial pressure of the water in the flue gases leaving the
furnace (in kPa) is

n
p o= -101.325 pp = 18.754

ny+n2+n3+ng

The vapor pressure of water at 50 degC (exit of heat exchanger) is 12.34
kPa, and water must condense fo lower its partial pressure to this value.

Moles of dry flue gases: n:=ny+n3+ng n = 11.381

Moles of water vapor leaving the heat exchanger:

12.34
ny = n ny = 1.578
101.325-12.34
Moles water condensing: An = 2.585';'_11578

Latent heat of water at 50 degC in J/mol:
AHs = 2382.9:18.015

Sensible heat of cooling the flue gases to 50 degC with all the water as
vapor (we assumed condensation at 50 degC):

MCPH(323.15, 1773.15, 48.692, 10.897- 10 3 0.0,-0.5892-10°) = 60.01086
MCPH := 60.01086

Q := R-MCPH:(323.15 — 1773.15) — An-AHs Ans.
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430  4NH3(g) + 502(g) = 4NO(g) + 6H20(g)
BASIS: 4 moles ammonia entering reactor

Moles Q2 entering = (5)(1.3) = 6.5

Moles N2 entering = (6.5)(79/21) = 24.45

Moles NH3 reacting = moles NO formed = (4)(0.8) =3.2
Moles O2 reacting = (5)(0.8) = 4.0

Moles water formed = (6)(0.8) = 4.8

ENERGY BALANCE:
AH = AHR + AHzgg + A}{P =0
REACTANTS: 1=NH3; 2=02; 3=N2

- [3.578 [3e20) 0 [-0486)
ni= A = 13639 B--f;: 0506 1073 D= | 0.227 10°
i=1.3 A= Zni-Ai B = Zni~Bi D := Zni-Di

i i i
A =118.161 B =0.02987 D =-1242x 10°

TOTAL mean heat capacity of reactant stream:

MCPH(348. 15,298.15,118.161,0.02987,0.0,-1.242. 105) = 126.61632
MCPH := 126.61632 AHp = R-MCPH-(298.15 - 348.15)

The result of Pb. 4.21(b) is used to get

PRODUCTSi—NH3 2=02; 3= NO 4=H20; S-NZ

0.8 ) (3578 S (3020 (-0.86) -
25 e 3.6,39': (_).506 | - _0227 g
n=| 32 | A={3387) Bi=|0620]107° Di=| 0014 |10
s e o Juaso| o
Aatas) o) o less) lowo )
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1:=1.5 A= ZHi-Ai B = Zni-Bi D= Zﬂi'Di
i i i

4
A = 119.65 B = 0.027 D = 8.873x% 10
By the energy balance and Eq. (4.7), we can write:

Ty = 298..15 1:=2 (guess)

B
Given —AH»gg — AHp = R- A-To(z - 1) + E-Toz-(rz - 1)

D r—lj
+_—-
To T

1= Find(x) 1 =3.283 T := Tg-K-1 Ans.
431  C2H4(g) + H20(g) = C2ZH50H(})

BASIS: 1 mole ethanol produced

Energy balance: \jj = () = AHR + AH,04

AHpgg = —277690 — (52510 — 241818) AHogg = —8.838 x 10*

Reactant stream consists of 1 mole each of C2H4 and H20.

(1424} (14394 5 o (4302 o (00
A=) B=| Lo cC=| " [107° D= " [10
~\3.470 {1450 ) 0.0 ) T a2
A= Zni-Ai B = Zni‘Bi C ::Zni-ci D :=Zni-Di
i i i i

6

A = 4.894 B = 0.01584 C=-4392x10 D=121x10"

MCPH(298.15,593.15,4.894,0.01584,—4.392-10‘6,0.121-105)= 11.1192
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MCPH = 11.1192
AHp = R-MCPH-(298.15 - 593.15)AHr = -2.727 x 104
Q= (AHR + AHZQS)-J gL Ans.

4.32 One way to proceed is as in Example 4.8 with the alternative pair of reactions:

CHA4 + H20 = CO + 3H2 AHpgg, = 205813
CH4 + 2H20 = CO2 + 4H2 AHggh 1= 164647

BASIS: 1 mole of product gases containing 0.0275 mol CO2; 0.1725 mol
CO; & H20 0.6275 mol H2

Entering gas, by carbon & oxygen balances:

0.0275 + 0.1725 = 0.2000 mol CH4
0.1725 + 0.1725 + 2(0.0275) = 0.4000 mol H20

AH298 = 0.1725-/_\1‘12983 + 0.0275'AH298b AH298 = 4.003 X 104

The energy balance is written

Q = AHgi + AHygg + AHp

02
REACTANTS: 1=CH4; 2=H20 i=1.2 n':'—-"[ . )
0.4

L2y o (9.081Y 3 (2164 e w000 -s-
Al o B 10T Co=o 00T D= 107
A\3.470 o\ LAS0 ' : 0.0 S \0.121 )

A ::Zni-A{ B ::Zni-Bi C :=Zni-ci D :=an~Dg
i i i

i

il

A=1728 B=2396x10" C=-4328x10 " D=dgix 0’

ICPH(773._15,298.15, 1.728,2.396-10*3,—4.33-10*7,4.84-103) = _1377.435
ICPH := —1377.435 AHy := R-ICPH Al = ~1.145x 10

PRODUCTS: 1=C02; 2=C0; 3=H20; 4=H2
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4.33

0.0275Y (5457 1,045 (~1.157Y
0.1725 | 3376 toss7| 5 |-0031]
““loams| P|sany P Thase [0 PF 0.121 £
Cloers)  \sase) 0 loaz) 0 Looss )
i=1.4 A= Zn;-Ai B = Zni-Bi D= Zni-Di
1 1 1
A =337 B=6397x10"" D =3579x10°
icpr(298.15,1123.15,3.370,6.397-1074,0.0,3.579-10%) = 3164.293
ICPH := 3164.293 AHp := R-ICPH Alp = 2.631x 10°
Ans,

Q := (AHR + AHyog + AHp)-J

CH4 + 202 = CO2 + 2H20(g) AH3gg, = ~802625

C2H6 + 3.502 = 2C02 + 3H20(g) AHpggy, = —1428652

BASIS: 1 moie fuel (0.75 mol CH4; (.25 mol C2H6) burned completely with
80% xs. air.
02 in = 1.8[(0.75)(2) + (0.25)(3.5)] = 4.275 mol
N2 in = 4.275(79/21) = 16.082 mol
Product gases: CO2 = 0.75 + 2(0.25) = 1.25 mol
H20 = 2(0.75) + 3(0.25) = 2.25 mol
02 =(0.8/1.8)(4.275) = 1.9 mol
N2 = 16.082 mol -
AHygg = 0.75-AHpog, + 0.25-AHoogp Q = -810°

Energy balance:  Q = AH = AHqgg + AHp Allp = Q — AHyog
PRODUCTS: 1=CO02; 2=H20; 3=02; 4=N2

125 S (s
225" TP T B\ W 03 B
i 4072 pa=p T aed
1.9 02271
116082, 0.040 )
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4.34

i=1.4 A :=2ni-Ai B ::Zni-Bi D ::Zni-Di
i i i

A =74292 B =0015 D= -962x 10*

By the energy balance and Eq. (4.7), we can write:

Tg = 303.15 T :=2 (guess)
B _2(2 )
Given Q- Alyeg = R A-Tg(x - 1) + > To -(T - 1) .| 1= Find(z)
D (’I - 1)
o —
Ty T
T = 1.788 T:=TgKnr Ans

BASIS: 1 mole of entering gases containing 0.15 mol SO2; 0.20 mol
02; 0.65 mol N2

S02 + 0.502 =803 Conversion = 86%
S02 reacted = SO3 formed = (0.15)(0.86) = 0.129 mol

02 reacted = (0.5)(0.129) = 0.0645 mol

Energy balance: AH;73 = AHR + AHp9g + AHp

Since AHp and AHjp cancel for the gas that passes through the converter
unreacted, we need consider only those species that react or are formed.
Moreover, the reactants and products experience the same temperature
change, and can therefore be considered together. We simply take the
rumber of moles of reactants as being negative. The energy balance is
then written: AH773 = AHpgg + AH

AHggg 1= [~395720 - (~296830)1-0.129

1: S0O2; 2: 02; 3: S03
(0120 (5699
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4.35

i=1.3 A :=an-Ai B :=Zni-Bi D :san-Di
1 i i

7

A = 006985 B=258x10 D= -1.16x 10

MCPH(298.15.773.15,0.06985,2.58-1077.0.0,-1.16-10%) = 0.019666
MCPH := 0.019666 AH o = R-MCPH:(773.15 - 298.15)

AH773 = (AH298 + AHnet)'J Ans.

CO(g) + H20(g) = CO2(g) + H2(g)

BASIS: 1 mole of feed consisting of 0.5 mol CO and 0.5 mol H20.

Moles CO reacted = moles H20 reacted = moles CO2 formed = moles H2
formed = (0.6)(0.5) = 0.3

Product stream: moles CO = moles H20 = 0.2
moles CO2 = moles H2 =0.3

Energy balance: Q = AH = AHR + AHp9g + AHp
AHpgg = 0.3-[-393500 — (~110525 ~214818)]  AHj9g = ~2.045x 10°
Reactants: 1: CO 2: H20

[0 3376 (0557 3 [-0.031). ;
no={ A=l B = ) D=1 "7 L10
NS R34T0, \tds0) T otoea2r)
i=1.2 A= Zni'Ai B = Zni-Bi D= zni-Di

i i i

3

A = 3.423 B =1.004x 10 D=45x10°

MCPH(298. 15,398.15,3.423,1.0035- 10 3

10.0,0.045-10%) = 3.8103
MCPH := 3.8103
AHpg = R-MCPH.(298.15 - 398.15) AHg = -3.168x 10°

Products: 1: CO 2:H20 3:CO2 4:H2
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4.36

- (3376 , (—0.031) -

- 13470 4 oazt|
0= A= s 3 D=t

) ~ T lsas7 | T st

{3249 10,083
i=1.4 A =Zni-Ai D:=Zni-Di
i i 1
A = 3.981 B=8415x10"% D =-3.042x10*

MCPH(298.15 .698.15,3.981,0.8415-107°,0.0,-0.3042- 105) = 425405

MCPH := 4.25405
AHp := R-MCPH: (698.15 — 298.15) Allp = 1.415x 10*

Ans,

Q := (AHR + AHpgg + AHp)-J

BASIS: 100 Ibmol DRY flue gases containing 3.00 Ibmol CO2 and 11.80
ibmol CO x Ibmol O2 and 100-(14.8-x)= 85.2-x Ibmol N2. The oil therefore
contains 14.80 lbmol carbon;a carbon balance gives the mass of oil burned:

148 12.011
0.85

‘dbpy = 209.133 by

The oil also contains H20:
209.133-0.01
18.015

-ibmol = 0.1161bmol

Also H2O is formed by combustion of H2 in the oil in the amount

209.133-0.12

dbmol = 12.4481
016 o 81bmol

Find amount of air entering by N2 & O2 baiances.
N2 entering in oil:

209.133-0.02

Ibmol = 0.149]
58,013 mo 91bmol

ibmol N2 entering in the air=(85.2-x)-0.149 =85,051-x
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Ibmol O2 in flue gas entering with dry air =
300+ 11.82+x+12.4482 = 15124+ x |bmol
(CO2) (CO) (02) (H20 from combustion)

Total dry air = N2 in air + O2 in air = 85,051 - x + 15,124 + x = 1060.175 Ibmol

Since air is 21 mol % 02,

02t = 212X 021:100.175 - 15.124) Ibmol  x = 5.913 [bmol

100.175

02 in air = 15.124 + x = 21.037 ibmols
N2 in air = 85,051 - x = 79.138 Ibmoles
N2 in flue gas = 79.138 + 0.149 = 79.287 Ibmols

[CHECK: Total dry flue gas
=3.00 + 11.80 + 5.913 + 79.287
=100.00 1bmol]

Humidity of entering air, sat. at 77 degF in lbmol H20/Ibmol dry air,
P(sat)=0.4594(psia)

0.4594
14.696 — 0.4594

Ibmol H20 entering in air:

= 0.03227

0.03227-100.175-1bmol = 3.233 Ibmol

If y = Ibmol H20 evaporated in the drier, then
Ibmol H2O in flue gas = 0.116+12.448+3.233+y
=15797 +y

Entering the process are oil, moist air, and the wet material to be dried, all at
77 degF. The "products” at 400 degF consist of:

3.00 Ibmol CO2

11.80 Ibmol CO

5.913 1bmol 02

79.287 Ibmol N2

(15.797 + y) Ibmol H20(g)

Energy balance:  Q = AH = AH,qg + AHp

where Q = 30% of net heating value of the oil:
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n(y)

6
Qo= —-03 19000 ?'—E—q 209 13 lbm Q =-1.192x 10" BTU

by = -

Reaction upon which net heating value is based:

OIL + (21.024)02 = (14.8)CO2 + (12.448 + 0.116)H20(g) + (0.149)N2

AHsog, 1= —19000-209.13-BTU AHogg, = ~3.973x 10°BTU
To get the "reaction’ in the drier, we add to this the following:

(11.8)CO2 = (11.8)CO + (5.9)02

AHgggy = 11.8:(=110525 + 393509)-0.42993 BTU

$HZO0() = (1)HZO()  Guess: y=50

AFpgg,(y) 1= 44012-0.42993-y-BTU

[The factor 0.42993 converts from joules on the basis of moles to Btu on the
basis of lbmol.]

Addition of these three reactions gives the '""reaction’ in the drier, except
for some 02, N2, and H20 that pass through unchanged. Addition of the
corresponding delta H values gives the standard heat of reaction at 298 K:

AH95(y) == AHpgg, + AHpggh + AHp95.(y)

For the product stream we need MCPH:
1: CO2 2: CO 3:02 4: N2 5: H20

= 298.15 R := 1.986 T .o 300443967 T = 477.594
8.15 3
Cowms b fsare] o fessTy o -e0st)|
=] 5913 | A=3639| B={0506]10"% D:=|-0227 10
79278 | 43280 ) o fose3| oo |
\1s7974y) - \3aro) o \aaso) 0 Lo,
=15 AR =Y n0eAl BB =Y aWiBi D) = > n@yD
i i i
T
T 1= 1602 Cp(y) = [A(y)+ BO) poa1) D(”J
0 2 2
1T
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112 (a) © := 0210 To:=5622K  Poi=48.98bar  Zg:= 0271

Vg = 259- 2 T, = 353.2K P = ibat
mol
T P
Ty = — T, = 0.628 Py i= — P, = 0.02
Te Pc
Generalized Correlations to estimate volumes
Vapor Volume
0.422
Bo =0.083 - —— Bp = -0.805 Eq. (3.61)
Tr
0.172
B == 0.139 - 1 By = -1.073 Eq. (3.62)
4.2
Te
P, P,
Z:=1+Byp—+0B— Z=10967
Ty Ty
Z-R-T 3
Vo= ! V = 2.838x 100 S
P mol
Liquid Volume
(1_ )0.2857 cm3
Vet = VerZe' Eq. (3.63) Veat = 96.807
mol
Combining the Clapyeron equation (4.11) AH = T-AV-SL Psat
dT
B
A____
with Antoine's Equation Py, =¢ =
B
A
| 5 as)
gives AH = TAV——— (0
(T-C)
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3

cm
AV = V=V AV =2.829x 107 2
mao

A= 13.8594 B :=2773.78 C 1=53.00

AH = TH'AV'

Answers for parts (b)-(e)

kJ
(b) AH=36.262 —
mol

kJ
(¢) AH=32.278 —
mol

kJ
(d) AH=28.948 —
mol

(e) AH =33.838 L

mol

4.13 Let P represent the vapor pressure.

T:= 348.15-}( P:=100-kPa  (guess)
P e
Given ln[——] = 48.157543 - w - 4.70504-In (ZJ
kPa T K
56227 K 4,
P := Find(P) dPdT := P-[ U - 70504} dPdT = 0.02913.;ar
2 T
T
P = 87.396kPa "AH = 31600 —— Vjiq'-f-#,-'96.49°+~
o mol . mol
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AH

Clapeyron equation: dPdT =
T-(V - Viig)

V = vapor molar volume. V := Vjjq+

T-dPdT

ATS.

Eq. (3.38): B = V(ﬂ - lj

4.14 (a) Methanol: T, := 512.6K P;:= 80.97bar Ty = 337.9K

Ap:=13431  Bp=-5128107°  Cp=1311310"°

Bi, CL
CpL(T) = (AL + T —-Tz}R

K2
Ay = 2211 By:= 12216107° Oy i=-3450-10 °
By Cv
Cpv(T) = {AV S, —-TZ)R
K 2
K
P := 3bar Teat = 368.0K  Tq:=300K Tz := 500K

Estimate AHv using Riedel equation (4.12) and Watson correction (4.13)

Th Tsat
T = — Tm = 0.659 Trsat = Trsat = 0.718
Te Te
Pe
1092 Inf |~ 1013 .
AH,, := il R-Ty AH, = 38.30] —
0.930 - Tpp mol
0.38
I - Trat
AHy = AH,y = AT, = 35.645 L
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Tsat 12 K
AH = J Cpp(T)dT +AH, +J Cpy(T)dT AH = 49.58—
mo
Ty Tsat
= 100 o kamol Q := n-AH

kJ

(b) Benzene: AH, = 28. 273—1{‘L AH = 55266 —

mol mol

k kl

(c) Toluene AH,, = 30. 625———‘L AH = 65586 —

mol mol

4.15 Benzene T, := 562.2K P :=._48_'.9_§b’ar Tn =353.2K

i
mol K

Tysat = 45L7K  Togpei= 35877K cp = 152

Estimate AHv using Riedel equation (4.12) and Watson correction (4.13)

T Tosat
Tep 1= — T = 0628  Tpgat i= ——  Tpgat = 0.638
Te Te
Pe
1092 In} — = 1.013 o
AH,, = hd RT, AH,, = 30.588 —
0.930 — Ty mol
(.38
1 — Tiogat
AlL, = AH, | ——— AH, = 30.28
1~ Tm mol

Assume the throttling process is adiabatic and isenthalpic.
Guess vapor fraction (x): x := 0.5

Given Cp(Tysat— Tosat) = x-AH,  x:= Find(x) i Ans.

4.16 (a) For acetylene:  T_- = 3_08,3-.1.{ P =6I39bar Tn=1394K
T = 298.15-K
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tg lC

Pe
In| - 1013 .

AH,, = R-Tp1.092——— AH, = 1691 —
0.930 - T mol

0.38

[T

AH, = AH,- ! AT, = 6,638
1-Tm mol

AMlg 2= 227480'%{"1 AHogg = AHp — AH, Ans.
_ “ ot

(b) For 1,3-butadiene: AHngg = SS.SE
mol
kJ
(c) For ethylbenzene: AH;gq = —12.3.—
mol
ki
(d) For n-hexane: AHsgg = ~198.6-——
mol
kJ
{(e) For styrene: AHygg = 103.9-—
mol

417  1stlaw: dQ = dU —dW = Cy-dT + P-dV (A)
Ideal gas: PV=RT and P-dV + V.dP = R.dT
Whence V-dP = R-dT - P-dV (B)
. & 5-1 _ &
Since P-V" = const then P35V dV = -V -dP
from which V.dP = -P.&.dV
R.dT

Combines with (B) to yield: P.dv = m
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R.dT

Combines with (A) to give: dQ = Cy-dT +
R.dT
or dQ = Cp-dT —R-dT +
1-9
which reduces to dQ = Cp-dT + -R-dT
C 5
or  dQ=|-24+° lRadr (©)
R 1-%

Since Cp is linear in T, the mean heat capacity is the value of
Cp at the arithmetic mean temperature. Thus Tam =675

Cpm 1= R-(3.85 +0.57 10_3-Tam)

Integrate (C): Tj":z_:'_9'._5__0_-K T1 = 400K = 1.55
CPm 8
= ~— +—— |'R\T2-T Ans,
Q ( R 1- a) (12-11)
S
T,)°"!
P1:=1-bar Py =P — Ans,
. : T

4.18 For the combustion of methanol:
CH30H(g) + (3/2)02(g) = CO2(g) + 2H20(g)

AHygg := —393509 + 2-(--241818) — (-200660)
AHygg = —676485

For 6 MeOH: Ans,

For the combustion of 1-hexene:

C6H12(g) + 902(g) = 6CO2(g) + 6H20(g)
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AHpgg = 6:(=393509) + 6-(-241818) — (-41950)

AHzgg = -3770012 Ans.

Comparison is on the basis of equal numbers of C atoms.

419 C2H4 +302=2C02+ 2ZH20(g)
AHngg = [2-(-241818) 5 2-(=393509) '—-:525_10]-‘.—_'—l
Parts (a) - (d) can be worked exactly as Example 4.7. However, with
Mathcad capable of doing the iteration, it is simpler to proceed differently.

Index the product species with the numbers:
1 = oxygen

2 = carbon dioxide

3 = water (g)

4 = nitrogen

(a) For the product species, no excess air:

(3639) . (o0s06) . (0227}
Asas7| 1045|073 1-1as7]
n:= = 1 B=]. }..__ D=} ~__1()5-K2
_ ' 3.470 lrasol ke o Lozt
(3.280; 0593) 0040 )
i=1.4 A :Zni-Ai B ::Zni-Bi D ::Zni-Di
i i i
1 5.2
A=34872 B-= O.OIZE D=~1.621x 107K
T
Cp
For the products, AHp = R- Y dT' Tp.:=298.15K
Ty

The integral is given by Eq. (4.7). Moreover, by an energy balance,

AH298 + AHP =0
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T=72 (guess)

1 := Find(z) 1 = 8.497 T = To-t

Parts (b), (c), and {d) are worked the same way, the only change being in the
numbers of moles of products.

(b) no, =0.75 fn, = 14.107 T=2198.6K Ans.
(c) no, = 1.5 fn, = 16.929 T = 1950.9K Ans.
(d) no, = 3.0 fp, = 22571 T=1609.22K Ans.

(e) 50% xs air preheated fo 500 degC. For this process,

AHair + AHzgg + AHP =0

AH,; = MCPH-(298.15 — 773.15)

For one mole of air:

3

MCPH(773.15,298.15,3.355,0.575-10‘ ,0.0,—0.016-105) = 3.65606

For 4.5/0.21 = 21.429 moles of air:

AH, = n-R-MCPH-AT

AHpy, := 21.429-8.314-3.65606-(298.15 — 773.15)-—1_1
mno

AH,;, = 309399

mol

The energy balance here gives:  AH,gg + Al + AHp = 0
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4.20

4.21

!
i

Z nj-Dy

i

A= Z ni-Aj
i

A = 78.84 D=-1735x 10°K2

1 :=2 (guess)

B
Given —AH298 - AHa‘u- =R A'TO-(T - 1) + E—-TOZ-(IZ - 1)
D{t-1
+—
To T

1 := Find(z) T = 7.656 T:=ToK1

Ans.

n-CSH12 + 802 = 5C02 + 6H20())
By Eq. (4.15) with data from Table C.4:
AHog = 5-(~303509) + 6-(--285830) — (~146760)

Ans.

The following answers are found by application of Eq. (4.15) with
data from Table C.4.

(n) -92,220 J (n) 180,500 J
(b) -905,468 J (0) 178,321
(c) -71,660 J (p) -132,439 J
(d) -61,980 J (q) 44,370 J
(e) -367,582 J (r) 68,910 J

75



4.37

4.38

Given Cp(y)-(400 - 77)-BTU = Q — AHsgg(y) y := Find(y)

y = 49,782 (Ibmol H20 evaporated)

Whence (Ib H20 evap. per b oil burned)

Ans.

BASIS: One mole of product gas containing 0.242 mol HCN, and
(1-0.242)/2 = 0.379 mol each of N2 and C2H2. The energy balance is

Q=AH= AH99g + AHp

0 242

'AHzgg = (2 135100 227480) S J AFyog = 5.169 % 16°]
Products. |

0242) - fam6) (1359} - (-0725)
n=(0379| A:=13280 B:=|0593 1067 D:=| 0040 |10’
| 0.379 ~e132) S \1952) —1299)
i=1.3 A = an-Ai B = Zni-Bi D :=Zni-D1

1 1 1

R = 8.314 A=47133  B=12934x10"" D =-6526x10"

MCPH(298.15,873.15,4.7133, 1.2934-10">,0.0,-6.526- 104) = 5.22010

MCPH = 5.22010
AHp := R-MCPH-(873.15 - 298.15)-J AHp = 2,495 x 104J
; ADS.

Q = AH298 -+ AHP

BASIS: 1 mole gas entering reactor, containing 0.6 mol HCl, 0.36 mol 02,
and 0.04 mol N2.

HC1 reacted = (0.6)(0.75) = 0.45 mol
4HClg) + 02(g) = 2H20(g) + 2C12(g)

For this reaction,
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4.39

AHj08. = -27_(*24:1-81_ 3)..-__--:4_,(_92_3()_7) AHygg = —1.144x 10

Evaluate AHgyz by Eg. (4.21) with
T = 298.15 T = 823.15 R := 8314

1: H20 2:CL2 3: HCl 4=02
Y (3470

(145 e 0.121

; Claag2| O joosol o5 -0344 )
ni= A= X Bioe| 71007 D= 110
i=1..4 AA = Z nji-A; AB = Z ni-Bj AD = Z nj-D;

i i i
5

AA = —0439  AB =8x 10" AD = -823x 10°

MDCPH(298.15,823.15,—0.439,8.0-10_ 5,0.0,—8.23-104) = —(.72949
MDCPH := -0.72949

AHgy3 := AHpog + MDCPH-R-(T ~ Tp) AHgy3 = —~117592
Heat transferred per mol of entering gas mixture:

_ AHgy3'J

0.45 Ans.
4
CO2+C=2C0 AHpogy = 172459 (a)
2C + 02=2C0 AHagp = ~221050 (b)

Eq. (4.21} applies to each reaction:
For (a):




4

AA = —0.476 AB=-702x10°%  AD =1962x10°

MDCPH(298.15, 1 143.15,—0.476,—7.02-10“4,0.0,1.962-105) = —0.410505
MDCPH, := —0.410505
AH| 1484 = AHoog, + R-MDCPHy (1148.15 — 208.15) AH{ 1484 = 1.696 x 10°

For (b):

n=|-1] A={3639| B:=|0506|10° D:=|-0227]
2 b)) o)

i=1.3 AAI = Z njA;  AB = Zni-Bi AD :Q.Zﬁi-Di
1 i

4

AA = —0429  AB=-934x10"" AD = 1.899x 10°

MDCPH(ZQS. 15,1148.15,-0.429,-0.934-10 3 ,0.0,1.899. 105) = —-(0.549680
MDCPHy, = —0.549680
AH{148p = AHaggp, + R-MDCPHp-(1148.15 — 298.15)

5
AHI 148b = —2.249)( 10
The combined heats of reaction must be zero:
nco, AHp148a + 00, AH 1486 = 0

nco —AH148p
2 ris —— r=1.327

Define: r=

[102

For 100 mol flue gas and x mol air, moles are:

Flue gas Air Feed mix
co2 128 0 12.8
CcO 3.7 0 3.7
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02 5.4 0.21x 54+ 0.21x

N2 78.1 0.79x 78.1 + 0.79x
Whence in the feed mix: r= ———Izi—
54+021x
2.
125 _ 5.4
Xi= —— .mol x = 19.155mol
0.21
Flue gas to air ratic = Ans,
Product composition:
nco = 3.7+2-(12.8+ 5.4+ 0.21-19.155) nco = 48.145
0N, = 78.1+0.79-19.155 DN, = 93.232
Mole % CO =
Ans.
Mole % N2 =
4.40 CIH4 + 202 =CO2 + 2H20(g) AHygg, 1= ~802625
CH4 + (3/2)02 = CO + 2H20(g) AHyogy = ~519641

BASIS: 1 mole of fuel gas consisting of 0.94 mol CH4 and 0.06 mol N2
Air entering contains:
1.35-2.0.94 = 2,538  mol O2

2.538-—;—? = 9,548 mol N2

Moles CO2 formed by reaction = 94.0.7 = 0.658
Moles CO formed by reaction=  (0.94-0.3 = 0.282

AH,g5 = —6.747x 105

AHgg = (0.658- AHygg, + o_zsz-AHzggb)._l 1
mo "o
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Moles H20 formed by reaction = 0.94-2.0 = 1.88

Moles O2 consumed by reaction=  2.0.658 + ;-0,282 = 1.739

Product gases contain the following numbers of moles:

(1) CO2: 0.658
(2) CO: 0282
(3) H20: 1.880
(4) 02: 2.538-1.739=0.799
(5) N2: 9.548 + 0.060 = 9.608

(0658 (5457 - (Lo4s) (-1.157)
Clo2s2| o lsame| o |oss7| | -003t]
n=|1880] A=|3470| B=|i450 107> D:=| 0121 |-10°
0799 13630  Josos| 120227

o608) - \3280) leses)  loosw)
i=1.5 A:zZni-Ai B:=Zni~Bi D:=Zni-Di
i i i
R:=8314—— A=454881 B =06725x 10° D=-339%x 10"

MCPH(298. 15,483.15,45.4881,9.6725-10 3 ,0.0,-3.396- 104) = 49.03091
MCPH := 49.03091

AHp := R-MCPH-(483.15 - 298.15)-K AHp = 7.541 x 1041

mol

k]
Energy balance: AHp, = AHpgg + AHp AHpy = -599.252 —

mol

k
AHppa0-mdotya0 + AHpy ndotfye) = 0 mdotyng = 34.0-~2.
S5eC

From Table C.1: AHH.?O = (398.0 - 1{)4;3)._1;1(_{

—AH120-mdotino mol

ndotgie) == AL ndotfye] = 16.635-;;2

85



4.41

Volumetric flow rate of fuel, assuming ideal gas:

ndotge-R-298.15-K
101325-Pa

Ans.

P I
C4H38(g) = C4Ho(g) + H2(g) AHpog = 1 09780--_.~*'—I

SR T mo
BASIS: 1 mole C4H8 entering, of which 33% reacts. ' '

The unreacted C4H8 and the diluent H20 pass throught the reactor
unchanged, and need not be included in the energy balance. Thus

Evaluate AHq79g by Eq. (4.21):
1: C4H6 2: H2 3: C4HS

i=1.

3
AA = Z nj-A AB = Z nj-Bj AC = Z ny-Cj AD = Z n;-D;
i i i

i

3 7

AA =4016 AB=-4422x10 ° AC=991x10" AD = 8.3x 103

MDCPH(298. 15,798.15,4.016,-4.422-10 3 ,9.91:10° 7, 0.083- 105) = 1.94537

MDCPH := 1.94537

]
AH79g := AHg9g + MDCPH-R-(T - T) AHzgg = 1.179x 107 —

Q := 0.33-mol-AH79g Ans.
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Chapter S - Section A - Mathcad Solutions

5.2 Let the symbols Q and Work represent rates in kJ/s. Then by Eq. (5.8)

I Work| I Tc
1’] - - _—
|QH] TH
Te = 323.15K Ty i= 798.15-K Qpi=250-—
Tc kJ
Work := QH-[I ———J |Work|] = 148.78 —
Ta s
or which is the power. Ans.
By Eq. (5.1), Qc = |Qu] - |Work| Ans.

5.3 (a) Letsymbols Q and Work represent rates in kJ/s

Ty = 750-K Tc = 300-K Work := ~95000-kW
By Eq. (5.8):
But n=
Qc:
(b) n:=035
54 (a) Tc¢:=303.15K T - 623.15-K
Tc
NCarnot == 1 — = N = 0.55M Carnot Ans.
Tu
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N
(b) mn:=035 N Carmot = 055 NCamnot = 0-636

Tc
By Eq. (5.8), Ty :

I[-n Carnot

5.7 Let the symbols represent rates where appropriate. Calculate mass rate of
LNG evaporation:

V= 90002 Pi= 1.0133-bar T'=208.15-K
PV
molwt := 17 2% M NG = ——molwt m NG = 6254 78
mol R-T S

Maximum power is generated by a Carnot engine, for which

|work] _ |Qu| - |Qc| _ |Qn| = Tu }
Q]| Q¢ Q| Te
Ty =303.15K Te = 113.7K
k! ' 6
Qc = 512-k—-mLNG Qe =3202x 10 kW
g
Ty
Work := Q¢ — — 1 Ans.
Tc
Qn = Q¢+ Work Ans.
5.8 Take the heat capacity of water to be constant at the value Cp =4184—qu
kg K
(@ T{:=27315K  Tp=37305K Q:=Cp(Ty-T;) Q= pga X
To kJ
ASHQO = Cp'ln — AS = 1.305 ——
T H20 oK
-Q ;

ASies 1= Ans.

T,
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AStotal = ASp0 + ASpeg

(b) The entropy change of the water is the same as in (a), and the total
keat transfer is the same, but divided into two halves.

- 1
AS,oq = —Q( P ) ASqq = 1208
2 \323.15K  373.15K ke K

AStotal = ASres t ASHEO Ans.

(cj The reversible heating of the water requires an infinite number of heat
reservoirs covering the range of temperatures from 273.15 to 373.15 K,
each one exchanging an infinitesimal quantity of heat with the water
and raising its temperature by a differential increment.

59  Py:=1lbar Ty = 500-K V1= 0.06-m°
PV Co s R
n=—— n = 1.443 mol Cy ==K Q= 15000-F
R-T) 2 '

(a) Const.-V heating; AU = Q+ W =Q = n-Cy-(Tz - Ty)

Ty o= Ty + Ty = 1x 10°K
n-Cy
T2 Pa
By Eq. (5.18), AS = n-| Cpn| == | = R-In| —=
T Py
P, Ty T>
But ——=_-  Whence AS:=nCyIn — Ans.
P Ty T

(b) The entropy change of the gas is the same as in (a). The entropy
change of the surroundings is zero. Whence
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5.10 {(a) The temperature drop of the second stream (B) in either -
case is the same as the temperature rise of the first stream Cp =R
(A), i.e., 120 degC. The exit temperature of the second o 27
stream is therefore 200 degC. In both cases we therefore

have:
463.15 473.15
AS, = Cp-ln ASg :=Cp:ln
ATHP (343.15] B P [593.15)
Ans.
{b) For both cases:
Astotal = ASA + ASB Ans.

(c) In this case the final temperature of steam B is 80 degC, i.e., there is
a 10-degC driving force for heat transfer throughout the exchanger.

Now
463.15 353.15
AS4 = Cp-In ASp := Cp-In
AP (343.15) B= P (473.15)
Ans.
ASiotal i= ASp +ASp Ans.

dw To dQ
5.16 By Eq. (5.8), — =1-— dW = dO = T —
y Eq. ( 40 = Q- Tg .

Since dQ/T = dS, dW =dQ - T5-dS

Integration gives the required result.

Ty = 600-K Ty = 400:K T = 300-K

J
Q= Cp(T2 - T1) Q=-582x 10" —
mol
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To J

maol-K

AS = Cp-]n(—T—) AS = -11.799 -

1

Work ;= Q — T5-AS Ans.
Qs = ,QI - |Work| Ans,
Qo Ans.

ASieservoir ©= -
Ts

J
mol-K

Process is reversible,

AS + ASieservoir = 0

517 Typ:= 600K  Tcp:=300K Tai=300K Tco:=250K

For the Carnot engine, use Eq. (5.8): IWI _ Tai - Tey

’le Ty
The Carnot refrigerator is a reverse Carnot engine. IWI T2 - Tez
Combine Egs. (5.8) & (5.7) to get: =
|Qc| Te2

Equate the two work quantities and solve for the required ratio of the heat

quantities:
Tco [THI - TCIJ

Th2 — T2

Ans.

ro= .
Ty

= 450K Ppi=6bar  Cpi=-R

5.18(a) Ty:=300K  Py:=lZbar Ty:

AH = Cp(T2 - T})

1 Py
AS = Cpln| — | - Reln| —
T Pj

I
(b)  AH = 5.82.10°—— AS = 1.484
mol molK

Ans.

J
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3 J

(¢  AH= -311810°——  AS= 4953
mol mol-K
I J
()  AH=-3741-100——  AS=2618
mol mol-K
J
(€@  AH= —6651-100——  AS = —3.607
mol mol-K

5.19 The cycle is the same as is shown by Fig. 8.10 on page 298. With the
identificaitons C=1; D=2; A=3; and B=4, the efficiency is given by Eq. (A) on
page 298:

Cy (Tg-T
n=l-—
Cp i T3=-T>

For the given data:

5 ( 973.15 — 473.15 )
ni=1--— Anmns.
7 \1973.15 - 773.15
521 Cy=Cp-R Pli=2bar  Pp=Thbar  Tyi=29815K
Cp
=— = 1.4
¥ o y

With the reversible work given by Eq. (3.33), we get for the actual W:

v—1

R-Ty(P2) 3]
Work :=1.35 ——.[| — -1 Work = 3.6x 107 ——
y-1|\P1 mol

Work
Cy
Ty = 471.374K

ButQ=0,and W = AU = CV-(T2 - Tl) Whence Ty = Ty +

T2 Py
AS := Cp-ln| —= | = R-Ini —=
T P

Ans.
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525 P:=4 T := 800

Step 1-2: Volume decreases at constant P.
Heat flows out of the system. Work is done on the system.

Wiz = P(V2-Vi)] = R(T2 - Ti}]

Step 2-3: Isothermal compression. Work is done on the system. Heat flows
out of the system.

P3 P3
Wo3= R-To:In| — | = R-Tr-In| —
P2 Py

Step 3-1: Expansion process that produces work. Heat flows into the
system. Since the PT product is constant,

dp
P-dT +T-dP = 0 T.— = ~dT (A)
P-V=RT P.dV + V-dP = R-dT

P-dV = R.dT - V-dP = R.dT - R-T-d—:

In combination with (A) this becomes
P-dv = R-dT + R.dT = 2.R.dT

Ty Ty
Moreover, P3=P;.— =P —
T3 Ta

Vi
Wi = —J PdV = ~2.R-(T} - T3) = ~2-R(T} - T2)
V3

Q31 = AUz, — W31 = Cv+(T; - T3) + 2:R(T - T3)
Q31 = {Cv+2-R)(Ty - T3) = (Cp +R)-(T1 ~ T2)

_ Wi _ | W12+ Was + W]
Qin Q31

n

CP ::-S'R Ty :=_.7_'00-K To = 350:K
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Py :=1.5-bar Pyim Ppr—e
1= 1.5b: 3. - 1]T2-
3 J
Wiz = |R(T2 - Ty)] Wig =291 x 10° —
mol
P3 3 I
W21 = R-To-In| — Wo3z = 2017 x 107 —
P1 mol
3 I
W31 == —2-R(T) - Tp) W3p = -5.82x 10" —
mol
4 ]
Q31 := (Cp+R)(T; - T3) Q31 = 1.309x 10—
mol
|W12+ Was + W3y
= Ans.
Q31
526 T:=403.15K  Pp:=2.5bar Pyi=65bar  Treg :=298.15K

P
By Eq. (5.18), AS = —R-]n[—zj Ans.

With the reversible work given by Eq. (3.26), we get for the actual W:

Pr
Work := 1.3-R-T-In(i)—-J (Isothermal compresion) Work = 4.163 x IOBL}
1 mo

Q .= -Work  Q here is with respect to the system.

So for the heat reservoir, we have

ASpeq = Q Ans.
TI'CS
AStotaI =AS + ASres Ans,

5.27 (a) 1cps(473.15,1373.15,5.699,0.640-10‘3,0.0,-1.015-105) = 6.448223
ICPS := 6448223
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By Eq. (5.14) with P = const. and Eq. (5.15), we get for the entropy
change of 10 moles

n = 10-mol AS = n-R-ICPS Ans.

3

6

(b) ICPS(SZB.]S,1473.15,1.213,28.785-10_ ,—8.824.10" ,0.0)= 20.234265

ICPS = 20.234265

By Eq. (5.14) with P = const. and Eq. (5.15), we get for the entropy
change of 12 moles

n := 12:mol AS := n-R-ICPS Ans.

5.28 (a) The final temperature for this process was found in Pb. 4.2a to be 1374.5 K.
The entropy change for 10 moles is then found as follows

3 6

ICPS(473.15,1374.5,1.424,14.394-10_ ,~4.392-10 ,0.0)= 10.835459

ICPS := 10.835459 n = 10-mol

AS = n-R-ICPS Ans,

(b) The final temperature for this process was found in Pb. 4.2b to be 1413.8 K.
The entropy change for 15 moies is then found as follows:

3 6

ICPS(533.15,1413.8,1.967,31.630-10" ,~9.873-10 ,0.0) = 21.309212

ICPS := 21.309212 = 15-mol

AS = n-R-ICPS Ans.

(¢) The final temperature for this process was found in Pb. 4.2¢ to be 1202.9 K.
The entropy change for 18.14 kg moles is then found as follows

3 _4392-107%,0.0) = 8245741

ICPS = 8.245741 1 := 18140-mol

ICPS(533.15 ,1202.9,1.424,14.394-10~

AS = n-R-ICPS Ans.
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5.29 The relative amounts of the two streams are determined by an energy
balance. Since Q = W = 0, the enthalpy changes of the two streams must
cancel, Take a basis of 1 mole of air entering, and let x = moles of chilled air.
Then 1 - x = the moles of warm air.

'T'g' ..:._'=_ .298'.‘15-_K Temperature of entering air
Ty = 248_.-1_5-K Temperature of chilled air
Ty = 348.15-K Temperature of warm air

x-Cp-(T1 = To) + (1 ~x)-Cp:{T2~ Tp) = 0

x:=03 (guess) Given
To-T
AP x = Find(x) x = 0.5
1-x T, -Tg

Thus x = (.5, and the process produces equal amounts of chilled and warmed
air., The only remaining question is whether the process violates the second
law. On the basis of 1 mole of entering air, the total entropy change is as

follows.
Cp:= E-R Pg :=5-bar Pi=1-bar
AS - Cpin| 1| 41— - Cptn] 22| - Rotnf £
"-: . P- —_— —X . . -— —_ . —
total To P To Po

Ans.

Since this is positive, there is no violation of the second law.

530 Tyui= 52_3;-.__1_75,1{ Ty __Ei_z 3_53}:1_ 5_-K P.: [ _3__-_b'a'r Py = Lbar
Tres == 303.15-K Work 1= ~1800-—— Cpi=—=R
' : _ mol 2
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. ]
Q Q=-1733x10°—_

ASpeq 1= —— AS . = 5.718
res Tres fes mOl'K mOl
T Py
AS = Cpln| == | ~Reln| = AS = 2,301 —
Ty P mol-K
ASiota] = AS + AS e — PROCESS IS POSSIBLE.
5.33 For the process of cooling the brine: 7
Cp = 3.5 AT = 40K mdot:= 208 g, =027
- kgK o osec

Ty:=(273.15+25K  Tj=298.15K
To= (273.15-15)-K Ty =258.15K
Tg := (273.15+ 30K Tg = 303.15K

kJ
AH := Cp-AT AH = -140 —
kg
T>
AS = Cp-ln] —= AS = —0.504
T kg-K

Eq. (5.26): Wdotideal := mdot- (AH - TG-AS) Wdotidea) = 256.938kW

By Eq.(528): . Wdotideal

Ny
534 E := 110-volt i := 9.7-amp Tg = 300-K
Wdotmeeh = —1.25-hp Wdotejeot == I'E Wdoteleet = 1.067 x 10°W

At steady state: Qdot + Wdotgjeet + WdOtech = iUt =0
dt

QO Sdot = 3.8t = 0

o dt
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5.35

5.38

Qdot ;= ~Wdoteleet — Wdotmeen ~ Qdot = —134.875W

—Qdot

Sdotg = Ans.
(6
Wdotejet = 12-C2 Wdotegeet = 2.5x 10° W
At steady state: Qdot + Wdotelect = fTUt ={ Qdot ;= —Wdotelect
t
—Qdot
Qdot + Sdotg = ElﬂSt =0 Sdotg = Qdo
G dt o
Qdot = -2.5x 10° watt Ans.
mdot := m_hml. T := (25 +273.15)K Py = 10bar Py = 1.2bar
7 , c,
Cp=-=-R Cy=Cy—-R =—
Py v p i C.
(a) Assuming an isenthalpic process: Ty =T Ans.
12
AS p 1 Py
b) — = — —dT - In|] — Eq. (5.14
(b) R R T [PJ q. (3.14)
T
7 T2
s = _R.m[_} ; R.m[ }
2 T
(c) Sdotg := mdot-AS
) Tg = 20+ 273.15)1( Wigst := T4 AS Ans.
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5.39 (a) Tj := 500K Py := 6bar Tz = 371K Py = 1;.-2b3§f Cp =—2—R

Ts = 300K Basis: 1 mol  n:= 1mol
AH = n-Cp(T2 - T1) W = AH Ans.
T2 P2 J
AS = n+| Cprln] == | = R-In| —= AS = 4.698 —
T Py K
Eq. (5.27) Wideal = (AH ~ Tg-AS) Ans.
Eq. {5.30) Wiost = | Wideal ~ Wi Ans.
w
Eq. (5.39)  Sgi= — Ans.
To
Ws Wideal W[ost SG
]
(a) -3753.8] -51631 1409.3J 4.698E
J
(b) —2460.9] —2953.9] 493] 1.643E
J
(c) -3063.71 —4193.7] 1130J 3.767E
J
(d) -3853.5] —4952.4] 1098.8] 3.663E
(€} —3055.4J ~4119.2] 1063.8J 3.546%
| : . : o mol
5.41 Py := 2500kPa Py := 150kPa Te = 300K mdot ;= 20—
’ ’ ’ . sec
1) kJ '
AS = ~-R-ln| — AS = 0.023
Pl mol-K

Sdotg := mdot-AS Ans.

Ans.

Wdotjgst := To-Sdotg
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542 Qp:=1k] W =045k Ty = (250 +273.15)K Ty = 523.15K
Te:=(25+273.15K  Te=298.15K

MNactual -~ F)_H‘l‘ Nactual = 0-45

543 Qui=-150k)  Qp:=50k]  Qq:=100-k

QH I

(a) Sgi=—+ Q— + % Ans.
T T1 T2

(b) Wiost = ToSG Ans.

544 Wdot:=-7S0MW  Tyi=(315+273.15K Tc:=(20+273.15-K

Ty = 588.15K Tc = 293.15K
Tc
(a) MNmax == I—— Ans.
Tn
Wdot
Qdoty := | Wdor] Qdotc = Qdoty — [Wdot|
N max

(minimum value)

() 7= 0.61 Qdoty = 2.492x 10°W

Qdotc = Qdoty - deot] (actual value)

River temperature rise: Vdot: 165. 1 o - &m
el dot
Cp = 1-— AT = __g_c_ Ans.
BN -11:0.4 Vdot-p-Cp
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6.7

6.8

Chapter 6 - Section A - Mathcad Solutions

At constant temperature Eqs. (6.25) and (6.26) can be written:
dS = —B-V.dp and dd = (1 -B-T)-vV-dP
For an estimate, assume properties independent
of pressure.
T:=270K  Pj:=381kPa Py :=1200-kPa
V= 1.551:10" - — B :=2.09510 K .
o ke o
AS = —B-V-(P2 - P1) AH = (1~ B-T)-V-(P2 - Py)
Ans, Ans.
Isobutane: Te.:=408.1-K Zy=.0.282 Cp —-2 78 b
Py = 4000-kPa 3
P5 := 2000-kPa molwt := 58.123 £n Vc - 262 7o
‘mol S rnol
Eq. (3.63) for volume of a saturated Ilqu1d may be used for the volume of a
compressed liguid if the effect of pressure on liquid volume is neglected.
359) 0.88
| T
T:=1360 K Tr = e Tr =1 0.882
361 ¢ 0.885
(The elements are denoted by subscripts 1,2, & 3
4>
[(I—Tr)0'2857] 131.601 o
Vi=| Vo Z¢ V=]132.135 |—
mol
132.68

Assume that changes in T and V are negligible during throtling. Then Eq.
(6.8) is integrated to yield:
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AH = T-AS + V.AP but AH =0 Then at 360 K,

_ —VI'(Pz - Pl)

AS = Ans.
T

We use the additional values of T and V to estimate the volume expansivity:

3

AV = V53—V, AV = 10792 AT =T3-T; AT =2K
mol
= LAY B = 4.098755x 10K !
Vi AT

Assuming properties independent of pressure,
Eq. (6.29) may be integrated to give

AS = Cp-A—TT*B-V-AP AP = P, - P, AP = -2 x 10°kPa
T (AS +B-V-AP
Whence AT := --—( P-Vi ) Ans
Cp molwt
T = 298.15-K Py = I-bar P i= 1500-bar
B -=250-10"%k" ! x =510 Cpar”! Vi = 10032
: cm3
By Eq. (3.5), Vo= Vyexpl—x:(P2~P1)] V2= 937.574—
g
Vi+Va om”
Vave = ——— Vave — 970-287""“_ By Eqs. (6.28) & (6-29),
2 kg
Py-Vs - PI-V])
: Ans,
AS = ~B-Vaye (P2 - Py) Q = T-AS Work := AU - Q

Ans.
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6.10  For a constant-volume change, by Eq. (3.5),
B(To-T1)-x(P2-P1) = 0 Tp:=298.15K Tp = 323.15K

1 t  Ppi= Lbar

B=362107"K K 1= 44210 bar

B-(T2 - Ty) o

K

Py = Ans,

6.14 -— 6.16 Vectors containing T, P, Te¢, Pe, and  for Parts (a) through (n):

C(s0y 40y (ss3)  (6139) (a7
Clust sl Jisoel o fases | Looo
Cqsst s lse2| o l4sss|  fa2m0
Colsoo| o lsol o o laesal o fsmes | | 200
st deof |29 {3499 048
Tleso T lsel CUssse| o faemal {210
s00 - Pss| 0 {2s3)  [sos0| los7
laoo |- 4o} fsms) o lsees| o
__15_,0_'_ S0y 1262 | 34._0'0 s
Ysisl s Lsesy 2490 - | .400
wrs) o \ms) o sess) o \dess) . \lao)

.ﬁ
Tr := —T— Pr = i
Pc

113



6.14 Redlich/Kwong equation: € := 0.08664 Y= 042748

S E— R

B = (Q-%J (3.50)  q:= [—f—g] (3.51)
Q-Tr

Guess: z =1

Given z=1+p-qp—22P_ (349

z-(z+ B)
Z(B.q) := Find(z)
=114 I = m(MJ (6.62D)
Z(Bi,Qi)

HR; == R-Ti[(2(Bi,qi) - 1) - 1.5-gi;] (6.64)  The derivative in these

SR; = R-(In (Z (BisQi)) - Bi- O.S-q,‘-Ii) (6.65)  equations equals -0.5

Ans.
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6.15 Soave/Redlich/Kwong equation:

N,
e

Q = 0.08664 Y= 042748 ¢ = (0.480 +1.574-0 - 0.176-032)
2
0.5 Pr Yo
a:=|1+c\l1-Tr = Q. — | (3.50) = (3.51)
[ ( )] B ( TJ Rl e
Guess: z =1
Given z=1+p- q-s._ii— (3.49) 7(B,q) = Find(z)
z-(z + B)
SN
The derivative in the following equations equals: —;- —
o
Z{Bi,ai) + Bi
i=1.14 I = In( (6.62b)
z(p;.q)
0.5
Tr;
HR; = R-Tj- Z(Bi,qi) - 1—jcpf — +1}qilj [(6.64)
Ui
0.5
Tr;
SR; = R In(Z(Bi.ai)) - Bi - ci . -gi-li (6.65)
1

Ans.
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6.16 Peng/Robinson equation: g := | +\/§ g =1 —\/5

N
4

Q:=0.07779 Y :=0.45724 c:= (0.37464 + 1.54226-0 ~ 0.26992-032)

Z — —
0.5 Pr ¥.a
a:=1+cil-"Tr ={0Q-—| (3.50) q:= ] (3.51)
[ ( )] p ( Tr] q ( T
Guess: z:=1
. z—8 .
Given z=1+p-qgB- (3.49) Z(B,q):z Find(z)
R P Y ey
Tr; 0-5
The derivative in the following equations equals: uci-(—lj
0
Z1Bi.qi) + o By
i=1..14 e — -m( (Bi.i) GB‘} (6.62b)
2/2  \ Z(Bi,gi) +&-Bi

0.5
HR; == R-Ti| Z(Bi.qi) - 1 -| o i +11-qp-j
o (6.64)

SRj = R-[ln(z(ﬁi,%)) - Bi- Ci'[E]O-S'Qi'Ii] (6.65)

51

Ans.
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Lee/Kesler Correlation --- By linear interpolation in Tables E.1--E.12:

0 1
(HR) hl equals (HR) h equals AR

RTc RTc RTe¢

h0 equals

0 1
R
(SR) sl equals (SR) s equals S—
R R R

s0 equals

(86 o (=093} (=950 ¢ (-1.003)
Clseo| o ass | fmwwee]| | —amn
778 SRR T 7S N (1 B RO
Claes| o oos | | -ee3 | | -e35
el laes | |-raes| | ase
20.:; 793 Z1 :  | .%:"0'19"7 ho .:'='. o0 hl= .'_'.7‘.51'-
T lese | U hae | T s1200) T | aae
770 | [ ~001 | -7 ,550
lam| lwoor | o[ —srs || 508
Claer| o o) o lems | 6 |
lws ] o lee2| o | 604
Grae) o \asa) o \ae) 0 Lo

SN . N
7Z:=(20+021) 354 h:={(0+ohl) (676) HR = (hTe-R)

17



_._.f__f'.ﬂl“-\ o961
Clenmoe] | -4
Jose | |4
et 500
|=mo| - |-216

e | =700 S —
' o § = (50 + m-sl) SR = (s-R) (6.77)

750 | ;:' w441
| =517 | -s00
cofessr | |ess
ooaer| 7 fases

Ans.
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e T
6.17 T :=323.15:K t:= e 273.15 t =50

The pressure is the vapor pressure given by the Antoine equation:

2788.51
P(t) := exp| 13.8858 - ———— P(50) = 36.166
t +220.79
9y = 1.375 P= 36:166-kPa det =1 375 -—-k;a

(a) The entropy change of vaporization is equal to the latent heat divided by
the temperature. For the Clapeyron equation, Eq. (6.09), we need the
volume change of vaporization. For this we estimate the liquid volume
by Eq. (3.63) and the vapor volume by the generalized virial correlation.

For benzene:

© :=0210 Tow 5622K  Poi= 48.98 bar Zgi= 0271
cm3 T P

Vc = 259 — Tr = — Tr = 0.575 Pr = — Pr = 0.007
mol Te Pe

By Egs. (3.61), (3.62), (3.58), & (3.59)

0.422 0.172
B = 0.083 - —-=- Bp=-0941 B;:=0139-—" By =_1621
1.6 4.2
Tr TI’
R-T Py acm
Vuap = —| 1 +(Bo+0-B1)— Vyap = 7.306 x 10" —
p T, mol
} 0.2857 3
1-T, 1
By Eq. (3.63), Viiq = VC-ZC[( ] Vijq = 93.15 5
mol

Solve Eq. (6.69) for the Iatent heat and divide by T to get the entropy change

of vaporization:
AS = dPdt-(Vygp - Viig) Ans.
(b) Here for the entropy change of vaporization:
R-T
AS = ——.dPdt
b Ans.
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6.20 The process may be assumed to occur adiabatically and at constant
pressure. It is therefore isenthalpic, and may for calculational purposes be
considered to occur in two steps:

(1) Heating of the water from -6 degC to the final equilibrium temperature
of 0 degC.

(2) Freezing of a fraction x of the water at the equilibrium T.

Enthalpy changes for these two steps sum to zero:

Cp- At + x-AHgyg50n = © Cp i=4.2260—— At':= 6K
PR =
: \ —Cp-At
'Aﬂﬁmm 333 1.  doule = Ans.
: gm AHfsi0n

The entropy change for the two steps is:

Tz = 273.15-K Ty = (273.15-6)-K
T x-AHggi

AS = Cp:In| — 2 ———ﬁJ—EE Ans.
Ty T2

The freezing process itself is irreversible, because it does not occur at the
equilibrium temperature of 0 degC.

6.21 Data, Table F.4: H1 = 11563 E'_PE H2 = 1533 4-?22
m _ . Ibm
Sl = 17320—-——}}—-—[{-—- S5: —19977—*—1&‘-4-
L Ibpyrankine _ - lbm rankme
AH = Hy - Hj AS =59~ §4

Ans.

For steam as an ideal gas, apply Eqs. (4.9) and (5.18). [t in degF]

ty == 227.96 ts 1= 1000 P = 20-psi Py = 50-psi
227.96 + 459.67 10 459,
| = = Ti =382.017 Tp:= __-__00%59 il Ty = 810.928
(kelvins) (kelvins)
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MCPH(382.017 ,810.928,3.470,1.450-10
MCPS (382.01 7,810.928,3.470,1.450-10

30.0,0.121:10°) = 4373944
3,0.0,0.121-105) = 4.339091

. b
MCPH := 4.373944 MCPS = 4.339091 molwt = 18
: Ibmol
R-MCPH(1; - t; ) rankine
AH = — Ans,
molwt
Ts P2
R:| MCPS-In| — | — In| —
Ti Py
AS = Ans,
molwt
6.22 Data, Table F.2 at 8000 kPa:
Viig = 1.384.—— Hiig == 1317.1-— Shq = 3 2076 —_
. Do - gin S gm : - gmK
' cm3 T SRR I
Vvap = 23 525 — Hygp o= 2759:9-— Syap = 57471 ——
0.1510° 3 0.1510° 3
-cm O
1 - 1 =
q Vliq vap Vvap
Hiotal == mijg-Hyig + Myap-Hyap Ans.
Stota] = Miiq-Stiq + mvap'svap Ans.
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6.23 Data, Table F.2 at 1000 kPa:

.'3

Vi = 1.127- 2= Hyjg = 762.605-—  Siqi=2.1380——
o gm gm0 oo gk
Vvap = 194 20.2 Hyap = 2776.2=—  Sygp i= 6.5828——

o B RS TR gm 0 o ogmK

Let x = fraction of mass that is vapor (quality)

x-V 70
Given = = x := Find(x)
{(1- X)-V]iq 30
x = 0.013
H:=(1- x)-an + x-Hvap S=(1- X)‘Sliq + x‘Svap

Ans.

6.24 Data, Table F.3 at 350 degF:

'_ﬁ-3- ﬁ3
Viig = 0.01799-— VVap = 3 342 —
o bm - lby
BTU ' BTU
th = 321 76+ ———— Hvap = 1192 3 mmn———
by o Iy

- - 50-myiq- Viiq
Miiq + Myap = 3:by Myap Vyap = 50-mjig-Viig miiq + ————— = 3:Ibp

vap
3'Ibm
Mjigq == ————— ig = 2.3641b
lig SO'Vliq Mliq
1+
Vvap
mvap = 3'1bm - mﬁq mvap = 0.636 lb
Higtal = myjg-Hiig + Myap Hyap Htg Ans.
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6.25

6.26

1 e’

Vi ———— Data, Table F.1 at 230 degC:
+.0.025 gm

Viig = 1.209-—— Hijiq := 990.3- — Sliq = 2.6102-——

S gm _ T gm S gmeK
e ' J ]
Vyap = 7145 — Hygp = 2802.0-— Svap = 6.2107 ———

P am e S

V = Viig
V = (1 - X)'Vliq +X'Vvap XxX=—
Vvap - Vliq
H = (1 - X)‘th + X‘Hvap S = (1 - X)'S]iq +X'Svap
Ans.

Viotal = Miotal" Viiq + Myap AV,

o L3 Table F.1 cm
Vt tal +=0.15-m ’ V = 392 4 i

oL 150 degC: Vap gm
Table F.1, cm . e

. Vh = 1 004 - AVy, = 32930.—
30 degC: q | m lv o m
Viotal Viotal — Mtotal VI;
Migta] = ota Mygp = tota total® V¥ lig
Vyap AVy,

Meetal = 0.382ke Myap = 4.543% 107 kg
Miiq .= Migtal — Myap Vtot.liq = mliq'vliq

Ans.
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627 TableF.2,1100 kPa:  Hyg:=781.124——  Hygp:= 2779.7:—
Interpolate @101.325 kPa & 105 degC: Hy = 2686.1
Const.-H throttling: Ha = Hiiq + x-(Hyap - Hiiq)

_ Hz—Hiig
Hvap - Hliq Ans.
6.28 Data, Table F.2 at 2100 kPa and 260 degC, by mterpolatlon
¥ T om-

H1 202352 si = 6. 5640 i molwt - 18 015

. Em gm-K - mol
Hp = _292'3.54'—.-_{— Final state is at this enthalpy and a pressure of 125
e gm kPa.

By interpolation at these conditions, the final temperature is 224.80 deg(C and

Ans.

Sz=78316L AS =Sy - 84
: o gmK

For steam as an ideal gas, there would be no temperature change and the
entropy change would be given by:

Py = 2100-kPa

e D ~R Py
Py i=125-kPa AS = ‘In| — Ans.
T molwt P
6.29 Data, Table F.4 at 300(p51a) and 500 degF:
Hl-—l2577£ 81 —157(}3———@———
b by -rankine
BTU . . .
H 1257 7— Final state is at this enthalpy and a pressure of
c _ b 20(psia).
By interpolation at these conditions, the final temperature is 438.87 degF and
BTU
52 = 1.8606 ———- AS =5~ 8§ AS = O.ZQ_E:_FL
by rankine Iby rankine
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6.30

6.31

For steam as an ideal gas, there would be no temperature change and the
entropy change would be given by:

. b
P = 300-psi P9 1= 20-psi mo]wt = 18
1= 300-pst 2 Ps " Tomol
P2
~R:In| —
Py Ans.
AS =
molwt
Data, Table F.2 at 500 kPa and 300 degC
Sl =7 4614 — The final state is at this entropy and a pressure of
gmK 50 kPa. This is a state of wet steam, for which
S = 10912 Suap o= 7.5947.—
T T K TR emK
S2 = 51 = Sjig + X‘(Svap - Sliq) ¥ = —_—Sl _ Sliq x = 0.98
Svap - Sliq
Hp = Byjq + X'(Hvap — Hliq_) Ans.

Vapor pressures of water from Table F.1:

At 25 degC: Pgat == 3.166:kPa
_ _ P
= 101.33‘1{?3 Xwater = ls)at Ans-
At 50 degC: Pgyr = 12.34-kPa
< _ Psa A
water P ns.
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6.32

6.33

Process occurs at constant total volume:

Data, Table F.1 at 100 degC: .Uliq = -4_1_9,0.___:; Uyap 1= 2506.5:~—
vhq -1 044 — Vva,',_f_ = 1673 0 —
_ - gm S o gm
oo C eoua?
mhq = Viiq . .f’aP.' = Vap mass = Mijg + Myap

X7 Tnass x = 4.158x 107" (initial quality)
3
Viotal cm”  This state is first reached as
Vy = Vy = 1.739— s fir
mass gm saturated liquid at 349.83 degC

For this state, P = 16,500.1 kPa, and

TP A ) ]
Us =1641.7-— Uy = Ulig + x(Uyap - Ulig) Uy = 419.868—
L. 0 Em gm
Q = Uy~ Ul Ans.
| g
Viotal := 0.25-m
Data, Table F.2, sat. vapor at 1500 kPa:
cm3 ' U | Vtotal
Vi = 131.66-— Uj = 2592.4- mass _

Of this total mass, 25% condenses making the quality 0.75 x = 0.75

Since the total volume and mass don't change,
we have for the final state:

V2 - V] th + X- (Vvap th) Whence
Vi - Viig : : ,
o " (A) Find P for which (A) yields the value x = 0.75
Vvap ~ Viig for wet steam
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6.34

Since the liquid volume is much smaller than the vapor volume, we make a
preliminary calculation to estimate:

v '_ V] cm3
vap. T T Vyap = 175547 —
S . X vap gm
This value occurs at a pressure a bit above 1100 kPa. Evaluate x at

1100 and 1150 kPa by (A). Interpolate on x to find P = 1114.5 kPa and

S | e 3
e gm . gm
= U Uvap — Utig) U, - 21343

Uz == Ujg + X'( vap — Vliq 2= . om

Q = mass-(Up — Uj)

Table F.2,101,325 kPa: Viiq & 1.044:——
_ BT | e J oo 0.02-m
1.98-1‘1’13 m i+ m N Myap
Mygap = total = Mlig vap =
P Vyap Myotal
cm’
Vi = Viig+x(Vvap — Viig) V1 = 98326 — x = 0.058
gm
Ui = Ulig + X'(Uvap* UliQ) Uy = 540421 J
gm

Since the total volume and the total mass do not change during the
process, the initial and final specific volumes are the same. The final state
is therefore the state for which the specific volume of saturated vapor is
98.326 cu cm/gm. By interpolation in Table F.1, we find t =213.0 degC and
Uz = 25984—}- Q = meota(U2 - Uy)

Ans.
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6.35 Data, Table F.2 at 800 kPa and 350 degC:

Vi 35434 20 Uy = 2878.9- 2 Vigtal 1= 04>
. gm S gm |

The final state at 200 degC has the same specific volume as the initial
state, and this occurs for superheated steam at a pressure between 575
and 600 kPa. By interpolation, we find P = 596.4 kPa and

J Viotal

U ::;':2638;7--4—-: = AUz =U Ans.
2226387 Q== (U2-Uy)
6.36 Data, Table F.2 at 800 kPa and 200 degC:
Uy = 2629.9-— 81 = 6.8148-—— mass = kg
g Lo gm oo oemK o '
(a) Isothermal expansion to 150 kPa and 200 degC
Up = 2656.3:— Sp = 7.64393—-3—'- T=473.15-K

Q= mass-T-(Sg - Sl)

Also: Work := mass- (U2 - Ug) -Q

(b) Constant-entropy expansion to 150 kPa. The final state is wet steam:

Siig == 14336 —— Svap = 72234 —.
Ujiq 1= 444.224.— Uyap = 2513.4-—
S1 - Siig
L. X = 0.929
Svap - Sliq
Uy = Ujjg + x-(Uvap - U]iq) Uy = 2.367 x 103i
gm

W .= m-(U2 - Ul) Ans,
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6.37 Data, Table F.2 at 2000 kPa:

6.38

x 1= 0.94 Hyap = 2797.2:—— Hijq = 908.589-——

J : _
Hj = Hjjq + X'(Hvap - H.]iq) Hp = 2.684 % 103 — mass = 1-kg
gm
For superheated vapor at 2000 kPa and 575 degC, by interpolation:
e S
Hp = 3633.4.— Q = mass (H2 - H;)

Ans.

First step: Q=0 Wi = Uy -y
Second step: Waz = 0 Q23 = Uz ~-Uz
For process: Q=U3-U; W= U-1U,
Table F.2, Usiq:=="977.968-— Uyap.:=2601.8- —
2700 kPa: Casm e gm
T gmk TR amk
X ."—'" 09 Uy = : . — s 3 J
{i= 0. 1 3= Utiq +x1-(Uvap = Usig) Uy = 2.439 % 10° —
_ gm
2
81 = Sﬁq+xl-(Svap—Sliq) St =5.861x 10 —
5 K

Table F.2, 400 kPa: Shqz 1,7764.m S ap o 6 8943 J'

Utiq += 604.237--— Uvap ‘-'2552 7 —J""

S gm : Lot gm
Viig '=.1.084-—— Viap 1= 4622252
T B R
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Since step 1 is isentropic,

- Sliq
S2= 81 = Stig + xg-(Svap - Sliq) X) = — x> = 0.798
Svap - Sliq
3 ]

Uz := Utiqg + x2- (Uvap - Uliq) Uy = 2.159%x 107 —

. gm

'crﬁ3
V2 = Vijjq + Xz-(Vvap - Vliq) Vo = 369.1'35g—m
V3= Va3 and the final state is sat, vapor with this specific volume.
Interpolate to find that this V occurs at T = 509.23 degC and
B I
U3 = 256{) 7 i~~~  Whence Q:=U3-U Work := Uz ~ U
gm
Ans. Ans.

6.39 Table F.2, 400 kPa & Uy = 2605.8-— Sy = 7.0548. ——
175 degC: : . Em oo JgmeK
Table F.1,sat. vapor, R & IR
175 degC Up = 2578.8-— S 1= 6.6221 ——
mass := 4-kg T := (175 + 273/15):K
Q= mass-T-(Sg—Sl) W= mass-(Uz—Ul)—Q

Ans Ans.

6.40 (a) Table F.2, 3000 kPa and 450 degC:

H1 = 3344.6-— Sy = 7.0354»_—_.__-.-J

gm gmK

Table F.2, interpolate 235 kPa and 140 degC:
i -J

Hz = 2744 5 — = ’I 2003 e

gm ;) gmK
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AH = Hy —Hj

AS =57 -5

(b) Ty = (450+273.15)0K

Ans.

Ans.

Ty = (140+273.15) K

T; = 723.15K Ty = 413.15K

tcpul723.15 ,413.15,3.470,1.450- 107

ieps(723.15.413.15,3.470, 1.450- 107

ICPH = -1343.638-K

Egs. (6.86) & (6.87) for an ideal gas:

_ RICPH

£ molwt

(€) T :=647.1'K P 1= 220.55-bar

T T p P
rl = T rl = .

Te = 1.11752 Py = 0.13602

10.0,0.121-10°) = ~1343.638

,0.0,0.121-105) = _2.415901

ICPS :=-2.415901

T . .mol
Py
R ICPS - In| —
AS;, : P
g molwt

Ans,
W = 0.345
T2 Py
Tr2 = — Pl’2 = ——
Tc c

T = 0.63846 P2 = 0.01066

The generalized virial-coefficient correlation is suitable here

HRB(1.11752,0.13602,0.345) = —0.13341 HRB; := --0.13341

SRB(1.11752,0.13602,0.345) = -0.08779 SRB; = -0.08779

HRB(0.63846,0.01066,0.345) = -0.04422 HRB7 = -0.04422

SRB(0.63846,0.01066,0.345) = -0.05048 SRBy = -0.05048
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R-T¢-(HRB; — HRB;)
molwt

AH = AHjg + Ans,

R-(SRB; - SRB;)
molwt

Ans.

6.41 Data, Table F.2 superheated steam at 550 kPa and 200 degC:

Vi = 385,19 Uy = 2640.6—— 81 = 70108 ——
Step 1--2: Const.-V heating to 800 kPa. At the initial specific volume
and this P, interpolation gives t = 401.74 degC, and
Uy i=2963.1-— Sz 7 5782 <P le Ul
e gm | ng

' ' ' ' J

Qp =3225—
Step 2--3: Isentropic expansion to initial T. ' “gm

Q3 =0 S3= 55 S3:=7.5782- ——
S gmeK
Step 3--1: Constant-T compression to initial P.
. ]
T:= 473.15-K Q31 = T+(Sy - 83) Q3 = —268.465 ——
: em
For the cycle, the internal energy change = G.

"chcle

Q12

Weycle = —Qeyele = Q12 — Q31 n=

Q31
Q12

n=1+ Ans,

6.42 Table F.4, sat.vapor, 300(psi):

Ty = (417 35 +459 67): ranklne H1 = 1202 9- %tq

m

T| = 877.02 rankine R
SI _15105 B1U .
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Superheated steam at 300(ps:) & 900 degF

_BTU BTU -
H: =14736—— S —-17591-—-——————-——-—— S3 =87
z _ Jbm 2 : Iony ranklne
| | BTU
Q12 :=Ha~Hj Q31 = Tl‘(SI—S3) Q31 *—218027—@“
m
For the cycle, the internal energy change = 0.
"chcle
Weyele T —Qeyele = —Q12 - Q31 n= Whence
Q12
n:=1 +E Auns.
Q12
6.43 Data, Table F.2, superheated steam at 4000 kP2 and 400 degC:
Sii= 67733—g—~— For both parts of the problem: Ss = 8

(a) So we are looking for the pressure at which saturated vapor has the given
entropy. This occurs at a pressure just below 575 kPa. By interpolation,

Ans.

(b) For the wet vapor the entropy is given by
X :_%0_':95 S2 = Sjig+ X-(Svap - Sliq)

So we must find the presure for which this equation is satisfied. This
occurs at a pressure just above 250 kPa. At 250 kPa:

Stig'i= 1.6071-~——— Svap = 7 0520- —J—
S22 = Slig + X'(Svap - Sliq)

]
Sz = 6.7798 —— Stightly > 6.7733
gm-K

By interpolation Ans.
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6.44 (a) Table F.2 at the final conditions of saturated vapor at 50 kPa:

Find the temperature of superheated vapor at 2000 kPa with this
entropy. It occurs between 550 and 600 degC. By interpolation

11.:=.559.16  (degC) Hj = 3598-0-1?
Superheat: At == (559.16 - 212.37)-K Ans.
g

(b) mdot := 5:— Wdot = Imdot« (Hz - H1)| W. Ans.
i w sec

6.45 Table F.2 for superheated vapor at the initial conditions, 1350 kPa and 375
degC, and for the final condition of sat. vapor at 10 kPa:

Hi ==32054-— $1 =72410——= Hp = 2584.8: —
If the turbine were to operate isentropically, the final entropy would be
S2:=§j
Table F.2 for sat. liquid and vapor at 10 kPa:
Stig =:0.6493-—— Svap=8.1511-——
He T K vap = S ek
Hijgq :=+191.832.— Hygp 1= 2584.8
27 Stia. 0.879
Xp = = Q. "= Hyj . - Hj;
H' = 2294 x 10°
Ha - Hj kg
IO Ans.
1 H' - H; s
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0.46 Table F.2 for superheated vapor at the initial conditions, 1300 kI’a and 400
degC, and for the final condition of 40 kPa and 100 degC:

Hy=3259.7:— Sy = 7.3404 —— Hy :=2683.8-—
If the turbine were to operate isentropically, the final entropy would be
Sz =54
Table F.2 for sat. liquid and vapor at 40 kPa:
kI | k.
S —10261———- —76709——
lig kg X vap kg-'K
Hiig == 317:16-— Hyap 1=:2636:9--—
11:q_ e _: kg vap | DD kg
S2 - Siig
Xp= — x2 = 0.95 H':= Hjjq + XZ'(Hvap - Hliq)
Svap - S]iq K
3
H'=2.522x [0"—
. Hp - H; . kg
n:= H' — Hl Ans,
6.47 Table F.2 at 1600 kPa and 225 degC: P _;‘=f ,_ 1_76_00.__@51
V= 13285~—~ H_—28563—— S—-65503—-—
S e gme o £m Gt gme K
Table F.2 (ideal~gas values, 1 kPa and 225 degC)
I T R
, g_m _ ng o
R T
T:=(225+273.15)-K T = 498.15K Vg =V - —
molwt P
The enthalpy of an ideal gas is independent of pressure, but the
entropy DOES depend on P;
-R P
Hr :=H-H; = Jdnf — =S (S .
R ig ASig = —— m(POJ SR = S - (Sig + AS;y)

-
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6.48

Reduced conditions: o.:= 0.345

T

T = —
T Te

T, = 0.76982

To = 647.1:K

Ans.

Pe 2= 220.55-bar

P, = 0.072546

The generalized virial-coefficient correlation is suitable here

0.422
BO = 0.083 - _—_1? BQ

T

0.172

-0.558 By :=0.139- 7 By =-0.377

By Eqs. (3.538) & (3.59) along with Eq. (6.40)

Z:=1+(By +m-Bl)-%
T

Z =0.935

HRB(0.76982,0.072546,0.345) = -0.178580

SRB(0.76982,0.072546,0.345) = —0.167101

R-T,

Hp :=

molwt

P := 1000-kPa

(Table F.2)

3
vy = 1.127.58%
gm

Hy = 762.605 ——

gm

S) = 2.1382- >

om-K

HRB

Sr = R -SRB

molwt

T = (179.88 + 273.15)-K

molwt := 18. 0__1-.5,3£

- mol
cm3
V= 19429 —
gm
J
Hy = 2776.2-—
gm
J
Sy = 6.5828.——
gm-K
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- P-molwt‘
HRB = -0.178380

R-T

(Z-1

SRB = -(.16710!

Ans,

T = 453.03K

Avlv = VV - V[
AH, = H, - Hj

ASIY =Sy -5



cm3 3] J

AVy, = 193.163 AHp, = 2.014x 10°——  ASy, = 4.445 ——
gm gm gm-K
I J
(a) Gy:=H-T8 G =-20606— Gy:=Hy—-T-Sy Gy = -206.0] —
grm gm
] AH]
(b) AS;, = 4.445—— ri= — e 4445
gm-K T gm-K
R T
() VR :=Vy- — Ans,
molwt P

For enthalpy and entropy, assume that steam at 179.88 degC and 1 kPa
is an ideal gas. By inferpolation in Table F.2 at 1 kPa:

Hig = 2841.1: - Sig = 9.8834-— Po = 1-kPa

The enthalpy of an ideal gas is independent of pressure; the entropy
DOES depend on P:

R P J
HR := Hy - Hig ASjy = ——— m( J ASig = =3.188——

SR := Sy — (Sig + AS;g)

(d) Assume In P vs. 1/T linear and fit three data pts @ 975, 1000, & 1050 kPa.

o15) (179
Data: pp =} IOOO kPa b 17988

\10s0 - \182.02)
1 pPi
Xj = ———— yj = In[ —- Slope = slope(x, Slope = —4717
Tt naamas (kPaJ P pe(x.y) - Slop
—p kP
dPdT := —Slope-K dPdT = 22.984 ——
T2 K
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Ash, = AVh,-deT Ans.

Reduced conditions: ¢ := 0,345 To = 647.1. K P = 220.55.bar

P
Ty = — Tr = 0.7001 P, = 7 Pr = 0.0453

The generalized virial-coefficient correlation is suitable here
0.422 0.172
Bg:=0083-—— Bp=-0664 B =0139-—— B =-0.63
1.6 4.2
Tr Tl'

By Eqs. (3.58) & (3.59) along with Eq. (6.40)

P, R-T
Z=1+{Bgp+eBi)— Z = (.943 Vg = {7 -1
( 0 1) T, R P-molwt ( )

HRB(0.7001,0.0453,0.345) = --0.1444 HRB := -0.1444
SRB(0.7001,0.0453,0.345) = —0.1493 SRB = -0.1493

R-T R
Hg = ———— HRB SR i= .SRB

moiwt molwt

Ans.

6.49 T := (358.43 + 459,67)-rankine = 818.1 rankine P := 150:psi
T .
(Table F.4) -molwt = 1801525 ; &m
| : R moi
BN | @
V_{ ;=_-*0.0181"_."'—:.-_- 'Vv e 3014-—-— AVIV = VV - V]
BTU 3
H —33065~——~— Hv _11941—BIE AHy, = Hy, - Hj
| -lb_m : b
_ “BTU - ‘BTU
81 ~05141 — e S = 1 5695 —— = Q.
K Ibm rankme v - Ibpyrankine A3ty =Sy =5
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3

fi BTU
AVyy, = 2.996 — AHy, = 863.45——
(a) Gy:=H-T§ Gy = Hy - T-Sy
BTU BTU
Gl = —89.94 —— Gy = -89.91——
b m
BTU AH| BTU
(b) ASy = 1.055———— = —— r=1.055——
by rankine T Ibyy rankine
R T
¢) Vp =V,— -— Ans.
( R Y molwt P

For enthalpy and entropy, assume that steam at 358.43 degF and 1 psi
is an ideal gas. By interpolation in Table F.4 at 1 psi:

BTU. e
ng = 12226 &BTY s.lg 24— B g
_l_bm_:-. Ibmran Ine : ST

The enthalpy of an ideal gas is independent of pressure; the entropy DOES
depend on P:

HRr = Hy — Hjg Ans.
-R P BTU
ASig = In| — ASjg = —0.552 ————
molwt | Pg Iby- rankine

Sp =85, - (Sig + ASig) Ans.

(d) Assume In P vs. 1/T linear and fit threedata points (@ 145, 150, & 155
psia)

(355.77
35843 | (degF)  :=1.3
- \361.02/

(145 |
150 |-psi -

Data: pﬁ. =
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Xj = ——l-—w— Vi o= In(p—pf} Slope := slope(x,y)
t; + 459.67 psi

Slope = ~8.501 x 10°

P ) psi
PdT := —-Slope-rank dPdT = 1.905 -

dPdT T2 ope-rankine -

AS}y = AV],-dPdT Ans,

Reduced conditions: o := 0.345 Te = 6471K Pe 1= 220.55 bar
T P

Tr 1= — T, = 0.7024 Ppi=— P = 0.0469
T; Pe

The generalized virial-coefficient correlation is suitable here
0.422 0.172
Bp:=0083-—— Byg=-066 B;:=0139-—1+ B;=-062
1.6 4.2
T, Tp

By Eqgs. (3.58) & (3.59) along with Eq. (6.40)

Py R-T

Z:=1+(Bg+oB)— Z = 0.942 VR o= (Z-1

( ) T R P-moiwt ( )
HRB(0.7024 ,0.0469,0.345) = —0.1482 HRB := —0.1482
SRB(0.7024,0.0469,0.345) = 0.1526 SRB = —0.1526

T R

Hg = R— - HRB SR = .SRB

molwt molwt

Ans.
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6.50 For propane:

Ti=(195+273.15)K T = 468.15K

T
Tr = —_—

c

T, = 1.266

To 1= 369.8K

Use the Lee/Kesler correlation; by interpolation,

Zo=06141  Zy:=0.1636
v ZRT
P

HRo = —2.496-R-T,

J
Hgg = ~7.674% 10° ——
mol

Spo = —-1.463-R

Spo = —-12.163

mol-K

Hpr := Hro + ©-Hpt

Hp = —7.948x 10°
mol

ICPH(308.15 ,468.15,1.213,28.785- 10"
ICPS(308.15,468.15, 1.213,28.785-10

ICPH = 1766.023-K

AH := R-ICPH + Hg

AS = R 1ICPS - In| £ + SR
Py

141

3

Poi= 4248bar 0= 0152
P i= 135-bar Py = Lbar
P
Ppi= — P; = 3.178
I Pc r
Z:=Zp+w2L Z = 0.639
Ans.

Hgi == —0.586-R-T,

Hpy = —1.802x 10° ——
mol

Spy = —-0.717-R
J
mol-K

Sri = —5.961

Sg = Spo +m-Sr;

Sg = —13.069 ~ )
mol-K

6

,—8.824-10 ,0.0) = 1766.023

6

,—8.824-10 ,0,0) = 4.56487

ICPS = 4.56487

Ans.

Ans.



6.51

6.52

For propane: To=369.8K Pc:=4248bar = 0.152
T.=(70+273.15°K T=34315K  Pg:=101.33:kPa P := 1500-kPa

P
Ty = I T, = 0.92793 P, :

= — P, = 0.35311
Te Pe

Assume propane an ideal gas at the initial conditions. Use generalized virial
correlation at final conditions,

HRB(0.92793,0.35311,0.152) = —0.465534 HRB := —0.465534
SRB(0.92793,0.35311,0.152) = —0.346693 SRB := -0.346693

AH = R-Tc-HRB Ans.
P
AS = R-| SRB - In ]_)E Ans.
For propane: .m_ _;7-—'__:'(_)_._1'52 s

Te:=369.8K Pe 1= 42,48 bar Ze :=0.276 Ve = 200.0--———1
e eeon e T . L o

If the final state is a two-phase mixture, it must exist at its saturation

temperature at 1 bar. This temperature is found from the vapor pressure

equation:

P = 1-bar A:=-672219 B:=133236  C:=-2.13868
D= ~1.38551 (T = 1 - — Guess: T :=200-K
P T¢

Given

p= pc.exp[A"f(T) + B-(r(”l‘))]l'sjt EJTgr M)’ +D-(x (T))6:!

T = Find(T) T = 230.703K

The latent heat of vaporization at the final conditions will be needed for an
energy balance. It is found by the Clapeyron equation. We proceed
exactly as in Pb. 6.17.
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A(D) +B-(:()" + ¢ (e(n) + D (1)’

P(T) := Pg exp{

L —1(T) |
T = 230.703-K d—P(T) = 44282 dPAT = 4.428124. 572
dT K K
| P T
P = I'bar pr = — Pr = 0-024 Tr = — Tr = 0.624
Pe Te
0.422 :
Bo = 0.083 - ——= By =-0.815 Bj:= 0.139 - 2172 By = ~1.109
i6 4.2
T Ty
R.T P, |_T,)0-2857
Vvap = _'[l * (BO +®'B1)._j{ Viig = VC'Z(J:( r) :]
P T,
4 cm3 3
Viap = 1.847 107 — Viig = 75.545
mol
4 J
AHjy = T-(Vygp - Viig)-dPdT AHy = 1.879% 10" —
mo

ENERGY BALANCE: For the throttling process there is no enthalpy
change. The calculational path from the initial state to the final is made
up of the following steps:

(1) Transform the initial gas into an ideal gas at the initial T & P,

(2) Carry out the temperature and pressure changes to the final T & P in

the ideal-gas state.
(3) Transform the ideal gas into a real gas at the final T & P.
(4) Partially condense the gas at the final T & P.

The sum of the enthalpy changes for these steps is set equal to zero, and
the resulting equation is solved for the fraction of the stream that is liquid.

For Step (1), use the generalized correlation of Tables E.7 & E.8, and let
0 1
H¥ "t
o= and r =
R'TC R'TC
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6.53

Ty =370-K Py = QOQ-bar

T1 Py
T, = — T, = 1.001 P, = — P, = 4.708
TC PC
By interpolation, find: g == __3_773 ry : ~3.568
J
By Eq. (6.76) AH} = —R-Te:(ro +r1-0) AH; = 1.327 x 104—_1
mo

For Step (2) the enthalpy change is given by Eq. (6.86), for which

1cpH(370,230.703, 1213,28.785-10 °,~8.824-10~°,0.0) = —1260.405-K
AH, = R-(-1260.405-K) AHy = —1.048 x 104—J]-
mo

For Step (3) the enthalpy change is given by Eq. (6.78), for which

30.703-K I'b
T, .= 20705K T, = 0.6239 P, = — P, = 0.0235
Te Pc
HRB(0.6239,0.0235,0.152) = -0.07555 HRB := -0.07555
AH; := R-T-HRB For Step (4), AH4 = —x-AHj,
J
AHj = -232.28 —
maol
For the process, AH; +AH; + AH3 — x-AH}, = 0
AH; + AH, + AH3
X = Ans.
AHj,
For 1,3-butadiene: @ :=0.190 Te=4252-K
P, = 42.77-bar Zo = 0267 Voi=2204— Tq:= 268.7K
T := 380K P:=1919.4kPa  Tg:=273.15K Pg:= 101.33-kPa
T P
T, = — T, = 0.894 P, = — P, = 0.449
Te Pe
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Use Lee/Kesler correlation. HOWEVER, the values for a saturated vapor
lie on the very edge of the vapor region, and some adjacent numbers are for
the liquid phase. These must NOT be used for interpolation. Rather,
EXTRAPOLATIONS must be made from the vapor side. There may be
some choice in how this is done, but the following values are as good as any:

Zg = 0.7442 Zi = Z =0.718
Z-R-T
Vvap = _—p
Hgro = —0.689-R-T, Hg1 :=-0.892-R-T,
3 J 3 ]
Hgo = —2.436% 10° — Hgy = —3.153 x 10° ——
mol mol
Sgro = -0.540-R Sp1:= ~0.888-R
J J
Sro = —4.49 Sp1 = —7.383
RO molK RI mol-K
Hgr = Hgo+ @-Hgrt SR = Spg + ©-Sri
J
Hg = -3.035x 10° —— S = ~5.892—
mol mol-K

3 _8.882-10°°,0.0) = 1124.604

-8.882-107°.0.0) = 3.45478
ICPH := 1124.694-K ICPS = 3.45478

ICPH(273. 15,380,2.734,26.786-10

ICPS(273.15,380 2734 .26.786-10 °

Hyap = R-ICPH + Hg

P
o fcrs-+{ 2] 55
0

Ans.

Ans.
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6.54

For saturated vapor, by Egs. (3.63) & (4.12)

[{1—1})02857:]

Ans
Vliq = Vel
Pe
1.092:| In| — i — 1.013 i
bar AH, = 22449 —
AHI'I = R'Tn' R n mo
0930 — —
¢

-1 - 14003
By Eq. (4.13) AH := AHy; AH = —
Hiiq == Hyvap — AH Ans.

AH
Squ = Svap - “’:r— Ans.
For n-butane: co. :=0.200 Te= 42511(
P, :=3796-bar  Zg:= 0274 Vo= 255——  Tpi=2727K
' S - mol -
T := 370-K P:=1435kPa  Tg:i=273.15K  Pp:=101.33-kPa
T P
Ty = — T, = 0.87 Pri= — Py = 0.378
Te Pe

Use Lee/Kesler correlation. HOWEVER, the values for a saturated vapor
lie on the very edge of the vapor region, and some adjacent numbers are for
the liquid phase. These must NOT be used for interpolation. Rather,
EXTRAPOLATIONS must be made from the vapor side. There may be
some choice in how this is done, but the following values are as good as any:
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Zg.:= 0.7692 Z1 = =0.1372 Z:=Zg+oZ Z = 0.742

V= ZRT Ans.
P
Hgro = —-0.607-R-T¢ Hgry :=-0.831-R-T¢
J J
Hgrp = —2.145x% 10° - Hgry = ~2.937 x 10° —
mol mol
Sro = —0.485-R Sp1 = —-0.835R
Sro = —4.032 ! SRr1 = —-6.942 !
RO ol K R oK
Hr = Hro + ®-Hg1 SR = Spp+ ®-Sgr|
J i
Hg = —2.733x 10" —— SR = —5.421
mol mol-K

3

ICPH(273.15,370, 1.935,36.915-10 ~,-11.402-10 6,0.0) = 1222.048

1cps(273.15,370,1.935,36.915-10"3,-11.402-10‘6,0.0) = 3.80735

ICPH := 1222.048-K ICPS := 3.80735
P
Ans. Ans
For saturated vapor, by Egs. (3.63) & (4.12)
¥ 0.2857
1-T,
Viig = VC-ZC'( 7 :I Ans.
- ‘I, -
1.092-@&-) - 1.013}
AH, = R-Ty =z , AH,, = 22514——
Ta mol
0.930 — —
- C -
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I=-Te V7 J
. = . AH = 152952 —
By Eq. (4.13) AH = AH, T, —al
] - —
T¢
Hliq = Hvap it AH AllS.
AH
6.55 (a) The final-state volume of acetylene is
Vgas = (750 —33:5)-cm’ Vgas = 585cm’  Ta=398.15K
n = 5-mol © 1= 0.187 Te == 308.3-K P¢ = 61.39-bar
Tp = x T, = 1.291 Guess: Z = (.65
Te
nR-T p
P:= ZnR1 P = 183.9bar Pr = — Py = 2.996
Vgas Pe

Pressure is clearly high, and requires use of Lee/Kesler correlation.
Solution is by trial, because P is unknown but is required to find Z.
Start with reduced pressure from guess value above. The eventual result
for a reduced pressure of 3.07 is:

Zp = 0.6298 Z1:=0.1948 Z=7Zp+w-7 Z = 0.666
Z-n-R-T P
P = "“L—' Pr = — Pr = 3.07
Vgas PC

(b) By the first law, Q = n-AU = n-(AH — A(PV))
Q = n-(AH - V-AP) = n-AH ~ Vg, AP

The enthalpy change is evaluated by a three-step process:
(1) Reaction at 298.15 K

(2) Change in T for products in std. states

(3) Transformation to state of real gas

From these,
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AH = AH,gg + AHp + HY

Step (1): From data of Table C.4
J
AHygg := [ -986090 + 227480 - (-59800) — 2-(—283830) ]-—i

J
AMlpog = ~127150—

mo

Step (2), Table C.1 data, for acetylene(g):

MCPH(2.98,15,398.15,6.132,1.952-10‘3,0.0,—1.299-105) = 5.71731

Table C.2, for calcium hydroxide(s):

MCPH(298.15,398.15,9.597,5.435- 1072 ,0.0,0.0) = 11.48920

For the products,

MCPH := R-(5.71731 + 11.48920)

AHp := MCPH-100-K

MCPH = 143.055
mol-K

J
AHp = 143055 —
mol

Step (3), from Tables E.7 & E.8 at the reduced conditions of Part (a) for

acetylene:

Hro = -2.340-R-T¢

3
Hpg = ~5.998 x 10° —
mol

Hgr := Hro+ @-Hpy
AH := AH298 + AHP + Hp

Q = I’I'AH - Vgas'(P - I'ba.r)

6.56 Propylene: ¢ = 0.14_0

T:= 400.15-K

Hgrj = -0.384-R- T

Hri = -984.271 i
mol
J
Hg = 6182 —
mol

AH = —1.19x 10°——

mol

Ans.
Te = 365:6K P, = 46.65-bar
P := 38-bar Pg:= 1-bar
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The throttling process, occurring at constant enthalpy, may be split into
two steps:

(1} Transform into an ideal gas at the initial conditions, evaluating property
changes from a generalized correlation.

(2) Change T and P in the ideal-gas state to the

final conditions, evaluating property changes by equations for an ideal gas.
Property changes for the two steps sum to the property change for the
process. For the initial conditions:

T P
Ty = — Ty = 1.095 Pp = — P, = 0.815
Tc Pe

Step (1): Use the Lee/Kesler correlation, interpolate.

Hg := —0.863-R-T¢ Hy := -0.534-R.T, Hg := Hg + &-Hj

J
Ho= —2.623x 10°——  Hj = ~1623x 10°——  Hp = -2.85x 10°——
mol mol mol

Sg = -0.565-R S; = -0496-R Sr = Sp + @Sy

J | J ]
Sy = —4.124 SR = —5.275 —

So = —4.697
molK mol-K mol-K

Step (2): For the heat capacity of propylene,

o3 -6
A = 1.637 B .- 22.706-10 C o -6.915-10
K K2
Solve energy balance for final T. See Eq. (4.7).
T:=1 (guess) Given
B C
Hp = R-H:A-Tv('c - 1) + E-T?"('c2 - 1)} + ;-Ts-(t3 - I)j!
1 := Find(x) T = 0.908 T:=<T T:286337K Ans.

1cps(4oo.15 ,363.27,1.637,22.706.10" > ,—6.915. 10‘6,0.0) = -(.898338
ICPS := —0.898338

Py
ASjy = R{ICPS - m(?D ASjg = 22.774 Jl -
mol-
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6.57

AS = —Sp + ASig Ans.

Propane: @ = 0,152 Te:= 369.8K Pc=4248bar

T := 423K P = 22-bar Pgi:= L-bar
The throttling process, occurring at constant enthalpy,'r'nay be split into
two steps:

(1) Transform into an ideal gas at the initial conditions, evaluating
property changes from a generalized correlation.

(2) Change T and P in the ideal-gas state to the

final conditions, evaluating property changes by equations for an ideal gas.
Property changes for the two steps sum to the property change for the
process. For the initial conditions:

Ty = — T, = 1.144 Py = e P, = 0.518

Step (1): Use the generalized virial correlation

HRB(1.14386,0.51789,0.152) = -0.444283 HRB := —(0.444283
SRB(1.14386,0.51789,0.152) = —0.274728 SRB := -0.274728
3 7]
Hpr = R-T.-HRB Hr = -1.366x 100" —
mol

J

Sr = R-SRB Sgp = -2.284
mokK
Step (2): For the heat capacity of propane,
-3 -6
A= 1213 B = 28.785-10 C —-8.824-10
K K2
Solve energy balance for final T. See Eq. (4.7).
T:=1 (guess) Given
B 2 C

Hg = R-HA-T-(r 1)+ ?Tz-(r - 1)} + ?13-(13 - 1)]
1 := Find(t) T = 0.967 T:=1T Ans.
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6.58

6.59

3 6

ICPS(423,408.91,1.213,28.785-10_ ,—8.824.10 ,0.0) = ~0.394958

Pg J
ICPS := —0.394958  AS;, := R|ICPS —In| — || AS;, = 22.415
'8 [ ( P D 8 mol-K
AS := =Sg + ASj, Ans.
For propane: 'T'c = 369.8.K Pei= 42:48-bar o =0.152
T=(100+273.150K T =373.15K  Pg:= I'bar P = 10-bar
T p
Ty = — T, = 1.009 P, = — P, = 0.235
TC PC

Assume ideal gas at initial conditions. Use virial correlation at final conditions
HRB(1.00906,0.23540,0.152) = -0.260821 HRB := -0.260821
SRB(1.00906,0.23540,0.152) = -0.179862 SRB = -0.179862

AH := R-To-HRB

o)

Ans,

Ans.

H2S: ® = 0,094 Te=3735K Pe = 89,63 bar
Tp= 400K '_PI'_:: 5'_-ba_r Tz"_:;-_6OO-I_K P2==25bar
T P T2 p
Tr} = — P ] = — T = P = __2
T, T P. r2 T, r2 -
Ty = 1.071 P, = 0.056 Ty = 1.606 P> = 0.279
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6.60

Use generalized virial-coefficient correlation for both sets of conditions.

HRB(1.07095,0.05578,0.094) = —0.052991 HRB; := —0.052991
SRB(1.07095,0.05578 ,0.094) = —0.034156 SRB) := ~0.034156
HRB(1.60643,0.27892,0.094) = —0.119727 HRB, := —0.119727
SRB(1.60643,0.27892,0.094) = —0.056506 SRB; := ~0.056506

ICPH(400,600,3.931 1.490-107° ,0.0,-0.232.105) = 915.867
ICPS(400,600,3.931,1.490-10"3,0.0,—0.232-105) = 1.85161

ICPH := 915.867 K ICPS := 1.85161
Egs. (6.82) & (6.83) are written

AH := R-ICPH + R-Tc-(HRB - HRB, )

Py
AS = R-| ICPS ~In| == || + R-(SRB - SRB;)
1

Ans.

Carbon dioxide: e)=0224 T := 304.2-.K Pb_-_:}—-' 73.83-bar

T=318:15K P:= 1600-kPa  Pg:= 101.33-kPa
Throttling process, constant enthalpy, may be split into two steps:
(1} Transform to ideal gas at initial conditions, generalized correlation
for property changes.
(2) Change T and P of ideal gas to final T & P.
Property changes by equations for an ideal gas.
Assume ideal gas at final T & P. Sum property changes for the
process. For the initial T & P:

T P
Ty = — Tr = 1.046 Py = — P, = 0.217
TC PC
Step (1}: Use the generalized virial correlation
HRB(1.04586,0.216714,0.224) = —(.232491 HRB := —0.232491
SRB(1.04586,0.216714,0.224) = —0.157944 SRB = -0.157944
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J J
Hg := R T¢HRB Hg = -587.997— Sp :=R-SRB Sg = -1.313
mol mol-K

Step (2): For the heat capacity of carbon dioxide,

3

1.045-10~
A =545  B:= —-TO— D = —1.157-10°- K
Solve energy balance for final T. See Eq. (4.7).
1:=1 (guess) Given
B D{t-1
Hy = R{A-T-(z )22 (2o) . —-[T H
2 T T
1 := Find{z) T =0.951 T:=1T Ans.
1cps(318.15,302.71,5.457,1.045.10°>,0.0,-1.157-10) = 0227818
Po
ICPS := -0.227818  AS;, := R:| ICPS —In| — ASip = 21.047
P mol-K
6.61 To = 523.15-K Pg := 3800-kPa P := 120-kPa
J .
AS = 0- For the heat capacity of ethylene:
mol K
14.394.10° ~4392.107°
A =1424 R=-—"" C::__'—;._.._
K K2
(a) For the entropy change of an ideal gas, combine Egs. (5.14) & (5.15)
with D = 0:
t:=04 (guess) Given
AS = R.[A.ln(r) +[B-T0 +C-T02-[T—i—1-ﬂ-(r Doml L
2 Pg
T:= Flnd(r) T = 0589 T :=1-Tg Ans.
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3

ICPH(523.15,308.187, 1.424,14.394:10° ,4.392-10‘6,0.0) = -1425.499

J
ICPH := —-1425.49%-K AHjg = RIICPH  AHjp = -1.185x 104-—~

mol
W = AH;, Ans.
(b) Ethylene: 'o_) = 0.087 Te:=282.3K Pg :=__'SQ.40-_bar
Tg Pg
Tep 1= — Trp = 1.85317 Py = — Pro = 0.75397
Te Py
At final conditions as calculated in (a)
T P
T = — T, = 1.0917 Pri=— Py = 0.02381
TC pC
Use virial-coefficient correlation.
SRB(1.85317,0.75397,0.087) = ~0.10426 SRBg = —0.10426
SRB(1.09170,0.02381,0.087) = -0.01374 SRB := -0.01374
The entropy change is row given by Eq. (6.83):
t =05 (guess) Given
2{t+1 P
AS = R{ A-In(t) +| B-To+C-Tg™ (t-1)-In|—] ..
2 Py
+ SRB — SRBg
tau(SRB) := Find(t) T := tau(SRB)-Tg T = 303.08K
At final P and this T, reevaluate SRB, then T:
T
T = — Tr = 1.0736
Te
SRB(1.07360,0.02381,0.087) = —0.01440 SRB := —0.01440
T = tau{SRB) Ty Ans.

The work is given by Eq. (6.82):
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1cPH(523.15,303.11,1.424, 143941073 -4392.1076,0.0) = —1452.982
]
ICPH := —1452.982-K AHj, = RICPH  AHj, = —1.208 x 104_1
mo
HRB(1.85317,0.75397,0.087) = —0.24094 HRBy = ~0.24094
HRB(1.07360,0.02381,0.087) = —0.02242 HRB := —0.02242
Ws := AH;, + R-Tc-(HRB — HRB) Ans.
6.62 Ty :=493.15K P := 30:bar P :=2.6-bar
AS :=0- ! For the heat capacity of ethane:
mol-K
19.225-10°° ~5.561.107°
A= 1131 Bi= = - Com——"0
K 12
(a) For the entropy change of an ideal gas, combine Eqs. (5.14) & (5.15)
with D= 0:
t:=04 (guess) Given
AS = R/ A-In(7) {B-Tmc-Toz-(T ’ lﬂ-(z 1) -mn| 2
2 Py
t := Find(1) T = 0.745 T=tTy JK  Ans.

ICPH(493. 15,367.592,1.131,19.225.-10 3 ,~5.561-10 6 ,0.0) = --1050.616

ICPH := —1050.616-K AHjg = RICPH  AHj, = ~8.735x 10° ——
| mol
W, 1= AH; g Ans.
(b) Ethane: ® = 0.100 Te=3053K  Pei=48.72bar
Tg P
) 0
Tro = Teo = 1.6153 Py = — Py = 0.61576
c Pe
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At final conditions as calculated in (a)

T
T(T) = —  Te(T) = 120404 P, = — P, = 0.05337

c c

Use virial-coefficient correlation.

SRB(1.61530,0.61576,0.1) = -0.12314 SRBg = -0.12314
SRB(1.20404,0.05337,0.1) = —0.02370 SRB := -0.02370
The entropy change is now given by Eq. (6.83):
T:=0.35 (guess) Given

2{t+1 P
AS = RJAn(t) +| B To+C T — | |z -1)=In| — | ...

2 Po
+ SRB - 8RBy

tau(SRB) := Find(x) T := tau(SRB)-Tg T = 362.69K

At final P and this T, reevaluate SRB, then T:

T(T) = 1.18798

SRB(1.18798,0.05337,0.1) = —0.02459 SRB := -0.02459
T := tau(SRB)-Tg

Te(T) = 1.18813
The work is given by Eq. (6.82):
HRB(1.61530,0.61576,0.1) = —0.26131  [RBo = ~0.26131

HRB(1.18813,0.05337,0.1) = —0.04158  LRB =-0.04158

3

ICPH(493.15,362.74, 1.131,19.225- 107 ,—5.561-10‘6,0.0) = —1086.568

ICPH := ~1086.568-K AHj, = RICPH  AHj, = —9.034x 103—J~I
mo

W := AHjg + R-T¢-(HRB — HRBy) Ans.
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6.63 n-Butane: o= 0200 Tc =4251 K Pc = 37961331’

To = 323.15K  Pg:= l-bar P =78 bar
J : _
AS = —— For the heat capacity of n-butane:
mol-K
N3 B 36.915-10 > -11.402:107°
=1 - o
T Py
Ty i= — Ty = 0.76017 Pg:=— Py =0.02634
T, Pg
HRB(0.76017,0.02634,0.2) = —0.05679 HRBg := —0.05679
SRB(0.76017,0.02634,0.2) = —0.05210 SRBg := -0.05210

The entropy change is given by Eq. (6.83) combined with Eq. (5.15) with B = 0:

T:=04 {guess) SRB := 0.0 (starting value)
. 2({t+1 P
Given AS = R|A-In(t) +| B-Tg + C-Ty" : ft-1)-In = |-
0]
+ SRB — SRBy

tau(SRB) := Find(t) T := tau(SRB)-Ty T = 375.17K
At the final P and this T, evaluate SRB:

T P
T = — Ty = 0.88254 Py = — Pr = 0.20548

Te Pe
Use virial-coefficient correlation.
SRB(0.88254,0.20548,0.2) = -0.24876 SRB = -0.24876

T :=tau(SRB)-Tg T = 381.77K

Although it will make little difference, we recalculate SRB at this temperture:
T
Tr = — Tr = 0-89806
Te

SRB(0.89806,0.20548,0.2) = -0.23533 SRB := -(0.23533
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T = tau{(SRB)- Ty Ans.

T
Ty = — Ty = 0.89722
Te
HRB(0.89722,0.20548,0.2) = -0.30330 HRB := -0.30330

The work is given by Eq. (6.82):

10pn(323.15,381.41,1.935,36.915-10"%,-11.402-10~ ©,0.0) = 787.744

ICPH := 787.744-K A = RICPH  AHj, = 6.549 % 10° ——
mol

W; = AHj, + R-To(HRB - HRBy) Ans.

6.64 The maximum work results when the 1 kg of steam is reduced in a
completely reversible process to the conditions of the surroundings,
where it is liquid at 300 K (26.85 degC). This is the ideal work.

From Table F.2 for the initial state of superheated steam:

kJ TKE
H1 3344 6 — S1 = 7 0854 —_
kg kgK
From Table F.1, the state of sat. llqu:d at 300 K is essentially correct:
T _
Hg- 1= .1-12.'5-— Sz = 0 3928 ~—kJ— Tg = 300-K
. kg -~ kg'K B

By Eq. (5.27),

Wideal = (Hz — Hi) - To+{S2 - $1) Ans.
6.65  Sat. liquid at 325 K {(51.85 degC), Table F.1:
Hiiq =217.0-— Skq = 0.7274-—— th = 1 013 o’
. kg oo kgK gm.
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Psat = 12_.87-k'P'a For the compressed liquid at
' L 325 K and 8000 kPa, apply

Py = 8000-kPa Kqs. (6.28) and (6.29) with
T =325K B = 460. 1076k !
P23 B .
Hj := Hig + Viig (1 = B-T)-(Py — Psat) Hy = 223.881 P
S1 = Siiq— B-Viiq-(P1 — Psat) 1 = 0.724—
q q ke K
For sat. vapor at 8000 kPa, from Table F.2:
" kI . .
-Hgi:=-‘. 2-759-.9-,'—1(-_—'.I 82 = 5 7471 — Tg. = 300-K
. . kJ
Heat added in boiler: Q:=H>-H; Q= 2536;
g
Maximum work from steam, by Eq. (5.27):
k}
Wideal = (Hl - Hz) - Tc-(Sl - Sz) Wideal = _1029k_g
Work as a fraction of heat added:
W.
Frac := l;dead— Ans,
The heat not converted to work ends up in the surroundings.
Q+ Wideal = k
SOt supp 1= e 10 —E. SdotG.surr = 50. 234 KW
o sec K
k kW
Sdo%_system = (Sl - 82)' 10‘S_eg(; SdOtG System = "'50 234_I<—

Obviously the TOTAL rate of entropy generation is zero. This is because
the ideal work is for a completely reversible process.
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6.66 Treat the furnace as a heat reservoir, for which

CkE ke _ .
Qdot —2536 = 10 € T (600427315K T =873.15K
d t kW
Sdotg = Qo 50234 Ans.
K
By Eq. (5.34)
To :=300-K  Wdotjost = Tg-Sdotg Ans.
6.67 For sat. liquid water at 20 degC, Table F.1:
H1 = 83. 86 M 'S_1'.-":: 0.2963 ——
kg kg K
For sat. liquid water at 0 degC Table F.1:
: o
Ho :-':.-—0;044'—1(—{ So = 0 0000 e
L .. kg 3 ~kg-:K
For ice at at 0 degC:
kJ 3334 kJ
Hy := Hp—333.4-— Sp:=8¢g- —
kg 273.15 kg'K
Hy = ~333.44'E Sy = -1 221—kJ—
kg kg-K
e oo ke o
Te =293.15K mdot = 0.5-— Ty = 0.32
. T see : ,
By Eqgs. (5.26) and (5.28):
Wdotidea] := mdot'LHQ -Hy - TU'(SZ - Sl)] Wdotjgea = 13.686kW
Wdot;
Wdot := T deal Ans.
Nt
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6.68

6.69

This is a variation on Example 5.6., pp. 175-177, where all property values
are given. We approach it here from the point of view that if the process

is completely reversible then the ideal work is zero. We use the notation
of Example 5.6:

H-1'2= 2676.0-— Sy = 73554 ——— Hj = 0.0-—
. kg - kg-K _ kg
kJ' . |
82 = 0.0r—— Q= —2000 Ll Tg :=273.15K
. kgK . kg a |

The system consists of two parts: the apparatus and the heat reservoir at
elevated temperature, and in the equation for ideal work, terms must be
included for each part.

Wideal = AI'L;qapa.ratus.reserw:)ir - TG'ASapparatus.reservoir

AHappar::).tus.reservoir =Hz-H1-Q

kJ
Q' Wideal = O-O'k—
ASappauratus.reservou' =52-581- ? g
T := 450-K (Guess)
Given O-E—J- = Hp -
k
T' := Find(T") K Ans.
(136.64 degC)
From Table F.4 at 200(psi):
- ‘BTU TU -
'H1 = 1222 6 — Sl = 1 5737 ~——§—]1——- (at 420 degF)
_ ,lbm _ 1b_m°_r'anlﬂne_
: ' BTU B BTU (Sat. liq.
;th = 355 5 1 Ibm I—Ivap = 1198 3 —b—m— and vapor)
Sl = 05438 e Svapn.= 15454 ———un (=
o lbm"?a??‘.‘me PR oy rankine Sk
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Hy:Hm+th@—HmJ SzFSm+X(&w‘SM)

BTU BTU
Hy = 1.165x 10° ——— Sp = 1.505 —
b Iby, rankine

Neglecting kinetic- and potential-energy changes,
on the basis of 1 pound mass of steam after mixing, Eq. (2.30) yields
for the exit stream:

BTU

H:=0.5-H;+0.5-Hp H=1193.6 —- (wet steam)
Ibm
H — Hy;
— liq Ans.
Hvap - Hliq
BTU
S := Stiq + x-(Svap — Sij S=154—ww——
fig ( vap hq) Ibyy rankine

By Eq. (5.22) on the basis of 1 pound mass of exit steam,

SG:=8-0.58;1-055; Ans.
6.70 From Table F.3 at 430 degF (sat. lig. and vapor):

Viiq = 0.01909-— Vyap =1.3496-—— Viank = 80:ft

.. Ibm R b ' B

o UBTU o BTU o
Ulig = 406.70-—— Uyap = 1118.0-—— myjg = 4180:lbiy
VOLjiq = miiq- Viig VOLjjq = 79.796
VOLyap = Viank — VOLiig VOLygp = 02047

VOLvap

mvap = 0.151 lbm
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Miig Ylig + Myap U BTU
Uy 1= a7 g 7 Pvap' ™ vap U; = 406.726 ——

Mijg + Myap lbm

By Eq. (2.29) muitiplied through by dt, we can write,
(Subscript t denotes the contents of the tank.

d(mt'Ut) +H-dm =0 H and m refer to the exit stream.)
m

Integration gives: my-Uz —my-Uq + J Hdm= 0
0

From Table F.3 we see that the enthalpy of saturated vapor changes
from 1203.9 to 1203.1(Btu/lb) as the temperature drops from 430 to 420
degF. This change is so small that use of an average value for H of
1203.5(Btu/Ib) is fully justified. Then

mo-Uy = my-Uq + Hypem = 0 Hm;e 1203 5. P]’—};YE
- " m
mz(mass) = mj -~ mass

Property values below are for sat. lig. and vap. at 420 degF

my = Oljiq + Myap

SR T <) g3
Viig = 0:01894:— Vyap = 14997 —
BTU e BTU
jUhq —39581_~—— Uvap = 11174—————
| b m
v Vao(mass) — Vi
Va(mass) := _ rtenk x{mass) = 2l ) liq
mp{mass) Vvap — Viig
Us(mass) := Ujjq + x(mass)-(Uvap - Uliq)
mass = 50-1by, (Guess})
my-(U; - U
Given mass = : ( : z(mass))
Haye — Uz(mass)
mass := Find(mass) Ans.
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6.71

6.72

The steam remaining in the tank is assumed to have expanded isentropically.
Data from Table F.2 at 4500 kPa and 400 degC:

o J S5 e SR
Sq .= 6.7093 —u V= 64721""—C Viank: ':’““”'S'O"m.?’

am-K

- <. = J By interpolation in Table F.2
S2= 81 = 6.7093 gm-K  at this entropy and 3500 kPa:

o3
BRI + 5
Vo = 78.726—— Ans.
Viank Vtank
my = —— My = —wee— Am =mj —mp
: Vi A !

This problem is similar to Example 6.7, where it is shown that
Q = A(m¢Hy) ~ H-Am

Here, the symbols with subscript t refer to the contents of the tank,
whereas H refers to the entering stream.

We illustrate here development of a simple expression for the first term on
the right. Thel500 kg of liquid initially in the tank is unchanged during the
process. Similarly, the vapor initially in the tank that does NOT condense
is unchanged. The only two enthalpy changes within the tank result from:

- Addition of 1000 kg of liquid water. This contributes an enthalpy change of
Hiiq-Amy

. Condensation of y kg of sat. vapor to sat. liq.
This contributes an enthalpy change of

¥ (Hﬁq - Hvap) = —y-AHj,
Thus A(mtht) = Hjig-Am; — y-AHy,
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Similarly, A(mt-Vt) = VijgAmy — y-AV), = 0

Whence Q = Hjjq-Am; — y-AHy, — H-Amy
Amy =1000-kg Required data from Table F.1 are:
At 50 degC: H:= 209..3'-&
R .kg
At 250 degC: Hig = 10858~ Vig = 12515
ke - gm
| k)
AHypy.= 1714.7-— Avh, = 48.79-2-
_ kg gm
Viig-Am
y= 3t y = 25.641kg
AV},
Q := Amy (Hyjq - H) — y-AHjy Ans
6.73  Given: Viark = 0.5-m Hm = ——120 8 k_
| _ s
C = 0 43 k—“ Ty :=295K _mm = 30.-.kg
Data for saturated nitrogen vapor:
80 (1396 (01640
85 o |asr| o oagerr |
190 13.600 1006628 |
T:=| 95 |K P :=| 5.398f:bar V = | 0.04487 %
00| s | oo | g
1105 | - f1083) 002223
110 1467/ 001598 ) :
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- (7189Y
: 823 1 At the point when liquid nitrogen starts to
1 g5 0 ' accumulate in the tank, it is filled with saturated
- SR KF vapor nitrogen at the final temperature and having
H:=1{8638" —I-(—-* properties
| K&
877 |
87 2l Myap, Tvap, Vvap, Hvap, Uvap
: 3 5:'.6- L

By Eq. (2.29) multiplied through by dt,d(ny Ug) - H-dm = dQ

Subscript t denotes the contents of the tank; H and m refer to the inlet
stream. Since the tank is initially evacuated, integration gives

Myap Uyap ~ Hin'Myap = Q = mtank'c'(Tvap - Tl) (A)
\Y

Also, Myap = — K ®)
Vyap

Calculate internal-energy values for saturated vapor nitrogen at the given
values of T:

56.006
—_—
U = (H=P-V) 59.041
61.139
U =|62.579 H
kg
63.395
63.325
62.157
Fit tabulated data with cubic spline:
Us := Ispline(T,U) Vs = Ispline(T, V)
Uyap(t) = interp(Us, T, Ut} Vyap(t) = interp(Vs, T,V .t)
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6.74

Combining Egs. (A) & (B) gives:

Given

Mignk-C- (Tl - Tvap) . Vvap (Tvap)
Vitank

Uvap(Tvap) —~Hjp =

Tyap = Find(Tyap) Tyap = 97.924K

Viank

Vvapi Tyap )

Ans,

The result of Part (a) of Pb. 3.15 applies, with m replacing n:

my{(Uz - H) -m-(Uy -H)= Q= 0

Whence mg-(H - Uz) = ml-(H - U1)
Also Uz = Ujig2 + x2- AUy 2
' Vitank
V2 = Vig2+x2:AV 0 Vo =
my
Eliminating x, from these equations gives
Viank
— — Vlig.2
my
my:| H-Ujjga— ——————— AUy 5| = m]-(H - U})
AVi2
which is later solved for m,
Viank = 50-m° my := 16000-ke V) o
Vi =3.125x%
Data from Table F.1 @ 25 degC:
S -.cn.'n‘.?’ i cm3
~gm - gm
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Ugig1 = 104 8 ind AUy, j 1= 2305.1——
iq. kg lvfl o _:_:.ng
V1 - Viig.1
Xp = ——— U = Uliq.1 +x1-AU}y
AViy 1
~ kJ
X1 = 4.889% 10° Uy = 104913
g
Data from Table F.2 @ 800 kPa:
3 R 13|
cm Ulig2 = 720.043-—
thz = 1115 *—gm - kg
cm3 kJ
AViy 5 = (24026 — 1.115)-— AUy 5 = (2575.3 — 720.043)-—
gm ke
3
kJ
AVyy o = 0239 AUp, 5 = 1.855x 10° =
kg kg
| Kl
Data from Table F.2 @ 1500 kPa: H = 2789 9. k—
T g

AUjy 2
my-(H-Uj)+ Vm-[AVl J
Y.

my = 2.086 x 10 kg
AU
H — Ujig.2 + Viig.2- A

my =

Viva

Mgteam "= M9y — My Ans.

6.75 The result of Part (a) of Pb. 3.15 applies, with n=Q=0
Whence U>=H
From Table F.2 at 400 kPa and 240 degC
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6.76

H=12943.9.5
o kg

1)
Py = | 200
| 300
400/

Vtank = 2er_n-3

3

cimn

Viig = 1.216-——

Hig = 1008.4-

x1:= 0.1

kg

Interpolation in Table F.2 will produce values of t
and V for a given P where U = 2943.9 kJ/kg.

(384.09) (303316
| 384.82 o |sos2a7)
tp :=| 385.57 Vo = | 1515.61 |-~
386.31 | -1 1010.08 |
\387.08 C A 757.34
Vtank
Viank = 1.7’5-m3 mass; ;= ——
Vo,
1
T rises very slowly as P increases
3 |
2 e p—
massj
1 — —
0 |
0 200 400
Pzi
Data from Table F.2 @ 3000 kPa:
R 3
Hyap 1= 2802.3: —
TR ke
Viank
Vi = Viig + Xl'(vvap~ Vliq) my = "‘";\‘]—
i
3

—-3m
Vi =7.757x 10 3k— m) = 257.832kg
g
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The process is the same as that of Example 6.7, except that the stream
flows out rather than in. The energy balance is the same, except for a sign:

Q = A(meHy) + H-Amgg

where subscript t denotes conditions in the tank, and H is the enthalpy
of the stream flowing out of the tank. The only changes affecting the
enthalpy of the contents of the tank are:

1. Evaporation of y kg of sat. liq.:

Y'(Hvap - Hliq)

2. Exit of 0.6m;-kg of liquid from the tank:
—0.6-m;-Hiig

Thus

A(mt‘Ht) =y (Hvap - Hliq) = 0.6-my-Hjjq

Similarly, since the volume of the tank is constant, we can write,
A(mt-Vt) = y-(Vvap - Vliq) —0.6m1-Viig= 0

0.6-my-Vijq

Whence y=
Vvap - Vliq

0.6-m¢-Viig
= —'(Hvap - H[iq) — 0.6-m1-Hjjq + H-Amggpy
Vvap - Vliq

But H = Hijiq and 0.6:mj = Amgank
and therefore the last two terms of the energy equation cancel:

0.6-m-Vy;
- 1" Viq Ans.

Vyap— Viig '(Hvap R Hliq)
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6.77 Data from Table F.1 for sat. liq.:

Hj = 100.6-2 (24 degC) Hs = 355.9’-_§ (85 degC)
. ks o ke

Data from Table F.2 for sat. vapor @ 400 kPa:

H3 = 2.7"'37.6-'—_k£

o ke

By Eq. (2.30), negleeting kinetic and potential energies and setting

the heat and work terms equal to zero:

Hj-mdotz — Hi-mdot; — Hy-mdoty = 0

Also mdot; = mdotz — mdoty
Whence md0t3-(H1 B H3)
mdoty :=
Hi-H>

mdot; = mdotz — mdotp

6.78 Data from Table F.2 for sat. vapor @ 2900 kPa:

H3 —28022—151- S3 —61969‘—“—
kg kgk

Table F 2, superheated vap., 3000 kPa, 375 degC:
kI

H2 =3I756— Sg ='6 8385 ——kj
ke kg'K

Table E.1, sat. liq. @ 50 degC

'Vﬂq*-:=f—._’1 0 12—— Hig = 2093

Pgat = 12.34-kPa T = 323.15.K
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Ans.
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Find changes in H and S caused by pressure increase from 12.34 to 3100
kPa. First estimate the volume expansivity from sat. lig, data at 45 and
55 deg(:

AV = (1015 - 1010022 AT:=10K P'i= 3100-kPa
3 cm3 [ AV
AV = 5x 1072 EL =20 g _g041x10 k!
gm Viig AT
Apply Eqgs. (6.28) & (6.29) at constant T:
kJ
Hj = Hiig + Viig:(1 = B-T)-(P - Peat) Hy = 211.926;{;
kJ
S1 := Siiq~ B+ Viiq-(P - Psat) S| = 0.702kg—_K

By Eq. (2.30), neglecting kinetic and potential energies and setfing the heat
and work terms equal to zero:

Hz mdotz — Hy-mdotj —~ Hy-mdoty = 0
Also mdoty = mdotz — mdot]

mdots-(H3 - Ha)
Hi-H>

Whence mdot; = Ans.

k
mdoty := mdot; — mdot; mdoty = 13.11 £
sec

For adiabatic conditions, Eq. (5.22) becomes
Sdotg := S3-mdotz — S1-mdot; — So-mdoty

Ans.

The mixing of two streams at different temperatures is irreversible,
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6.79 Table F.2, superheated vap. @ 700 kPa, 200 degC:

Hi = 2844.2.— 8% := 6.8859
13 T e . 3 TR

Table F.2, superheated vap. @ 700 kPa, 280 degC:

Hy :=3017.7 E St = 7.2250-—— mdoty := 50.-2
IR PR T T e
Table F.1, sat. liq. @ 40 degC:

Hijjq == 167.5-— Siig == 0.5721——

. lig T ke lig kg K

By Eq. (2.30), neglecting kinetic and potential energies and setting the heat
and work terms equal to zero:

Hp := Hijq Hz-mdotz — Hy-mdoty — Hz-mdotz = 0
Also mdotz = mdoty + mdot;
mdotl-(Hl - H3)

H;z; - H;

For adiabatic conditions, Eq. (5.22) becomes

mdots = Ans.

S2 = Siiq mdots := mdots + mdotg

Sdotg = S3-mdot3 — S mdot] — S2-mdoty

i

Ans.

The mixing of two streams at different temperatures is irreversible.
6.80 Basis: 1 mol air at 12 bar and 900 K (1)

+ 2.5 mol air at 2 bar and 400 K (2)

=3.5mol air at T and P.
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Ty=900K  T2:=400K  Ppi=12bar  Ppi=2bar
ny;=:1-mol ny :=:2.5'mol ‘Cpi=—=R Cp = 29.099
Istlaw: T := 600-K (guess)
Given  np-Cp(T-Ty) +n2-Cp(T-To) = 0J
T := Find(T)
2nd law: P := S-bar  (guess)
Given p J
ny+| Cp-In l —Rlnl — 1| .. |=0=-
Ty Py K
P
Tz P2
P := Find(P) Ans.
ERTE 7T R BTU
6.81  molwt :=28.014:= b Cp 12 = Cp=0248—— —
S Tbmel c 2 molwt Ibyyr rankine

M; =steam rate in Ibm/sec

My = nitrogen rate in lbm/sec

(1) = sat. lig. water @ 212 degF entering
(2) = exit steam at 1 atm and 300 degF

(3) = nitrogen in at 750 degF

(4) = nitrogen out at 325 degF

Hl = 18017@

1byy

M, = 40-

T3 1= 1209.67-rankine
T4 i=784.67-raiikine

o
Spi= 0.3-17271-—&'-7-

(Table F.3)

bm " Ioyyrankine
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| BTU . BTU
H; —11926—--— s ='18158u——-—_————. (Table F.4)
2. o _2 Togyrankine

Eq. (2 30) applies with negligible kinetic and potential energies and with the
work term equal to zero and with the heat transfer rate given by

b BTU
M 1= 3 — (guess) Q = —60-—— .M,
sec Ibm
BTU
Given Mg (Ha— Hy) +MyCp (T4~ T3) = —60- ——Ms
'19' m
Mj = Find (M) Ans
Eq. (5.22) here becomes
Q
Sdotg = Mg (S2 ~ S1) + My (S4 - S3) - =
To
T BTU BTU
S4—83 = Cpln| — Q = —60-—-M, Q = -235.967
T3 Ibm sec
Tg i= 529.67-rankine
Ta Q
Sdotg := Mg{S72— S|)+Mp| Cp-ln] — | | - —
G s( 2 1) n[ P [TBJJ Ty
v Ans
g 7" R.
6.82 molwi := 28.014- 2~ Cpi=— Cp = 10392
M, = steam rate in kg/sec
M, = nitrogen rate in kg/sec Mn = 20 ke
“s€0
(1) = sat. lig. water @ 101.33 kPa entering '
(2) = exit steam at 101.33 kPa and 150 degC
(3) = nitrogen in @ 400 degC T3.== 673.15-K
(4) = nitrogen out at 170 degC Tg, = 4_43.15’K
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kJ kJ

it ATPPug awerd
Hp = 27762 P2 = 1O (Table F.2)

By Eq. (2.30), neglecting kinetic and potential energies and setting
the work term to zero and with the heat transfer rate given by

kJ
Mg = E (guess) Q = —-80-— M
sec kg
. kJ
Given Mq(Tz — H1) + Mp-Cp(T4 — T3) = —80-k—-MS
g
M := Find(Mj) Ans.
Eq. (5.22) here becomes
- Q
Sdotg = My{S2 — $1) + Mp(S4 - S3) - =
Ts
Tys _ L k}
S4—S83=Cpln| — Te =298.15-K Q= -80-—-M;
Ty Q
Sdotg = Mg 1S2 - S1) + My Cp-In| — || — —
oty nfers(2) -2
Y Ans.
6.86 Methane = 1; propane=2
T:=363.15K  P:=5500kPa 1y :=0.5 y2:=1-y
oy = 0.012 wy = 0.152 Ze1 = 0.286 Zep =0.276

Ter = 190.6K Ty == 369.8K Poq i= 45.99-bar Pep = 42.48-bar
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The elevated pressure here requires use of either an equation of state or
the Lee/Kesler correlation with pseudocritical parameters. We choose the
latter.

Tpe = y1-Te1 +y2 T2 Ppc = y1-Pe1 + y22Pe2
Tpe = 280.2K Ppc = 44.235bar
T P
= — = 1. Py 1= =
Tpr Too Tpr 296 pr P Ppr = 1.243

By interpolation in Tables E.3 and E.4:
70 = 0.8010 Z1 i=0.1100
W= Yo+ y2ror w = 0.082 Z =70+ w71 Z =0.81

For the molar mass of the mixture, we have:

molwt := (y116.043 + y2-44.097)- 5% molwt = 30.07 £%
mol mol
Vi =22 v=14788 mdot = 1.4~ 5= 30—
P-molwt S _Em. oo see .. sec
4 cm3 Vdot
Vdot := V-mdot  Vdot = 2.07x 10V A .= A = 6.901 e’
sSCC u
D= iﬁ Ans.
s
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6.87 Vectors containing T, P, Te, and Pe for the calculation of Tr and Pr:
(s00) o (as2) (20 (4277
400 | (3042 o |200| 17383
450 Iss200 - e | 7900
Cleoo|  |erz7| 0 20| 2110

60| _ lema| 20| _ |3606 ]|
l2s0] " Tlis06| T foo | | |4sge| Tri=
fso| o Jss| 20| o |s0ws

l4so] 0 |aos| |35 | | 7884
400/ . lama2) s - 140,60

==

Pr:

Fl=l

1.176 0.468
1.315 2.709
0.815 0.758
0.971 0.948
1.005 Pr = C.555
1.312 1.957

0.97 0.397
1.065 0.297
1.045 0.444
1.069 0.369

Tr =

Parts (a), (g), (h), (i), and (j) --- By virial equation:

(500). of20) . (4s2). (4277} (1%
Jiso| 20 |isas| o |s043 | o2
Ti=|500 'K P:i=|10 |-bar To:=|469.7 [K Pe:=| 3370 |-bar @ :=] 252
laso| |35 las08]  |7s8a| o245
a0, s amz2) o laos) 0 lam

Tr =

511
aw
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1.176 0.468

0.97 0.397
Tr =) 1.065 Pr =1} 0297
1.045 0.444
1.069 0.369
0.422) 0.172
BO = [0,073 _ __) (3.61) Bl = [0.139 ~ ) (3.62)
1.6 472
Tr Tr
—_— ——y
DBO = 2873 (6.80) DBI := 9;22% (6.81)
Tr2'6 TrS'
(
~0.253 0.052 0.443 0.311
~0.37 —0.056 0.73 0.845
—3
BO = | -0.309 Bl =| 6.718x 10 DBO = 0.574 i DBl = 0.522
—0.321 _4217x10°° 0.603 0.576
1 =0.306 _ )
0 0.000 x 10~ 0.568 0.51

Combine Egs. (3.58), (3.59), and (6.40) and the definitions of Tr and Pr to get:

Ny

VR = [R-IE-(BO + a)-Bl)}
Pc

>
L

HR :=| R-Tc-Pr{| BO - Tr-DBO + @-(B1 - TrDB1) || ©7®)

SR :=[-R-Pr-(DB0 + »- DB 1)j (6.79)
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VR =

—-200.647
—094.593
~355.907
-146.1
-232.454

3
cm

mol

HR =

“1377x 10°
559,501

~1226x 10°
_1.746 % 10°

Z1251% 10°

SR =
mol

-1.952
—2.469
-1.74
—-2.745
~2.256

mol-K

Parts (b), {c), (d), (e}, and (f) --- By Lee/Kesler correlation:

By linear interpolation in Tables E.1--E.12:

DEFINE: h{

equals

s0 equals

663
278 |
1783
707 p,

Z0::

o (-1137)
_4381 :

S0 =
S |-0473

(400

450
600 |-
620
250)°

' \—10.82.'4:

71

s]:2

(HR)"

RTc

(SR’

R

(~0.405
=5274 |
(-2.910
20557
{~0.389)

60
20
: 2.

{0208

| 088

{036
| 0138

(200

~bar

90

h1l eguals

sl equals

Tc =

181

- [+2.008)
hO =
B

(3042Y .
| 5520

(HR)'
RTc

(SR’
R

~3.049

617.7 |-
617.2
190.6 )

h equals

s equals

hi =

HR
RTe

SR

R

o (0233)
szt
2970
| 0896
Lote

(2240
a1
492
303

_..\,.01”2)




—_— _ —_—
7= (Z0+©Z1) (354 h:=(h0+whl) (6.76) s:=(s0+w-s1) (6.77)

e —> —
HR := (h-Tc-R) SR := (s-R)

0.71

0.118
0.235
0.772
0.709.

™~
i

D e

VR = [R-I-(Z - 1)}

P And.

The Lee/Kesler tables indicate that the state in Part (¢) is liquid.

6.88 Vectors containing T, P, Tcl, Tc2, Pel, Pc2, ©l, and @2 for Parts (a) through (h)

650 (60 - . (5622 (5536
| 30_0--__’: dwo| (30420 o 1329
eoo| o lwe| o [3042 5687
T 359 K P= » -b;ar Tcl = 3 053 K Te2 = 282'3 K
~ 7 400 Coso b T T 3Ts T T 1906
L - B e T N R 2
1450 | cobsel 190:.6"'_ C o lasen |
so/ o) sz o \asas)
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o fasse) o fam) (a0

. 7383 T . 3s0s k | =_ _.2_ 24 |
J73ss ) B E7X 13 IS /Y
pet = | 57 lba P [0 b ot |
18963 . . |45990. . 7 .04
599 lsae0| o2
Clasooy o dmw) o forz| |
Tpe := (.5-Tel + .5-Tc23 Ppc := (.5-Pcl + 5P2) o= (501 +.502)

— —>
P

T
Tpri=— Ppri=—
Tpe Ppc
557.9 44.855 021
218.55 54.41 0.136
436.45 49.365 0.312
293.8 49.56 0.094
Tpe = K Ppc = bar ©=
282.05 67.81 0.053
158.4 39.995 0.025
330.15 39.845 0.132

140.4 42.215 0.03

1.165 1338
1.373 1.838
1375 2.026
1,191 1513
o= s R PYYD
1.263 1.875
1.363 2,008

1.781 2.369
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Lee/Kesler Correlation --- By linear interpolation in Tables E.1--E.12:

(6543
| 7706
7527
ZO' =1 ':6434
c 7744
__:': -5.6._3..1"
| 7436 |
o6

Z1

- (8%
s
D ""-7'04
e
1-750
\~361)

(HR)”

RTpc
0

0 equals

s equals

(SR)
R

D EEE—
Z:=(20+0-Z1) (3.54)

—_—
s = (sO + w-sl) (6.77)

—_—
HR = (h-TpcR)

(

sli=}

B %1 3
| -250°
L oos)

1219
1749
| 1020
1501 |
{1990
| 1853
"] 1933
1839

| -1346
U P-1510
ho=4
1340
| -1.623

(466

—430

(HR)'

hl equals
RTpe

(SR)'
R

sl equals

_—
h:=(h0+hl) (6.76)

SR := (s:R)
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o [+1395)
{1217 |

o132
\-0.820)

hi:

h equals

s equals

(-4
Filae
097

~400

| s
C oo
o7

RTpe




Ans.
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7.1

7.4

7.5

Chapter 7 - Section A - Mathcad Solutions

uy :ﬁ '325».—'n3—' R '::'8.314v molwt = 28 9-—— Cp
sec . mokK mol 2 molwt

Wlth the heat, work, and potential-energy terms set equa] to zero and
with the initial velocity equal to zero, Eq. (2.32a) reduces to

u
AH + 7 = 0 Bllt AH = CPAT

Whence AT =

From Table F.2 at 800 kPa and 280 degC:

Hi :=3014.9-— Sy = 7.1-5_95-_£
kg . kgK
Interpolation in Table F.2 at P = 525 kPa and S = 7.1595 kJ/(kg*K) yields:
HQ :'=-2855.2-— V2 = 5312120 mdot' :=-'0.75--—.-
kg Bm _ “sec

W:th the heat, work, and potentlal -energy terms set equal to zero and
with the initial velocity equal to zero, Eq. (2.32a) reduces to:

2
u
AH +_% =0 Whence up = ‘!—2-iH2-—H1i

Ans.

Ans,

By Eq. (2.27), Ay im ——

The calculations of the preceding problem may be carried out for a
series of exit pressures until a minimum cross-sectional area is found.
The corresponding pressure is the minimum obtainable in the
converging nozzle. Initial property values are as in the preceding
problem.
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Hy = '3_01_4'.-9-'5‘]— Sy i=7.1595 —— S2= 5
e TR |

Interpolations in Table F.2 at several pressures and at the given

entropy yield the following values:

cm

gm

- (400Y - (28552 (53121
C 425 - 28682 1507.12
P =450 -kPa Hs = | 2880.7 I Vo i=148545 |-
Jas| 2025 ) |46s.69
\500) - (29039) \447.72)
—_
mdot := 0.75- — uy :=,/—2-]H2—H1i Ap = e———
sec uz
565.2 7.05
541.7 7.022
u =] 5181 |2 Ag = |7.028 |cm?
sec
494.8 7.059
471.2 ) 7.127
Fit the P vs. A2 data with cubic spline and find
the minimum P at the point where the first
derivative of the spline is zero.
i=1.5 pj = P; ap = Ap,
1 1
s = cspline(P,Az) APy = interp(s,p,ag,P)
Pmin := 400-kPa (guess)
em?
Gi )= 0 T )
iven dpmnA(pHnn) 0 P Pmin = Fmd(pmm)
Ans Ans.
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Show spline fit graphically:  p := 400-kPa,401-kPa.. 500-kPa

7.13 - ; —

701 | i | e | o
400 420 440 460 480 500
kPa " kPa

7.9 From Table F.2 at 1400 kPa and 325 degC:

Hi =3096.5-— S1 ::'_7;0499--.—1-1('—{h $2:=5;
T kg o kg K

Interpolate in Table F.2 at a series of downstream pressures and at S =
7.0499 kJ/(kg*K) to find the minimum cross-sectional area.

(s00)  (29560) (29481
75| | 208 |s2a2|
P:=|750 |-kPa Hy = 29408 |- — V= | 309.82 |-——
s C | 29328 ) D 1
olg00) o \aoas) o \3669)
i V2
u2 ::.f~2-iH2—H1i Az = | — [-mdot
uz
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7.10

Since mdot is constant, 5.561
the quotient V2/u2 is a _— 5553
measure of the area, Its ( Vz} ) cm2~sec
minimum value occurs very — i =15552
close to the value at u2 5 557 kg
vector index i = 3. )
5.577
At the throat, Ap = 6-<:m2
Ag-uz3
mdot = Ans,
V23

At the nozzle exit, P = 140 kPa and S = 81, the initial value. From
Table F.2 we see that steam at these conditions is wet. By
interpolation,

Sliq 1= 1.4098. Svap = 7:2479- ———
TR kgK - kgK
S1 - Siiq
X =—-
Svap_sliq
g g
up = 230-— ug = 2000-—
. 5ec ’ 5€C

From Table F.4 at 130(psi) and 420 deg¥:

123361—321- §1 = 16310_—1?1“——
Ioy, lbm -rankine
By Eq. (2.32 ulz - u22 Bt
y Eq. (2.32a), AH = L 7% AH = —78.8 2
2 by,
H> :=H;+ AH H2—11548@
lbm
From Table F.4 at 35(psi), we see that the final state is wet steam:
Bt B
th = 228 03: gl Hwp = 1167 1: —tE
b_m by
-si _.o 3809 o S ] 6872
lq Ibm rankme Uvap A ; ]bm ankin
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7.11

7.12

Ha - Hiig

Xi= x = 0.987 (quality)
Hvap - Hliq
BTU
Ibyy rankine

Sdotg = S92 - 5 Ans.

up = 580-— Ty i=(273.15+15)-K molwt :="28.9g Cp:= z R
S sen e T S emol 2 molwt
2 2 2

ur” —up —up

By Eq. (2.32a), AH = =
2 2
But AH = Cp-AT Whence
AT :=
2-Cp

Initial t = 15 + 167.05 = 182.05 degC Ans.

Values from the steam tables for saturated-liquid water:
At15 degC: V1= 1:001. 52 T := 288.15K
Enthalpy difference for saturated liquid for a temperature change

from 14 to 15 degC:

e X AT
AH == (67.13 ~ 58.75)-— At :=2.K Cp = —
\L T At T "
. ) ~4 ;
-5.10 _ o _ |
g o L0 AP = “4-atm Cp =419

Apply Eq. (7.25) to the constant-enthalpy throttling process. Assumes
very small temperature change and property values independent of P.
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Cp 9.86923 3

are YALZBTAP (1 joule AT = 0.093K
cm -atm

The entropy change for this process is given by Eq. (7.26):

3 ]
j_B.V.Ap AS = 1.408x 107> ——
gm-K

T+ AT

AS = Cp-]n(

Apply Eq. (5.36) with Q=0:  To = 293.15K

Wlost := Ta-AS or Ans.
7.13--7.15 R :=8.314
350y - (7383} (224
1350 5040 | |.087
Ti:==| -} Pl : : ®=|
-1 250 | 34.00 . .038
{400 248) 152
~1.157
e - 0.0
A= B.= S D= a0
0.0
As in Example 7.4, Eq. (6.84) is applied to this constant-enthalpy
process. If the final state at 1.2 bar is assumed an ideal gas, then Eq.
(A) of Example 7.4 (pg. 258) applies. Its use requires expressions for
HR and Cp at the initial conditions,
1.151 1.084
Tl 1.24 P 1.19
Tl‘::-FIl Tr = . Pr :=El Pr = |
Te 1.981 Pc 1.765
1.082 0471
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713 Redlich/Kwong equation: Q) := (0.08664 ¥ = 0.42748

P REE— _—

Pr W
= 01| (3.50 = 5
§ ( Tr] (3:30) d (Q_Trl.SJ 3.51)
Guess: z:=1
Given  z=1+p- q-B-ﬁ (3.49)

(B .q) = Find(z)
=14 . m[z(ﬁi’qi) ! Bi) (6.62b)
Ziﬁi,chj

HR; = RT1;[(Z(Bi,qi) ~ 1) - 1.5q¢];] (664)  The derivative in these

SR; == R'(hl(Z(Bi,CIi)) —B;-05q4l;)  (6.65  equations equals -0.5

The simplest procedure here is to iterate by guessing T2, and then
calculating it.

Guesses
Z(Bf,qi) = 3
3721 —2.681x 10 ~5.177 280
0.773 _ 3 —-4.346 302
i HR - | ~2-253x 10 SR - o T2 = .
G382 —520.762 -1y 3
~2. 5
~1.396x 10° 33 38
__) S, >
T2 B C D
=2 el rlas B s S Pa e t)s }
T1 2 3 2
T-T1
T2 P2
AS = Cplnj —{-R'lnj — | - SRJ
T1 Pl

Ans. Ans.
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7.14

T2 T
T = T Cp = [R-[A + —1§~-T1-(r + 1) + g-TIQ-(tz +T+ l) + D :U

Soave/Redlich/Kwong equation: Q := 0.08664 Y = 042748

¢ = (0480 + 15740 - 0.176.02) = 1+eli-1")]
_— —_—>
Pr Yo

— o] @50 = 351
B ( Trj (3.50) q (Q-Trj( )
Guess: z:=1
Given 2= 14+p-qPp—P (349 Z(B,q) = Find(z)

Z'(Z+ B)
i=1.4 L= m(mj (6.62b)
Z(Bi,%)

'Tr_ 0.5 ¢
HR; == R-T1;| Z(Bi,q) - | - Ci.[__lj +1lqn| €69
Qi

e \05
SR; := R- ln(Z(Bi,qi))—Bi#ci-[-—lJ il (6.65)

(05
e\
The derivative in these equations equals: -ci-[——lj
g
Now iterate for T2:
Guesses
z(Bi, i) = 3
075 -2.936x 10 -6.126 273
0.79 3
-2.356%x 10 -4.769 300
0.975 HR = 8 SR = T2 =
0.866 —-526.246 —1.789 232
~1.523x 10° 2679 384

TT1°
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7.15

T2
AS = [Cp-ln(—] ~ R-In( Ans.
Ti
Peng/Robinsen equation:
G = 1+4/2 g:=1-42 Q :=0.07779 W = 045724
o = (037464 + 15422600 - 0.26992.0%) o= 1+eli-T®)]
— P
Pr Y-
=0-— (3.50) = (3.51)
b ( Trj a (Q-TJ
Guess: z:=1
. z—f3 )
Given z=1+B-gp- (3.49)  Z(B,q) := Find(2)
P-ab (z + S-B)'(Z + G—B)

P=1.4 = m(Z(Bi’qi)M'Bi

e 2-\/5' Z(Bi. ;) +&-Bi

0.5
HR; := R-T1; Z(B q') -1-]¢ —llr—l + 1lgili
1 - t ToMi o (6-64)

5 )03
SRj = R'{IH(Z(Bi,Qi)) -Bi- Ci'(—lJ -qirki (6.65)

A
. . . S
The derivative in these equations equals: mci-L—

A

J (6.62b)
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7.18

Now iterate for T2: Guesses

2{Bi,q;) = ~3.041 x 10° -6.152 270
0722
. 3 —4.784 297
G.76 HR — 2.459 X 10 SR - T2 —
.85 600376 —1.847 229
0.85 3 ~2.689 383
—1.581x 10 '
N >
B D
M Cp:=|R{A+—=TI (t+1)+-—Tl ('c +1:+I)
T1 2 3 T12
2
T2 = {Q + le
Cp

T2 P2
AS = | Cp-In| — ‘Inj — Ans,
Tl P1
'_Wdot = _4350(};kW Data from Table F.2:
H) = 3462.9-— Hy = 2609.9 — sI - —,- 3439 .
_ - kg © ke T oo kgK
By Eq. (7.13),
Wdot
mdot := Ans
Hz - H;
For isentropic expansion, exhaust is wet steam:
Siiq = 0.8321. = Syap = .7.9094. — =
1g - T kK vép =1 ke K 82 =8
x 1= 2 Pl 092 (quali
= —— X = . dall
Svap - Squ 9 )

195



th = 25 1 453I{k-'-]-

H' = Hjjq + x-(Hvap - H]iq)

H> -

ni=-—
H - Hj

Hogp = 2609.9-—

kg
3 kJ

Hy =2421x 10° =

kg

Ans.

7.19 The following vectors contain values for Parts (a) through (g). For intake

conditions:
p .
.3274.3-5—'{'
o kg
3509 8 E '
kg
1) _3634.5.-£ '_

Hi=) dol2ig

2014
. kg

Btu

1444 7-—
_ Ibm' .

Btu

' '-"1389 6
fom

196

RE 1 6000

11 5677

f K

65597—-—-—-—'

kg

69813 —

kgK

6 4941 —~——', '
kg-K

'Btu

lbm rankme

k|
kgf_K k
6 4536 ——"

lbm rankme-- '

(080
1082
i 075 i

075
0.80°
\0.75 )




For discharge conditions:

Hiiq ==

| 01750
_: 02200

o '_2‘89';3.0_2-5-15'1-{

o K

09441-——
- kgk

PP
0.6493 0

_lroen L

CkgKo
_1.5'._301-*-—,-k-J'—-" |
. keK
Btu

bm rankme
Btu'.

lb rankme y

kg
| 25'1;453-E'.-
- o kg
1018325
S kg
30564
-‘504;761-~k—J.”
kg
94.03- Buw
120 99. Et—u

= | 2646.0:—

| 27063~

197

g
26254-—

2609.9-~— -

1 9200

| 18625~

g

11161%

it 811

11273EI—u
by,

m

':77695—k-J—

' '.7_;594.7-.—'-—

. kgK_
K

7.9094.——

kg:K -

kI
8.1511——

keK o
kek

T, 1268 —kf_

kg K
Btu

Ibm rankme

Btu )

Ibm rankme y

mdot = | ¢

-_1'00'-;5

Sh =

sec

Sy



Xy 1= ——— H?% := [Hliq + X'2'(Hvap - HlfQ)j

—_
AH = [n-(H2 - ) Hy := Hy + AH Wdot := (AH-mdot)

}
X9 i ——————— S = [Sﬁq + XZ'(Svap - Sliq)]

Ans.
7 . - : : joule
720 T:=423.15K  Pg=85bar  P:= lbar R :=8314——
S ) : mole-K
J
For isentropic expansion, AS = 0-
mol- K

For the heat capacity of nitrogen:
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7.21

0.593.107°

K

For the entropy change of an ideal gas, combine Eqgs. (5.14) & (5.15)
with C = 0. Substitute:

A =3280 B - D = 0.040-10°-K>

T
1:=0.5 (guess)
Given
T D 1 P
AS = R A-In(t) + B—+—--(T+ ) {t=1)-In| —
T = Find(t) To := I Ans,
T

Thus the iritial temperature is 489.27 degC

Ty = 1223.15K Pj := 10-bar Py := 1.5-bar
Cp =32 = 0.77
R S

Eqs. (7.18) and (7.19) derived for isentropic compression apply equally well
for isentropic expansion. They combine to give:

R
Cp
_ Py J
Wyi=Cp Tyl — -1 W'y = -15231 —
P mol
Wy = 1- W AH = Wy Ans.
Eq. (7.21) also applies to expansion:
AH
Ty =T +— Ans.
Cp
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7.22  Isobutane: To := 408.1.K P = 36.48-bar @i= 0181
To:=523.15K  Pg:=5000kPa P :=500-kPa

]
AS =0 For the heat capacity of isobutane:
mol-K
37.853.107° ~11.945.107°
A = 1.677 Bi=""_ C;=_;Tﬂ_
K K
To Po
Ty = — Trg = 1.282 Pip := — Pyo = 1:3706
Tc PC
Use generalized second-virial correlation (borderline at T0, but good enough):
HRB(1.282,1.3706,0.181) = -0.940291 HRBy = —0.940291
SRB(1.282,1.3706,0.181) = -0.534176 SRBy = -0.534176

The entropy change is given by Eq. (6.83) combined with Eq. (5.15) with D = 0:

1:=0.5 (guess) SRB := 0.0 (starting value)
Given
r 2(1+1 P
AS = R|{AIn(r) +| B-To+C- Ty —- (t-1)-In = -
0
+SRB - SRBy
tau(SRB) := Find(x) T := tau(SRB)- Ty T = 443.37K

At the final P and this T, evaluate SRB:

T P
TYT) = — To(T) = 1.0864 P = — P, = 0.1371

TC (o4
SRB(1.0864,0.1317,0.181) = —0.082852 SRB := —0.082852

Do a further iteration for T:

T := tau(SRB)- Ty T = 445.65K TL(T) = 1.09202
SRB(1.09202,0.1317,0.181) = ~0.08160] SRB := —0.081601
T := tau(SRB)- Ty T = 445.62K T(T) = 1.0919
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The enthalpy change is given by Eq. (6.82):
HRB(1.0919,0.1317,0.181) = -0.126003 HRB := —0.126003

ICPH(523.15 ,445.62,1.677,37.853-10 3 ,—11.945-10 6 ,0.0) = -]333.811

kJ
ICPH := -1333.811.K AHjg=RICPH  AHjp=-11.089—
m
J
AH' := AHj, + R-Tc:(HRB — HRBg) AH' = -8326.5—
mo

The actual enthalpy change from Eq. (7.16):
.o : - ..mol _ J
n=08 ndot:=700-2  AH = 1n-AH AH = —6661.2——
. Ll sed mol

Wdot = ndot-AH

The actual final temperature is now found from Eq. (6.82) combined with
Eq. (4.7), written:

t:=0.7 (guess)

Given

AH = R| A-Tg-{t - 1)+§-T02-(t2»~ 1) +§»-Tg3-('c3 ).

+Te-(HRB — HRB)
tau(HRB) := Find(1) T := tau(HRB)- Ty T = 457.88K

Although it makes little difference, we recalculate HRB at this temperature:

TH(T) = 1.122
HRB(1.1220,0.1317,0.181) = —0.119069 HRB := ~0.119069
T := tau(HRB)-Tg T 457.71K  Ans,

7.23 From Table F.2 @ 1700 kPa & 225 degC:

H} = 2851'0](_“ Sl-,':':: 65138_1{1(}

g g’K
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At 10 kPa: X3 = 095 Stiq = 06493 —0_
s keK

Hiq := 197.832:— Hyap 1= 2584.8-— Svap = 81511 ——

H_l | kg _vap kg vap__ L kgK
mdot := 0.5~ Wdot := —180-kW

: _SeC
Hy 1= Hiig + 2 (Hyap — Hiig) AH := Hy - H;
]
Ho = 2,465 10° 2 AH = —385.848
ke kg

(a) Qdot := mdot-AH — Wdot Ans.

(b) For isentropic expansion te 10 kPa, producing wet steam:

, S1 - Siig , ,
Svap . Sliq
X2 = 0782 Hy = 2,063 % 10° 2
kg
Wdot' := mdot-(H’2 - H1) Ans
724 Ty :=673.15K Pg := 8-bar P = 1.bar
For isentropic expansion, AS = 0 = ;-'J‘.' )
“mol

For the heat capacity of carbon dioxide:

10451077
K

For the entropy change of an ideal gas, combine Eqs. (5.14) & (5.15) with C = 0:
:=0.5 (guess)

A o= 5.457 B: D = -1.157-10"-K°

Given

seefustr- a2 (0ol




7.25

t := Find(r) T = 0,693 T:=1Ty T =46646K

10PH{673.15,466.456,5.457,1.045-107>,0.0,-1.157-10°) = -1174.84

kJ
ICPH := -1174.84-K AH' = R-ICPH AH' = —9.768—i
mo

N =0.75 Work = n-AH'
T
AH = Work AH = —7326-5
mol

For the enthalpy change of an ideal gas, combine Eqs. (4.2) and (4.7)
with C=0:

Given
r B D
AH= R ATo(e— 1)+ 212 (2 1)« 2.
2 To
1 := Find(1) t=0.772 T:=1Tp Ans.
Thus the final temperature is 246,75 degC
Vectors containing data for Paris (a) through (e):

(s00Y ~  (6) . (37 (12} = (35)
Claso| s fsws] 20| a0
Ti:=|525| Pl:={10] T2:=|458| P2:=|3.0] Cp:=|55|R

el v7 st s las)
50/ \4J \403)  l12) 0 \2s)
AH = [Cp (T2 - T1)] Ideal gases with constant heat capacities
R
a'; (7.22) Applies to expanders as
AHg :=! Cp-T1- (E) -1 well as to compressors
1
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7.26

—>
N = AH
A
R = 8314
T : : s
Cp = E-R ndot:=175 Tl:=550 Pl:=6 P2:=12
Guesses: n =075 Wdot := 600
Given
R
Cp
P2
—1-ndot-3.5-R-T1- [ﬁj - IJ
Wdot = 3 1 = 0.065 + 0.08-In(Wdot)
10

Wdot
( ) = Find(Wdot,n)
n

For an expander operating with an ideal gas with constant Cp, one can
show that:

R
p2) P
T2 =Tl 1+n||—| =1 T2 = 433213
PI
By Eq. (5.14):
P2
AS =R Lol 2] 1 —N AS = 6.435
R\ Tl PI

By Eq. (5.37), for adiabatic operation :

Sdotg := ndot-AS Ans.
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7.27  Properties of superheated steam at 4500 kPa and 400 C from Table F.2,
p. 714:

HI = 3207.1 S1:= 6.7093

If the exhaust steam (Point 2, Fig. 7.4) is "dry," i.e,, saturated vapor, then
isentropicexpansion to the same pressure (Point 2', Fig. 7.4) must produce
"wet" steam, withentropy:

S2 =81 =6.7093 = (x)(Svap) + (1-x){Sliq) [x is quality]
A second relation follows from Eq. (7.16), written:

AH = Hvap - 3207.1 = (n)(AHy) = (0.75) (x)(Hvap) + (1-x)(Hlig) - 3207.1]

Each of these equations may be solved for x. Given a final temperature
ard the corresponding vapor pressure, values for Svap, Sliq, Hvap, and
Hliq are found from the table for saturated steam, and substitution into
the equations for x produces two vatues. The required pressure is the one
for which the two values of x agree. This is clearly a frial process. Fora
final trial temperature of 120 degC, the following values of H and S for
saturated liguid and saturated vapor are found in the steam table:

Hl:=503.7 Hy := 2706.0
Sl=1.5276 Sy i=7.1293

The two equations for x are:

Hv - 801.7 - .75-H] 6.7093 - SI
Xy = Xg 1= —————
J75-(Hv - Hi) Sv-Si

The trial values given produce:; .

These are sufficiently close, and we conclude that:
t=120 degC; P=198.54 kPa

If 1 were 0.8, the pressure would be higher, because a smaller pressure drop
would be required to produce the same work and AH.
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729 Pl:=Satm P2i=1latm  TI:=15C N = 0.55
Data in Table F.1 for saturated liquid water at 15 degC give:

cm3 Far kJ :

V' = 1001 Ve C 4 190-—-—

S kg p ke C

Eqs (7 16) and (7.24) combme to give: AH = n-V-(P2-P1l)
Ws:=AH (7.14) Ws = —0.2235{

kg
AH - V(P2 -P1)

Eq. (7.25) with p=0 is solved for AT: AT =

7.30  Assume nitrogen an ideal gas. First find the temperature after isentropic
expansion from a combination of Eqgs. (5.14) & (5.15) with C=0. Then
find the work (enthalpy change) of isentropic expansion by a combination
of Eqs. (4.2) and (4.7) with C = 0. The actual work (enthalpy change) is
found from Eq. (7.20). From this value, the actual temperature is found
by a second application of the preceding equation, this time solving it for
the temperature. The following vectors contain values for Parts (a)
through (e):

{753.15Y [ 6bar) [ tbar)
lemias) | s O [hbar |
To = 773.15 | K Pg =1 7-bar Pi=| lbar
723.15 | | 8bar © | 2bar
A\75537) \ospsi) CLISpsi
(2000 ) - (os0° AS 5= 0-——
. 50 1075 o TORK
ndot = 175 -IE(—)E .= ]078 i=1.5
; : s€c .
100 | ~loss.
0.5.453.59) g Loso ) R =834~
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For the heat capacity of nitrogen:

—3

A = 3.280 g .= 29310 ° D := 0.040-10°-K°
K
T:=0.5 (guess)
Given
D +1 P
AS = R|A-In(z) +| B-Tg + 12 (r-1) - | —
122\ 2 Py
0 -T
Tau(Tg,Pg,P) = Find(‘c) Tj = Tau(To.,Pg, ,Pi)
I 1
460.67
431,36
T; := Tp.-t; T = | 453.48 |K
1
494.54
455.14
ICPH(753 15,460.67,3.280,0.593-107>,0.0,0.040-10°) = —1167.969

Lh

ICPH(673 15,431.36,3.280,0.593-10 0.0,0.040-10 ) ~875.585

ICPH(773 15,453.48,3.280,0.593- 10" 0.0,0.040-105) = —1168.427
ICPH(723 15,494.54,3.280,0.593-10~ 0.0,0.040-105) = —834.936
CPH( 755.37,455.14,3.280,0.593- 10~ ,0.0,0.040-105) = -1096.005
~1167.969 -9710.5
~875.585 —7279.6
ICPH :=| —-1168.427 'K  AH':= R-ICPH AH = | —0714.3 |
-834.936 ~6941.7 mel
{—1096.005 —9112.2
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-7768.4
NN —-5459.7
J
AH = (AH"n) AH = | ~75772 {——
mol
-5900.4
T:=0.5 (guess) ~7289.7
Given
AH = R[ATO(T — 1) + ETOZ(TQ _ 1) + E(T — 1):!
2 To T
Tau(To, AH) = Find(c) 1 = Tau(Toi, AHi) T) = T 1,
1
—>

K Ans.  Wdot = (ndot-AH)

7.31  Property values and data from Example 7.6:

Hy = 339160 S1 = 66858 - mdot = 50.05: X8

kg ' - kg'’K LoLosec
Hy 1= 2436.0-— Sp = 7.6846 —— Wdot = =56400-kW
T T ke T kgK ST
Ty = 300K By Eq. (5.26)

Wdotigeal := mdot:| Ho—Hy - To+(S2 - S1) ] Wdotigear = ~74084kW

Wdot

= —_—. Aﬂs-
Wdotidea

Nt -

The process is adiabatic; Eq. (5.33) become

Sdotg = mdot-(S2 - S1) Ans.

208



7.32  For sat, vapor steam at 1200 kPa, Table F.2:

Hy = 278275 S5 = 65194 —

The saturation temperature is 187.96 degC.
The exit temperature of the exhaust gas is therefore 197.96 degC, and
the temperature CHANGE of the exhaust gas is -202.04 K.

For the water at 20 degC from Table F.1,
| e L gy

‘Hy = 83.86-— St = 02963 ——

The turbine exhaust will be wet vapor steam.

For sat. liquid and sat. vapor at the turbine exhaust pressure of 25 kPa, the

best property values are found from Table F.1 by interpolation between 64

and 65 degC: _

Hiig = 272.’0-.;_-1(1 Hjy = '2346.-37;-1{—'{
o ke o ke

Stig = 0.8932-—— Siy == 6.939]:—— n =072
g = K =T K :

For isentropic expansion of steam in the turbine:

, 83 Siig ’ ,
S’y =87 X3 = — H'3 = Hfiq + x'3-Hyy
K Stv
o K k
8" 6‘519kg-1< x'3 = 0.811 H'3 = 2.174 x 10X
kg
AH,3 = n-(H'3 ~ Hp) H3 := Hy + AHys
kJ
AHy3 = ~437.996 — Hj = 2.345x 10° X
kg kg
Hs ~ Hiig S3 = Sy + x3-S
X7 = — = i X3
3 fry 3 lig 379y
S3 = 7.023 ——
x3 = 0.883 3 kg K
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For the exhaust gases: .n_dot 1 25 ,_n}g

o - 8ec
T} = (273.15 + 4006)-K Ty = ;_(2__73.1_5 +197.96) K
Ty = 673.15K To = 471.11K

MCPH(673.]5,47].11,3.34, 1.12. 10_3,0.0,0.0) = 3.9808

Mcps(673.15,471.11 ,3.34,1.12-10‘3,0.0,0.0) = 3.9741
MCPH := 3.9808 MCPS := 3.9741
molwt = 18 gm
- mol
T2
AHgqs = R-MCPH(T2 - Ty) ASgas = R-MCPS-In o
3 ki
AHpas = —6.687 x 10 ASgas = —11.791 —
gas * Y ol gas kmotK

Energy balance on boiler:

—-ndot-AH k
mdot == — 2= mdot = 0.30971 -£.

Hy — Hj sec
5 Ans,

(a) Wdot := mdot-(H3 — Ha)
(b) By Eq. (5.25): Tg := 293.15-K

Wdotidea] := ndot-AHg,q + mdot- (H3 - H1)
+-Tg- Lndot ASgaS + mdot- (S3 - Sl):)

Wdot
Wdotjgeal

Wdotijdeal = —314.302kW N¢ = Ans,

(¢} For both the boiler and the turbine, Eq. (5.33) applies with Q =0.

For the boiler:
Sdotg := ndot-ASgaq + mdot-(Sz -8 1)
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Boiler: Ans.
For the turbine: Sdotg := mdot-(S3 - S2)
Turbine: Ans.

(d)  Wdotjost poiler = 0-4534'%'%
Wdot)gst turbine ©= 0-1560'%'Tc
Fractionpgijer = %ﬁ—-ﬁi Ans.
) Wdot|ost turbine
Fractiongbine = leOtideaI|

Note that: n¢ + Fractionpgjjer + Fractionyrbine = I

7.34 From Table F.2 for sat. vap. at 125 kPa:

Hy = 2685.2:— 81 :=72847 ——
o ke S keK
. . . kJ
For isentropic expansion, S5 = §; = 7.2847.——
kg-K

Interpolation in Table F.2 at 700 kPa for the enthalpy of steam with this
entropy gives
Hy = 3'05_1-,3-1._{_—- 1= 0.78 AH:=—+— AH= 469.359—1{i

g n kg

Hs = H; + AH
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Interpolation in Table F.2 at 700 kPa for the entropy of steam with this
enthalpy gives

mdot = 25—k§ Wdot := mdot- AH
_ : sec

Ans,

7.35 Assume air an ideal gas. First find the temperature after isentropic
compression from a combination of Egs. (5.14) & (5.15) with C=10. Then
find the work (enthalpy change) of isentropic compression by a
combination of Eqs. (4.2) and (4.7) with C = 0. The actual work {enthalpy
change) is found from Eq. (7.20). From this value, the actual temperature
is found by a second application of the preceding equation, this time
solving it for the temperature. The following vectors contain values for
Parts (a) through (f):

(29815 - (101.33kPa) . (375kPa
1303151 "~ 1 100-kPa . 1'500:kPa .
To:=] "~ |K Py = e Po=| o
137315} v} 500-kPa e [ 1300-kPa
29982} | 1a7psi C | sspsi
\338.71 ~ U sspsi o L1ssepsi
(w0 Y (075
10 | |og0 g
' - o AS =0:- :
ndot := _ r—— 7= 0 ' '
: 50 .| sec .75, =16
0:5:453.59 | 1075,
\0.5-453.59/ ' 0.70

For the heat capacity of air:

0575107 °

K

A :=3.355 B: D = -0.016-10°-K°

1:=0.5 (guess)
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Given

AS = R-[A-ln(t) -{B-TO +

Tau(To,Po,P) = Find(t)

T = TOi'Ti

1cpH(298.15,431.06,3.355,0.575-107>,0.0,-0.016- 10
1cPHl353.15,464.50,3.355,0.575-107>,0.0,-0.016- 10
1cPH303.15,476.19,3.355,0.575-107 >, 0.0,-0.016-10

ICPH(373.15 ,486.87,3.355,0.575-10 3 ,0.0,-0.016-10
ICPH(299.82,434.74 ,3.355,0.575-10 3 ,0.0,-0.016-10

ICPH\338.71,435.71,3.355,0.575- 10 3 ,0.0,-0.016-10

472.123
398.669
[CPH i 617.403
479.494
345.980

—

n

408.647 |

(|04

i = Tau(Toi,Poi,Pi)

431.06
464.5
476.19
T= K
486.87
43474
435.71
5) = 472,123
5) = 398.669
5) = 617.403
5) = 408.647
5) = 479.494
5) = 345.980
3925.2
3314.5
AH' := R-ICPH AH' = ;zi;
3986.5
5233.6 2876.5
4735
AH - 6416.4 _J_
453¢ | mol
5315.4
4109.3
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1:= 1.5 (guess)

oo e a2t ). ()]
2 To J

Tau(Tg,AH) := Find(r) 1= Tau(Toi,AHi) Ti 1= To.%i

—
Wdot = (ndot-AH)

Ans.
736 Ammonia: T, = 405.7.K Poi= 112.8bar .= 0253
To:=2941SK  Pgi=200kPa P = 1000:kPa
AS = 0-— ! _ For the heat capacity of ammonia:
. molK
-3
.0206-10
A=3578  B=o20d0 D = -0.18610°K
K
To Py
Tig = — Trg = 0.725 Py = — P;o = 0.0177
Te P.

Use generalized second-virial correlation:

HRB(0.7250,0.0177,0.253) = -0.045843 HRBg := —0.045843
SRB(0.7250,0.0177,0.253) = -0.044781 SRBg := —0.044781

The entropy change is given by Eq. (6.83) combined with Eq. (5.15); C=0:

T:=1.4 (guess) SRB := 0.0 (starting value)
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Given

AS = R{A-In(z) J{B-To +—2 2.(1 ;’ lﬂ-(r _1)- h{%j

(1: - To)

+ SRB — SRBg

tau(SRB) := Find(t) T := tau(SRB)- Ty T = 416.907K

At the final P and this T, evaluate SRB:

P

T(T) = - T(T) = 1.028 P= — P, =0.0887
Tc PC

SRB(1.0276,0.0887,0.253) = —0.069844 SRB := —0.069844
Iterate for T:
T := tau(SRB) Ty T = 423.094K T.(T) = 1.043
SRB(1.0429,0.0887,0.253) = —0.066701 SRB := —0.066701
T :=tau(SRB)-To T = 422.814K T/(T) = 1.042
SRB(1.0422,0.0887,0.253) = —0.066841 SRB := —0.066841
T = tau(SRB)-Tg T = 422.83K T(T) = 1.0422

A further iteration is clearly not warranted. The enthalpy change for
this final T is given by Eq. (6.82), with HRB at the above T:

HRB(1.0422,0.0887,0.253) = —0.097461 HRB := —0.097461

1(:PH(294.15,422.83,3.578,3.020-10‘3,0.0,—0.186-105) = 580.487

ICPH := 580.487-K AH;g := R-ICPH AHjp = 4.826 %L
mol

AH':= AH;y + R-T-(HRB — HRBy) AH' = 4652.1 J_i
mo

The actual enthalpy change from Eq. (7.17):

L AH!'

1 = 0.82 AH = AH = 56732

n mol
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7.37

The actual final temperature is now found from Eq. (6.82) combined with
Eq. (4.7), written:

1:=14 (guess)
Given
B D (t-1
Al = R{ ATo(e— 1)+ B (2o 1)+ 2221
2 Tg T
+To(HRB — HRB)
tau(HRB) := Find(z) T := tau(HRB)-Tg T = 448.44K
T+(T) = 1.1054 Iterate for final T:
HRB(1.1054,0.0887,0.253) = —0.085587 HRB := ~0.085587
T := tau(HRB)- Ty T = 447.45K To(T) = 1.1029
HRB(1.1029,0.0887,0.253) = —0.086005 HRB := —0.086005
T := tau(HRB)- Ty To(T) = 1.103 T = 447.48K Ans.
SRB(1.1030,0.0887,0.253) = —0.056033 SRB := —0.056033
T = l T =1.521
To
D
AS := R-{A-Infz) +| B-To + 2-[1 hi lj (r-1)- 1n[~P_J
(‘E*To) 2 Po
+SRB - SRBy |
Ans

Propylene: T := 3656 K Pg 1= 46.65-bar ® = 0.140

To == 303.15K Pg := 11.5-bar P = 18bar
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For the heat capacity of propylene:

AS =
27061070 6915107

A = 1637 B : : .
K K

Tg Po
T := T Trg = 0.8292 Pyy == — Pro = 0.2465

C

Use generalized second-virial correlation:
HRB(0.8292,0.2465,0.140) = -0.407390 HRBg := -0.407390
SRB(0.8292,0.2465,0.140) = -0.336760 SRBg := —0.336760

The entropy change is given by Eq. (6.83) combined with Eq. (5.15} with b = 0:
1:= 1.1 (guess) SRB := 0.0 (starting value)

Given

AS = R+ A-In(1) J{B-To +C-T02-(TT“H-(~C -1)- ln(Pﬂj
0
+SRB — SRBy

tau(SRB) := Find(x) T = tau(SRB)-Ty T = 307.44K

At the final P and this T, evaluate SRB:

T p |
TH(T) = Te(T) = 0.8409 Pri= P, = 0.3859
C C

SRB(0.8409,0.3859,0.140) = —0.504780 SRB := —-0.504780

Iterate for T;

T := tau(SRB)-To T = 327.1K T(T) = 0.8947
SRB(0.8947,0.3859,0.140) = -0.417439 SRB := —0.417439
T := tau(SRB)-Tg T = 323.67K Te(T) = 0.8853
SRB(0.8853,0.3859,0.140) = -0.431052 SRB := -0.431052
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T := tau(SRB)-Tp T = 324.2K T:(T) = 0.8868

SRB(0.8868,0.3859,0.140) = -0.428838 SRB := —0.428838
T := tau(SRB)- T T = 324.12K Tp(T) = 0.8865

The enthalpy change for the final T is given by Eq. (6.82), with HRB for
this T:

HRB(0.8865,0.3859,0.140) = —0.553900 HRB = -0.553900

1(:PH(303.15,324.12,f.637,22.706-10“3,—6.915-10‘6,0.0) = 169.394

| ]
ICPH := 169.394-K AMig = RICPH  AHjg = 1408 x 10° =
mo
J
AH := AHjg + R-To-(HRB - HRBg) AH = 963 —
mol

The actual enthalpy change from Eq. (7.17):

R AH' . . J .
=080 AH = — Al = 1203.8 —
o M mol
ndot == 1000- 2% Wdot := ndot-AH / Ans.
| S sec '

The actual final temperature is now found from Eq. (6.82) combined with
Eq. (4.7), written:

T = 1.1 (guess)

Given

-
AH = R- A-To-(T - l) + —l;--Toz-(‘Ez - 1) + %‘T03-(t3 - 1)
+Te(HRB —~ HRBo)

|

tau(HRB) := Find(z) T = tau(HRB)- Ty T = 327.61K
Te(T) = 0.8961 Iterate for final T:
HRB(0.8961,0.3859,0.140) = —0.541586 HRB := -0.541586
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T := tau(HRB) T T = 327.07K TA(T) = 0.8946
—0.543481

HRB(0.8946,0.3859,0.140) = —0.543481 HRB :=
‘ K Ans.

T := tau(HRB)- Ty

7.38 Methane: T, := 190.6K P = 45.99-bar o := 0.012
To :=308.15K Py = 3500-kPa P := 5500-kPa
AS = 0. ' _J : For the heat capacity of methane:
- molK
9.081-10° 2.164-107 6
= 1.702 Bi=—"— —— C = ——2———
K K
To Po
Ty = — T = 1.6167 Py i=— P,g = 0.761
Tc PC

Use generalized second-virial correlation:

HRB{1.6167,0.7610,0.012) = -0.323718 HRBy = —0.323718
SRB(1.6167,0.7610,0.012) = —-0.147859 SRBg = —0.147859
The entropy change is given by Eq. (6.83) combired with Eq. (5.15) with D= 0:

t:=1.1 {guess) SRB := 0.0 (starting value)
joul
R = 8.314. 222
mole-K

Given

2(t+1 P
AS = R:| A-In(7) J{B-TO +C-Ty -(Tﬂ-(r —1)- ln(—};’—]

4
+SRB — SRBy

tau(SRB) := Find(<) T := tau(SRB)-Ty T = 330.31K

At the final P and this T, evaluate SRB:
T P

== LH=173 D= D - 11050

c P
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SRB(1.7330,1.1959,0.012) = -0.193845 SRB := —0.193845

Iterate for T:

T := tau(SRB)-Tg T = 344.78K T,(T) = 1.809
SRB(1.8090, 1.1959,0.012) = —0.173321 SRB := -0.173321
T := tau(SRB)- Ty T = 343.24K To(T) = 1.8008
SRB(1.8008,1.1959,0.012) = —0.175386 SRB := —0.175386
T := tau(SRB) Tp T = 343.39K To(T) = 1.8016
SRB(1.8016,1.1959,0.012) = —0.175183 SRB := —0.175183
T := tau(SRB) T T = 343.38K T(T) = 1.8016

The enthalpy change for this final T is given by Eq. (6.82), with
HRB found at this T:

HRB(1.8016,1.1959,0.012) = -0.411331 HRB := -0.411331

3

ICPH(308.15,343.38,].702,9.081‘ 107>, -2.164-10" 8 ,0.0) = 156.083

J
ICPH := 156.083-K AHje = R-ICPH  AHj = 1.298x 103—
mol
J
AH':= AH;q + R-Tc-(HRB - HRBO) AH = 1158.8—
mol
The actual enthalpy change from Eq. (7.17):
AH'
1 =078 AH = — AH = 1485.7—{—
n mol]
mol

ndot := 1500-22  Wdot := ndot-AH
: . sec

The actual final temperature is now found from Eq. (6.82) combined with
Eq. (4.7), written:

t:=1.1 (Gness)
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Given

AH=R| ATl —1)+ g--"roz-(rz 1)+ %-T(f-(«f )
+Te(HRB -~ HRBy)

tau(HRB) := Find(r) T := tau(HRB)-Tg T = 351.93K
T:(T) = 1.8464 Iterate for final T:
HRB(1.8464,1.1959,0.012) = -0.391513 HRB := —0.391513
T := tau(HRB)-Tg T =351.11K Te(T) = 1.8422
HRB(1.8422,1.1959,0.012) = —0.393317 HRB := —0.393317

T = tau(HRB) Ty

7.39 From the data and results of Example 7.9,
TU=O9ISK Ty MRESK Pi L0MPR Py S0P

‘Work :=:5288.3.— Tg.:=293.15K R := 8.314-
e ooomol o mol-K

3

ICPH(293.15,428.65,1.702,9.081-10w ,—2.164-10" 6,0.0) = 636.059

ICPS(293.15,428.65,1.702,9.081-10“3,—2.164-10“5,0.0) = 1.77134
ICPH := 636.059-K ICPS = 1.77134
AH := R-ICPH AH = 52882

mol

P2 I
AS := R:| ICPS ~ In] — AS = 3.201
Py mol-K

Since the process is adiabatic: S := AS
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Wigst i= Tg-AS Ans.
Wideal
- Ans.
L Work
742 Pl:='latm Tl = (35+273.15)K T1 = 308.15K
P2 := S0atm T2 = (200 + 273.15)K T2 = 473.15K
N = 0,65 Vdot = 0.5— Cp=3.5R
_ o= O ] |
R-TI Vdot
Vi=——r ndot = 0 ndot = 19.7‘7‘5E?—1
Pl v sec

With compression from the same initial conditions (P1,T1) to the same
final conditions (P2,T2} in each stage, the same efficiency in each stage,
and the same power delivered to each stage, the applicable equations are:

1

N
= P2 (where r is the pressure ratio in each stage and N is
Pl the number of stages.)

Eq. (7.23) may be solved for T2prime: T2 := [ (T2 - T1)-n + T1]

T2 = 4154K Eq. (7.18) written for a single stage is:
RI
P2 N-Cp
T2 = Tl‘[ﬁ} Pat in logarithmic form and solve for N:

P2
g D ({q) ... (a) Although any number of
N = o T N:=3.743.  stages greater than this would
P m(ﬂ) serve, design for 4 stages.
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7.44

1

p2\N
(b) Calculate r for 4 stages: N:=4 r:= (ﬁj r=2.659

Power requirement per stage follows from Eq. (7.22). In kW/stage:

R
ndot-Cp-T1-L+P — 1

n
(c) Because the gas (ideal) leaving the intercooler and the gas entering the

compressor are at the same temperature (308.15 K), there is no enthalpy
change for the compressor/interchanger system, and the first law yields:

Qdot, := ~Wdot;

Wdot; := Ans.

Heat duty = 87.94 kW/interchanger
(d) Energy balance on each interchanger (subscript w denotes water):

With data for saturated liquid water from the steam tables:

kJ
AHy, = (188.4 — 104.8)-—  AH, = 83.6—@-
kg kg
| Qdoty| | Cokg .
mdoty, ;= (in each interchanger)
AI_I\N
R :=8314 |
{300 (20 ofaea) e} < (35)
TI=[295) Pli=|12) 12:2/455| P2=16| Cpi=|45|R
ool o odnr o fsos| sl lss)
AH := [Cp-(T2~T1)] Ideal gases with constant heat capacities
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7.47

N
>

(7.22)

Ans.

3.219x 10°

3.729x 10°

AHg = 4.745x 10°

5.959% 10°

4.765% 10°

The following vectors contain values for Parts (a) through (e). Intake

conditions first:

(298.15)
363.15
Ty =1333.15 |K
| 29426 |
366.48.

{2000-kPa >
| 5000-kPa
=1 5000-kPa
: :'20;étm_- -
A 1500-psi )

.
i

- {075
oo

©'1"200-kPa.
= .20_'-RPa

- 1-atm

1.0.75
{070
0.75/

224

_ 15;'psi _

|30k |
mdot = ISkg
5o )
| 80-1b

- [257.2)
16962 |

A P S

2173

(k)

8ec

< \naz)



From the steam tables for sat.liq. water at the initial temperature (heat
capacity calculated from enthalpy values):

(1003} (435
1036 |, S 420
) ent e kg
V= 1017 = Cp:=| 420 |—v
| | em .o | KeK
1:002 | © 1485
\1.038) \ 4.20 ;
T
By Eq. (7.24)  AHg:=[V:(P2-P}}]
1.906
4.973
AHg = | 5.065 |
kg
1.929
10.628

2.541
7.104

AH = | 6.753 Ej—
2.756
14.17

0.188

AH - V+(1-B-T)-(P2 - PT)

0.807
AT =10.612

By Eq. (7.25) AT =

Cp

—_—
Wdot := (AH -mdot)

—>
Tz = (TI + AT) Ty =

225

298.338 )
363.957
333.762
294.487

367.986

0.227
1.506

Ans.



7.48

degC

T2
th =1 —=-1.8 — 459.67
K

Results from Example 7.10:

g _ » -
AH = 11.57-= W= 11.57-_—13{ AS = 0,0090: ———
i Wideal

Tg 1=300:K Wideal == AH — T5-AS N = \‘;a
Ans. Ans,

Since the process is adiabatic.

Sg = AS

Ans.

Wiost i= Tg-AS
” ° Ans,
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| 36276

1 3635 4 2

3475-.6--.151—' -
e k

kg
'3”"'35'29.'675
kg‘ :
K
kg

g .

1507 0- Erllj-

m

‘BTU

- 15588-—~—~—

Sat. lig. and sat. vap. values from Tables F.2 and F.4 @ P3 = P4:

3 ; '419.064_-‘4—

1 1918322
e

b )

ok
191,832. 50

kg
9]

| 2514532
ke

kg

.m.

BTU

A m

| 180.17.57Y

69,73 ——

NI

| 258482

S 11505T~

690135

. egags
-k :

gK

| .'-6.987'5. o
oo keKo
‘59145 -—m—kj
e
15595 AT

l\ lbm l*ankme

2584 g )

kg
26‘09§9ﬂ-"-1§"__, .
kg
ke
n 326-_76.015]- __
BTU

.m'

11058-1—31—1‘2-

m

lbm rankme |




Chapter 8 - Section A - Mathcad Solutions

8.1  With reference to Fig. 8.1, SI units,
At point 2: Table F.2, Hy := 3531.5 Sz= 69636
At point 4: Table F.1, Hy :=209.3

At point 1: Hji = Hyg

At point 3: Table F.1, Hjq = Hy AHjy, = 2382.9

X33x 096 H3 = H]iq+ X3-AI—{}V H3 = 2496.9
Stiq = 0.7035 ASyy =7.3241

For isentropic expansion, S'3:= S

S'3 — Sy
K3 = o4 X3 = 0.855
ASIV
H'3 == Hjjq + x'3:AHjy H'3 = 2246
Hs; - H»
Nturbine = T Ans.
H'; ~Hp
Ws:=H3z-Hp Qu:=Hx-H
W, = —1.035x 10° Qg = 3322x 10°
Wl
TNeycle = On Ans.

8.2 mdot := 1.0 (kg/s)
The following property values are found by linear interpolation in Table F.1:
State 1, Sat. Liquid at TH: HI := 860.7  S1:=23482  Pl:=3.533

State 2, Sat. Vapor at TH: H2 _:::_"2'792_'0 S2 :64139 P2 e 3533
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8.3

State 3, Wet Vapor at TC: Hlig := 112.5 Hvap := 2-550,6 P3 = 1616.0
State 4, Wet Vapor at TC: Slig := 0.3929 Svap := 8.5200 P4 -:=_-.'161_6.0
(a) The pressures in kPa appear above.

{b) Steps 2--3 and 4--1 (Fig. 8.2) are isentropic, for which S3=S2 and S1=584,
Thus by Eq. 6.73):
2 _ QI
3 o S Sh(%
Svap — Slig
(¢) The rate of heat addition, Step 1--2:

. S1-Slig
" Svap - Slig

Qdot12 := mdot-(H2 — H1) (kJ/s)

{(d) The rate of heat rejection, Step 3--4:
H3 := Hlig + x3-(Hvap — Hliq) H4 := Hliq + x4-(Hvap — Hliq)}

H4 = 699.083

H3 = 1919x 10°

(kJ/s)

Qdot34 := mdot-(H4 — H3)

(e) Wdotl2:=0 Wdot34 := 0
Wdot23 := mdot-(H3 — H2)
Wdot4] := mdot-(HI — H4)

| Wdot23 + Wdot41

@ m Qdot12

Note that the first law is satisfied:
2Q = Qdot12 + Qdot34 W = Wdot23 + Wdotdl
ZQ+ZW =10

The following vectors contain values for Parts (a) through ().

Enthalpies and entropies for superheated vapor, Tables F.2 and F.4 @ P2 anc
T2 (see Fig. 8.4):
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_03121

' 0 1326-

kJ

kgE?
 0332L—Ei+f73

o kgK
0. 5493 _EJ_.. .

- _kg_-K
kg L
'BTU‘if
lbm rankme

BTU 3

Ibm rankme y,

230

.ntlirbme =

_foso\
1075
osof
1078
1078

jigéE81§i1'uﬂm_;:H_
{qi79094-———{; '
"fi”f7568

1 9781

kI
kg-K
kJ
kgK -
g
ke K

kKo

“BIU"
lbm rankine
BTU-
lbpyrankine

Mpump =

~ lors

- oso)

075

0.75 .
1 0.80,
0.75.

:

)



{ 10-kPa

| 10kPa
| 101.33-kPa.

 20kPa

2

1-psi

Hj == Hq+ Wpump

(80 ) ~ {10000-kPa
100 | - 7000-kPa-
IR LRI | 8500-kPa
Wdot 1=~ -107:kW Pri={ o Pa =
Soorso 6500-kPa
{50 950-psi
RE \ 1125-psi
_—
W pump = —_—Vliq'(Pl e Hy o Hy
N pump 4 += Hliq
_—
S3=5; X3 = 52~ Siiq

Svap - Sliq

H3 = [Hz + Nurbine (H'3 = Hz)j

N
F

'Y
7

H% = [Hliq + X'3'(Hvap - Hliqn

Wiurbine = H3 — H2

Wdot
Wiurbine + W pump

mdot =

Qdoty = (|Hz — Hy| -mdot)

>
t

Qdotg = Qdoty + Wdot

Answers follow:
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—
. [Wdotl
" Qdoty
8.4 Subscripts refer to Fig. 8.3.
Saturated liquid at 50 kPa (point 4)
' 3 . _ P4 :=3300-kPa
V4 = 1.030- 22 Hy o= 340,564 T
K gm _ kg Py :=50-kPa
Saturated liquid and vapor at 50 kPa:
o kI
Hjjq .= H Hyap i=.2646.0-—
lig 4 vap . kg
L K . o kJ
kJ
By Eq. (7.24), Wump = Va-(P4— P1) Wpump = 3.348£—
g
kJ
g

The following vectors give values for temperatures of 450, 550, and 650 degC:

{33406 ) 7.0373)
Hy = | 3565.3 | = Sy = | 73082 |- 2
o g kgK
3792.9 7.5891
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S'3 = Siig

S'3:=8» X'y = ——
3 Svap — Slig
H7 = Hliq + X’3'(Hvap - Hliq) Wurbine = H'3 —Ha
Qy = (H2 _ Hl) N = thurbine + Wpumpl
Qu

Ans.
8.5 Subscripts refer to Fig. 8.3.
Saturated liquid at 30 kPa (point 4)
Vi = 1.022— Hy = 289.302.— Py = 30-kPa
Saturated liquid and vapor at 30 kPa:
Hliq =Hy Hvap : 26254@
SR 1 K
Stig :==.0.9441-—— Svap 1=.7.7695 -
S keK 0 keK

By Eq. (7.24), Wpump = [ V4-(P4— P1)]

294381
Hy = Hq + Wpump H = 296.936 L)

299.491
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8.0

The following vectors give values for pressures of 5000, 7500, and 10000 kPa
at 600 degC

- (36645) (ras78)
Hp = 36437 |- S3:=17. 0526 e
Co\36227) {69013
S'3 - Sj
8'3 = Sf)__ X'3 = __.__._..._.J
Svap - Sliq
H's == Hijq + X‘3-(Hvap - Hliq) Wiurbine := H3 — Ha
Qy = (H2 - H]) _ |Wturbine + Wpump!
n =
Qu
Ans,
From Table F.2 at 7000 kPa and 640 degC:
H1 w37664—k1 81 _72200—k-1_ S =S
| kg kgK
For sat. hq and sat. vap. at 20 kPa:
_ g
kg kg
kJ . 4
Shq = 0 8321 — Svap =17. 9094 —
kg'K kg K

The following enthalpies are interpolated in Table F.2 at four values for
intermediate pressure P2:

(725 o (30239Y)
1750 | 130325 |
Pr:=1". -kPa H7 = —ki
Coi77s 130409 | kg

800, - \soa90)
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n = 0.78 Wiz :=n-(H2 - Hi) Hy = H) + W12

-579.15 3187.3 7.4939
-572.442 | kJ 3194 | kJ 74898 | I
W12 = — Hp = e S5 = .
—565.89 kg 3200.5 | kg 7.4851 | kg'K
-559.572 3206.8 7.4797

where the entropy values are by interpolation in Table F.2 at P2.

x'3 1= %__—S;i H'3 := Hiig + X‘s-(Hvap - Hliq)
W3 :=n-(H'3 - Ha) -20.817

~7.811 | kI
AW = Wiz = Wa3 Sl P

17.723

The work difference is essentially linear in P2, and we interpolate linearly {o
find the value of P2 for which the work difference is zero:

AW
linterp T ,P2, 0.0} = 765.16kPa (PZ)
(&J
Also needed are values of H2 and 82 at this pressure. Again we do linear
interpolations:

linterp(Pz,Hg,765.16-kPa) = 3197.95{ H.g. = 31‘97._.'9:!(—'I
kg ke
linterp (P, S2,765.16-kPa) = 7.4869 L Sp = 74869 —

We can now find the temperature at this state by interplation in Table F.2,
This gives an intermediate steam temperatare t2 of 366.6 degC.
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The work calculations must be repeated for THIS case:

Wiz =Hy-H;
kJ

Wis = —568.5 —
kg

H’3 = Hjjq + X'3'(H‘-’ap - Hiiq)

kJ
Hs = 2.469 % 10° —

kg
Work := Wiy + Wo3

, S2 — Sliq
X3 1= ——————
Svap - Sliq
x3 = 0.94

W3 = n-(H3 - Hy)

kJ
Wo3 = ~568.46 —

kg

Work = ~11375
kg

For a single isentropic expansion from the initial pressure to the
final pressure, which yields a wet exhaust:

, S1 - Siig
X3 1= ———————
Svap - Sliq
x'3 = 0.903
W' = H'3 - Hy

Whence the overall efficiency is:

Work
W!

Noverall ==

236

H'5 := Hiig + XIS‘(Hvap - H]jq)

kJ
Hy = 2.38x 10° —
kg

W= 71386.2£

kg

Anmns.



1 ' 1k 2
‘“—‘{ Boiler } 2 '

From Table F.2 for steam at 4500 kPa and 500 degC:

Hp :='3439.3— S2 =7.0311—— S'3:=8

S ke o0 keK

By interpolation at 350 kPa and this entropy,

H'3 = 2770.6-— n = 0.78 Wi :=n-(H3-Hp)

H; := Hy + Wy Hy = 2918x 109wy = -521.5862
kg kg

Isentropic expansion to 20 kPa:

S§'4:=5o Exhaust is wet: for sat. liq. & vap.:

Hiig < _251.453_-;11‘:—; Hv;p :%_260.959--?{%

Siig = 0;8_321--.]5’% Svap i=__7;90947f?—1(f
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: S'4 — Sjig , ‘
X4 = ————— HY4 == Hjjq + X4‘(Hvap - an)
Svap - Sliq K
v 3K
k]
Ha 1= Hp +1-(H4 - Hp) H4_2564x103k—
g
3 | o
Hs:=Hjiq  Vs:=1017—  Ps:= 20:kPa Ps := 4500-kPa
T R m 5 2= 2L — VR
Vs-(Pe - Ps)
n
kJ kJ
W = 5841 — Hg = 257.294 —
pump ke 6 kg

For sat. lig. at 350 kPa (Table F.2):

Hy == 584.270-— t7:=13887  (degC)
We need the enthalpy of compressed liquid at point 1, where the pressure is
4500 kPa and the temperature is:

t; == 138.87 -6 Ty = (ty +#273:15) K t) = 132.87
At this temperature, 132.87 degC, interpolation in Table F.1 gives:
' kJ o R, .cm3
Hsat ]]q = 558 5 — Psat = 294.26'kPa Vsat hq = 1 073 —_
kg - gm.

Also by approximation, the definition of the volume expanswﬁy ylelds

1 (1.083-1.063) cm’
B = : . Py :=Pg
Vsat.lig 20 J gmK
41
B=932x10 %=
K
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3.8

By Eq. (7.25),
kJ
Hj = Hsatlig + Vsat.liq'(l - B'Tl)'(Pl - Psat) H = 561'305;

g
By an energy balance on the feedwater heater:
H;-H
mass = ———-kg 038k Ans.
Hz - H~
Work in 2nd section of turbine:
W1 = (1-kg — mass)-(H4 - H3) Wi = =307.567kJ
Whet = {W1+ Wpump)- 1-kg + Wy Whet = ~823.3kJ

Qu = (Ha - Hy) 1 'ke

W
Qu = 2878KJ n = [Waed

Qu

Ans.

Refer to figure in preceding problem.

Although entropy values are not needed for most points in the process, they are
recorded here for future use in Problem 15.8.

From Table F.4 for steam at 650{psia) & 900 degF

H2 = 1461 2 — Sz 1 6671 ——-——-—-~—-U S3:=87
b, ' ~ ‘lbyyrankine
By interpolation at S0(psia) and this entropy,
o ~BTU -
_H_ S 11804——— n =078 Wi :=T]-(H'3—H2)
o by
BTU T

Hs := Hp + Wy H3z = 12422 —— Wi =-219. 0248—E
5= 1743121 __

lbm rankme
Isentropic expansion to 1(psia): S'4 =85

Exhaust is wet: for sat. lig. & vap.:

~BTU :
th —6973-—— Hvap = 1105313_19
. o dom | o
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Shq = 0 1326
1bm ranklne
, S4 Shq
Xy =
Svap - Sliq
X4 = 0.831

Ha - Hijg
X4 =
Hvap - H1iq
x4 = 0.944
Pg = ]-pSi
W Vs-(Ps - Ps)
pump -~
N
For sat. liq at 50(psia) (Table ¥.4):
BTU
H‘7 = 250 21 i
Tbm

svap = 1 9781

BTU -
Ibm rankme

Hly == Hyjq + X'4'(Hvap - HIiCI)

Hy = 931 20421Y
Ibm
Hy = 10478209
by

S4:= Sliq + x4‘(Svap - Sliq)

BTU
lbyy-rankine

TU
Sq = 1.8748——8—-_——
ibyy rankine
Hs = Hijq Vs :=0.0161-—
BTU
by
BTU
Hg := Hs + Wpump He = 72. 219—
t7 := 281.01 S7 = 0.4112.

We need the enthalpy of compressed liquid at point 1, where the pressure is

650(psia} and the temperature is

t; 1= 281.01 — 11

At this temperature, 270,01 degF, interpoiation in Table F.3 gives:

Pgat := 41.87-psi

BTU
Hsa_t hq = 238 96 -

by

Ty = (tl_ +4f59.:67)_-fankine t; = 270.01
Vsét.li-q = 0.17 1-7-—~ﬁ~4~—_
' .BTU
Ssat hq = 0 3960 D I
lbm rankme
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The definition of the volume expansivity yields:

g ! [0.01726 - 0.01709) i
B Vsat.lig 20 by rankine
— 5
B =495x 10 ,
rankine

By Eq. (7.25) and (7.26),

Hy = Hsat.iiq"*‘ Vsat.liq‘(] - B‘Tl)‘(P] - Psat)

Sy:= Ssatlig + Vsat.liq'B'(Pl - Psat)
By an energy balance on the feedwater heater:

H; - Hg

e . |b
H3-H;

mass :=
Work in 2nd section of turbine:

Wi = (l-lbm— mass)-(H4 - H3)
Waet = (W1 + Wpump): I + Wy
Qn = (Hz — Hi) IIoy

| Wnet
QH

Ans,
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P; :=Ps
B
Hy = 257.6 020
Ibm
BT
S = 0.397—*U_
by rankine

Wi = -158.051 BTU

Whet = ~374.586 BTU

Qu = 1.204x 10°BTU



8.9

Steam at 6500 kPa & 600 degC (point 2) Table F.2:

Hy = 3652:1-2 Sp.= 7.1‘25-8--+~l-(-J-4- P2 1= 6500-kPa
| "~ kg 0 kegK -
At point 3 the pressure must be such that the steam has a condensation
temperature in feedwater heater I of 195 degC, 5 deg higher than the
temperature of the feed water to the boiler at point 1. Tts saturation pressure,
corresponding to 195 degC, from Table F.1, is 1399.0 kPa. The steam at point 3
is superheated vapor at this pressure, and if expansion from P2 to P3 is
isentropic,

S'3:=52 By double interpolation in Table F.2,
H'5 .= 3.142;6-; n :=0.80 Wi = Tl'(H'3 - Hz)
. ke
kJ k]
Hs = Ha + Wy Hs = 3244x 10°— W] = —407.6—
kg kg
From Table F.1: Hip:= 829.9‘-}9—
o ke

Similar calculations are required for feedwater heater II.
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At the exhaust conditions of 20 kPa, the properties of sat. lig. and sat.
vap. are:

ST 4 | _ ki X cm
Hijq =='251453:-— Hyap = 2609.9-— Vg =1.017-—
T ke o ke T gm
R ¢ | Lo kJ
Stiq = 0.8321 Svap = 79094 oo
Slig - kg-Kz vap: | _ kg-K
If we find t7, then t8 is the mid-temperature between t7 and t1(190 degC), and
that fixes the pressure of stream 4 so that its saturation temperature is 5 degC
higher. At point 6, we have saturated liquid at 20 kPa, and its properties frem
Table F.2 are;
tsat := 60.09 Tsat = (tgat +273.15)-K
Hg = Hijq Ve = Viig Pg :=20-kPa
Ve (Pz - P6)
n
W = 8.238 K AHg7 == W
pump . kg 67 -= YYpump
We apply Eq. (7.25) for the calculation of the temperature change from point 6
to point 7. For this we need values of the heat capacity and volume expansivity
of water at about 60 degC. They can be estimated from data in Table F.1;
I (1.023-1.012) cm’ 272.0-2302 kI
B = . . CP = .
Viig 20 gm-K 10 kg'K
-4 1
B =5408x 10 4= Cp = 4.18—
K kg K
Solving Eq. (7.25) for delta T gives:
st 67 = Viig-(1 ~ B-Tsat)-(P2 ~ Po)
67 - Cr ATg7 = 0.678K
ATe7 190 - t5
17 = tgas + 9 :=*2—-+t7 1§ :==tg+ 35
t7 = 60.768
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tg = 130.38 From Table F.1: HS = 547 9 —

. ke
Hy := Hijq + AHgy to = 125.38 To = (273 15 +to)K
kJ
Hy = 259.691 —
kg

At points 9 and 1, the streams are compressed liquid {(P=6500 kPa), and we
find the effect of pressure on the liquid by Eq. (7.25). Values by
interpolation in Table F.1 at saturafion temperatures t9 and 1:

: <. 3
Hsat 0:=5266—  Veuoi= 1.065- 20 Peato = 234.9:kPa
kg b gm '
Hsatl 1= 807 5 — Vet = 1.142: — Psar1 == 1255.1-kPa
crn3 cm3
AVg = (1.075 - 1.056)-—— AVy = (1.156 - 1.128)-—
gm gm
. 1 AV 1 AV
AT = 20-K 69 = et Bl = —
o Vsatlg AT Vsat.l AT
By — 892x 107 4. By = 1226x 1073
o K P K
kJ
Hg 1= Hsat0 + Vsato-(1 - Bo To)- (P2 — Psar) Hg = 530. 9;;
Ty = (273.15+ 190)-K Ty = 463.15K
k¥
M} = Heg + Vsat1(1 = B1-T1)-(P2 — Par1) Hy = 810.089.
Now we can make an energy balance on feedwater heater 1 to find the
mass of steam condensed:
Hi — Hog
my = —— kg Ans.
H3 -Hyg
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The temperature at point 8, t8 = 130.38 (see above) is the saturation temperture
in feedwater heater II. The saturation pressure by interpolation in Table F.1 is
273.28 kPa.

Isentropic expansion of steam from the initial conditions to this pressure results
in a slightly superheated vapor, for which by double interpolation in Fable F.2;

kJ
Hy = 2763.2-? Then Hy .= Ho + n-(H'4 - Hg)
g

Hy=2041x 1002
kg

We can now make an energy balance on feedwater heater II to find the mass of
steam condensed:

(Ho - H7)- 1-kg — mp(Hyg - Hg)
Hs - Hg

Ans.

myy =

The final stage of expansion in the turbine is to 20 kPa, where the exhaust is wet.
For isentropic expansion,

. Sy - Sliq \ \
X5'= H's := Hjjq + XS‘(Hvap*"Hliq)
Svap - Sliq
X5 = 0.889 Hs = 2349 % 10° 2
kg
. : kJ
Then Hs := Ha + n-(IT's - Hp) Hs = 2609.4—
kg
The work of the turbine is;
Wiurbine := Wr-1-kg + (1-kg — my)-(Hs - H3) ...
+ (l-kg —my— mH)-(H5 - H4)
Wiurbine = ~936.2k/ Qu:=(H2-Hi)lkg  Qu=2842x 10°kJ

Wiurbine + Wpump' 1 -kgl
Qu

Ans.
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8.10

Isobutane: Tc = 408 1- K Pc = 36 48 bar 0) = 0 181

For isentropic expansion in the turbme, let the mmal state be represented by

symbois with subscript zero and the final state by symbols with no subscript.
Then

T := 533.15K Pp:=4800-kPa P := 450-kPa

AS =0 1 For the heat capacity of isobutane:
- molK
37.853-10 ° ~11.945.107°
A = 1.677 B=""T" " Co=— >
K K
To Py
Ty = — Ty = 1.3064 Prp := — Prp = 1.3158
T. Pe
Use generalized second-virial correlation:
HRB(1.3064,1.3158,0.181) = -0.868161 HRBg := -0.868161
SRB(1.3064,1.3158,0.181) = —0.486134 SRBg := -0.486134

The entropy change is given by Eq. (6.83) combined with Eq. (5.15) with D = :

T := 0.8 (guess) SRB := 0.0 (starting value)
Given
2{t+1 P
AS = R A-In(t) +| B-Tg + C-To™ {t=1)=In| —1 ..
2 Py
+SRB - SRBg
tau(SRB) := Find(z) T := tau(SRB)-Tg T = 452.5K
At the final P and this T, evaluate SRB:
T P
To(T) 1= — T,(T) = 1.1088 P, = — P, = 0.1234
TC PC
SRB(1.1088,0.1234,0.181) = -0.073105 SRB = -0.073105
T := tau(SRB)- Tg T = 454.52K T(T) = 1.1137

Aithough if will make little difference, we now recalculate SRB at this temperature:

SRB(1.1137,0.1234,0.181) = -0.072162 SRB = -0.072162
T :=tau(SRB)- Ty T = 454.49K T(T) = 1.1137
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A further iteration is clearly not warranted.
The enthalpy change for this final temperature is given by Eq. (6.82), with HRB at
the above T:

HRB(1.1137,0.1234,0.181) = —0.113300 HRB := -0.113300
ICPH(533.15,454.48, 1.677,37.853-107 >, -11.945 10”5,0.0) = —1372.822
J

ICPH = -1372.822.X AHj = RICPH  AMj, = —1.141x 104—7
mo

AHgurbine = AHig + R-Te: (HRB - HRBg)

AHtu.rbine = “’8852-4‘1‘“5 Wiurbine = AHmrbine:

The work of the pump is given by Eq. (7.24), and for this we need an estimate of
the molar volume of isobutane as a saturated liquid at 450 kPa. This is given by
Eq. (3.63). The saturation temperature at 450 kPa is given by the Antoine
equation solved for t degC:

VP := 450-kPa
Ayp = 1457100 Byp = 2606.775 Cyp = 274.068
Bvp
{ o= 55~ Cvp t = 34 T := (t+273.15)-K
—Inl ——
Avp =~ I = T = 307.15K
o emd T
Ve i=2627-—— Z¢ = 0.282 Tri=— T, =0753
0.2857 3
1-T,
Viig = vc‘zc[( ) ] Viig = 112.36 ——
mol
: J
Wpump = Viig(Po - P) W pump = 488.8 ——
mol

The flow rate of isobutane can now be found:

1000-kW
Wiurbine + Wpump

mdot ;=

Ans.
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The enthalpy change of the isobutane in the cooler/condenser is calculated in
two steps:

a. Cooling of the vapor from 454.48 t0 307.15 K

b. Condensation of the vapor at 307.15 K

Enthalpy change of cooling: HRB at the initial siate has already been calculated.
For saturated vapor at 307.15 K:

307.15-K
Tpi= — 2 T, = 0.7526
Te

HRB(0.7526,0.1234,0.181) = —0.265848 HRBgy := —0.265848

ICPH(454.48,307.15, 1.677,37.853-107°,—11.945.10" 6,0.0) = -2112.435

JCPH := —2112.435-K AHjg == RICPH A = —1.756 T
mol

]
AH, 1= AHj, + R-T¢(HRBgy; — HRB) AH, = —18080 —

mol

For the condensation process, we estimate the latent heat by Egs. (4.12) and (4.13):

T, = 261.4K Ten == — Ty = 0.641
P¢
RTy1.092| Inf —— | - 1.013 .
AH,, = d AH, = 2.118x 10% —L
0.930 - Ty mol

[ _, 038 ;
AMy, = —AHL, AHyp, = 18378 —

1 =T mol
Qdot oyt := mdot:(AH, + AH)

_ 1000-kW

Qdoty, = |erhine+ Wpumpi -mdot + ‘Qdot0m| n =

Qdotin
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8.11 Isobutane: T, := 408.1'K P, := 36.48-bar ® = 0.181

For isentropic expansion in the turbine, let the initial (inlet) state be
represented by symbols with subscript zero and the final (exit) state by

symbols with no subscript. Then LTt
To:=413.15K  Po:=3400kPa P = 450kPa  molwt:= 58123

£n
mol

AS := 0. ! : For the heat capacity of isobutane:
- .molK
37.853-107° ~11.945.107°
A = 1677 Bi=" e ———
K K2
To Py

T = — To = 1.0124 Py = — Prg = 0.932

C Pe
Use Lee/Kesler correlation for turbine-inlet state, designating values
by HRLK and SRLK:
HRLKg := -1.530 SRLKg = -1.160

The entropy change is given by Eq. (6.83) combined with Eq. (5.15) with D =0
T:= 0.8 (guess) SRB := 0.0 (starting value)
Given
AS = R+ A-In(1) +[B-T0 + c-'roz-[T ; lﬂ-(r —1)- m[—P-J
Po

+ SRB - SRLKg
tau(SRB) := Find(t) T := tau(SRB)- Ty T = 32931K
At the final P and this T, evaluate SRB:

T P

THT) = — T(T) = 0.8069 Pri=— Py = 0.1234

Te Pe
SRB(0.8069,0.1234,0.181) = —-0.19472 SRB = -0.19472
T := tau(SRB)-Tg T = 334.31K CTHT) = 0.8192
Although it will make little difference, we now recalculate SRB at this
temperature:
SRB(0.8192,0.1234,0.181) = —0,18538 SRB := -0.18538
T = tau(SRB) Ty T = 334.07K Te(T) = 0.8186
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A further iteration is hardly warranted. The enthalpy change for this final
temperature is given by Eq. {6.82), with HRB at the above T:

HRB(0.8186,0.1234,0.181) = -0.2194] HRB := -0.21941
ICPH(413.15,334‘07, 1.677,37.853-10*3,—11.945~10_6,0.O) = ~1118.642
J
ICPH := ~1118.642-K AHig = R.ICPH AHig =-03x 103_"_‘
mol

AHpyrbine = AHjg + R Te:(HRB — HRLK o}

. J
AHpyrbine = _4853-6'@ Whurbine := AHturbine

The work of the pump is given by Eq. (7.24), and the required value for the
molar volume of saturated-liquid isobutane at 450 kPa (34 degC) is the value
calculated in Problem 8.10:

' a3
e O J
Viig == 112.36-—— W = Viig'|Po =P W = 331462 —
iiq > nol pump lig ( 0 ) pump mol
For the cycle the net power QOUTPUT is:
75 kg
‘molwt sec

Ans.

The enthalpy change of the isobutane in the cooler/condenser is calcutated in
two steps:

a. Cooling of the vapor from 334.07 to 307.15 K

b. Condensation of the vapor at 307.15 K

Enthalpy change of cooling: HRB at the initial state has already been
calculated. For saturated vapor at 307.15 K it was found in Problem 8.10 as:

HRBgyt := —0.2658

1CPH(334.07,307.15,1.677,37.853- 1073 ~11.945-10" 6,0.0) = —338.775
k7
ICPH := —338.775-K AH;, := R-ICPH AHjg = -2.817—
mol
]
AH, := AHjq +R-T¢(HRBgy — HRB) Oty = —2974—
mo
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For the condensation process, the enthalpy change was found in Problem
8.10:

g
AHy = ~18378—— Qdotoy; := mdot-{AH, + AHp)
S ‘Mo

[ Ans.

For the heater/boiler:

Qdot;y, == Wdot + |Qd0tout|

Wdot
N

= Ans.
Qdotin

We now recalculate results for a cycle for which the turbine and pump each
have an efficiency of 0.8. The work of the turbine is 80% of the value
calculated above, i.e.,

J
Wharbine = 0.8 Wiyrbine Wiurbine = —3883 a
The work of the pump is:
W J
pump
W' = W =4143—
pump 0.8 pump mol

The decrease in the work output of the turbine shows up as an increase
in the heat transferred out of the cooler condenser. Thus

Qdotgyt '= Qdotoyt + (Wturbine - Wlturbine)‘md()t

Ans.

The increase in pump work shows up as a decrease in the heat added in the
heater/boiler. Thus

Qdot;, = Qdotj, — ( Pump — Wpump)-mdot Ans,
N = Wdot A
= Qdot ns.
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3.13

8.14

Refer to Fig. 8.10.  Cp = ER
Pe := I-bar T¢=29315K  Ppi=Sbar  yi=l4
By Eq. (3.29¢): Pc-V(' = PpVp'
L 1
\% I Pp )’
_..E'. = _D or re= _.2 Ans.
Vb Pc Pc
i)

Eq. (3.29b): Tp = To| — Qpa = 1500-——

Pc . mol

Qpa
Qpa = Cp-(Ta - Tp) Ta=—— +Tp  Ta = 515.845K
P
R-T¢c
Ve V¢ PC
o — = — =
© VA Vi RTa Pp=Pp
PA
Pp ,
Ratio = — v =135

Eq. (8.12) now becomes:

Ny
>

v—1

¥
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8.16
B heating C
A (combustion)
turbine
D
P (bar)
comp.. 4--nozzie
1 fommmmmmmaan —e—— E
A cooling
4

Figure shows the air-standard turbojet power plant on a PV diagram.

Ta = 303.15.K Te = 1373.15K Cp:= ER
By Eq. (7.22)
_ R
= 2
P P
Wag = Cp-Ta| — —1|1=CpTa\er -1
_ ® _
C 2
Wep = CprTer P -1/=CpTe\er -1
- C -

where cr is the compression ratio and er is the expansion ratio. Since the
two work terms are equal but of opposite signs,

cr:=6.5 er:= 0.5 (guess)

<1t

2
Given TC-(er - J = m—TA-(cr7 - IJ er := Find(er)
er = (.552
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cp
Pp
By Eq. (7.18): Tp = TC.(_]
Pc
2
This may be written: Tp := Tc-er
it}
27-Pp-Vp A
By Eq. (7.11) uE2 - UD2 = —J1-1= (A)
v -1 Pp
We note the following:

Pp Pp  Pc Pp

er = —- s — = — crer= —

Pc Pr Pe Pp

The following substitutions are made in (A):
-1 _ R _2 Pg i
up = 0 ryror2z PoVp = R-Tp — =
¥ Cp 7 Pp crer
Then
é_
7 R (1 !
u = C——— —
E 2 molwt cr-er Ans.
Py i=:1-bar Pp := crer-Pg Ans.

8.17 Ta:=305K  Pp:=10Sbar Ppi=7.5bar n.i=038
Assume air to be an ideal gas with mean heat capacity (final temperature by

iteration):
MCPH(Z‘)S.IS ,582,3.355,0.575-10° 3 .0.0,-0.016- 105) = 3.5998
J

Cpmy;e = 29.929
Pfair mol-K

Cpmyjr := 3.5998-R
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Compressor:

R
Cprmgir
Cpmgjr- T P J
Wsgir 1= _HP_EEIJ. — -1 Wsair = 8.291 x 103—--—
n Pa mol
Wsair
Tg:=Ta+ Tp = 582.029K
Cpmyir

Combustion: CH4 + 202 =C02+2H20

Basis: Complete combustion of 1 mol CH4. Reactants are N mol of
air and 1mol CH4.

Because the combustion is adiabatic, the basic equation is:
AHR + AHogg + AHp = 0

For AH_R, the mean heat capacities for air and methane are required.
The value for air is given above. For methane the temperature
change is very small; use the value given in Table C.1 for 298 K;
4.217*R.

The solution process requires iteration for N. Assume a value for N
until the above energy balance is satisfied.

(a) Tg:= 1(;]’{){)1{_ N := 57.638 (This is the final value after iteration)
AHR := Cpmgi-N-(298.15 — 582.03)-K + 4.217-R-(298.15 — 300)-K

AHp = 4898 x 10° ——
mol

The product stream contains:

1 mol CO2, 2mol H20, 0.79N mol N2, and (0.21N-2) mol O2
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Z nj = 58.638 A := Z ni-A;  B= Z nyB; D= Z nj-Dj

i i 1 i

A =198517 B =0.036 D =-1387x 10°

MCPH(298.15 ,1000.,198.517,0.0361,0.0,—1.3872- 105) = 221.483338

Cpmp := 221.4833-R AHp := Cpmp-(Tc — 298.15K)
AHp = 1292 x 106
mol
From Ex. 4.7: AHjgg = -_8_02625 2
S 0 mol

AHp + AHygg + AHp = 3.019L1 (This result is sufficiently close to zero.)
mo

Assume expansion of the combustion products in the turbine is to 1(atm),
i.e., to 1.0133 bar:

Pp :=1.0133bar P = 7.5bar

The pertinent equations are analogous to those for the compressor. The
mean heat capacity is that of the combustion gases, and depends on the
temperature of the exhaust gases from the turbine, which must therefore be
found by iteration. For an initial calculation use the mean heat capacity
already determined. This calculation yields an exhaust temperature of about
390 K. Thus iteration starts with this value. Parameters A, B, and D have
the final values determined above.

MCPH(IOOO,343.12,]98.517,0.036] ,0.0,—1.3872-105) = 222.356026

Cpm = 222.356-R For 58.638 moles of combustion product;
R
58.638-Cpm T¢ | { Pp )~ P™
Ws = =1 - Ws = —1214x 10°-2_
n Pc mol
WS " ] * .
Tp=Tc+ o ~ (Final result of iteration.) Ans,
pm T
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Wspet := Ws + Wsair-N Ans.

(J per mole of methane)

Parts (b) and (c) are solved in exactly the same way, with the following
results:

(b) Tc:=1200 N :=3748  Wsner = —7.365-10°  Tp := 343.123

it

1500 N :=24.07 Wspet 1= —5.7519- 105 Tp = 598.94

() Tc:
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Chapter 9 - Section A - Mathcad Solutions

9.2 Ty :=(20+273.15K Ty = 293.15K
Te = (=20 + 273.15)K Te = 253.15K
e
Qdotc := 125000-—
: o day
Tec
OCarnot '\~ —————— (9.3) w = 0-6'60Cam0t o = 3.797
Ty-Tc
do
Wdot = 220C g5y Wdot = 0.381 kW
©
Cost := 08 -Wdot Ans.
hr

9.4 Basis: 1 lbm of tetrafluoroethane

The following property values are found from Table 9.1:
State 1, Sat. Liquid at TH: H1:= 44.943  S1 := 0.09142
State 2, Sat. Vapor at TH: 12 := 1 16166 S2. =021 868
State 3, Wet Vapor at TC: I'—I_-}iq-.:'=. 15.187 Hvap=104471

State 4, Wet Vapor at TC: Sliq := 0.03408 Svap := 0.22418
(a) The pressures in (psia) appear above.

(b) Steps 3--2 and 1--4 (Fig. 8.2) are isentropic, for which S3=S2 and S1=54
Thus by Eq. 6.73):

S2 — Sli _ Sl
3 iq Biten x = SLSh

Svap - S]lq Svap _ S]lq KR

{c) Heat addition, Step 4--3:
H3 := Hlig + x3-(Hvap — Hlig) H4 = Hhq + x4-(Hvap — Hlig)
H3 = 101.888 H4 = 42.118

Q43 = (H3 - H4) 7 (Btu/lb,)

258



9.7

(d) Heat rejection, Step 2--1:

Q21 := (H1 - H2)

(& W

W32 := (H2 - H3)
W14 := (H4 - HD)

S L=
T W14 + W32

®

Note that the first [aw is satisfied:

2Q =021 +Q43 EW = W32+ Wl4
Te = 298.15-K Ty = 523.15K
Tic = 273.15K Ty = 298.15:K
Te
Ty
T'c
By Eq' (9'3): o4 =
Carnot TH- Tc
W .
By definition: n= I_Eg_lfl_
QH
But Iwenginel = Wreﬁ‘ig
Whence Qu : Qe

Given that:

Qy = _(?E
-

"= 061’] Carnot

M Camot @ Carnot

Ans,

269

0 = 0.6: 0ot

(Btu/lb,))

TQ+IW =0

(Engine)
(Refrigerator)

NCarnot = 0-43

OCarnot = 10.926

_ Q¢
CD =
Wrefrig
Q=35

sec

Ans,

o = 6.556



9.8

9.9

kJ

(@) Q¢ = 4.2 W= L5kW
W = % Ans,
W
b)) Qg :=Qc+W Ans.
Tc
©) 0= ———— Th := (40 +273.15) K Ty = 313.15K
Ty -Tc
Te = TH-[ ® J T Ans.
®+ 1

or -45.4 degC

The following vectors contain data for parts (a) through {(e). Subscripts
refer to Fig. 9.1. Values of H2 and S2 for saturated vapor come from
Table 9.1.

ey ey (a0
Ty = | 469.67 |-rankine =077 Qdote = | 400 [ 2
45967 | o076 B R
Nasosr) N0, o \ado)
107320 (022244}
1105907 | 02325 ]
Hy =  10."4._47' 1_ -%til- 8 = 0._2'24'1;3 TQ;%BHT(I@
103.015{ 022525.| - -
101.542) 0.22647)
Ty 1= 539.67tankine  Hj = 37.978.'.?1)%’ f;":lt-“;g:fiz-l
S =8, (isentropic comp-ression).
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The sataration pressure at Point 4 from Table 9.1 is 101.37(psia). For
isentropic compression, from Point 2 to Point 3', we must read values for
the enthalpy at Point 3' from Fig. G.2 at this pressure and at the entropy
values S2. This cannof be done with much accuracy. The most
satisfactory procedure is probably to read an enthalpy at S=0.22 (H=114)
and at $=0.24 (H=126) and interpolate linearly for intermediate values of
H. This leads to the following values (rounded to 1 decimal):

S 1185
o] P
C - Btu 'h — i
Hy = 1165 [-——  Alpj := ——T H3 = H2 + AHp3
T o n
Cfurag Hy = Hy
11.7?-9')?-';. 24.084 (273711
30.098 276.438
kJ kJ '
Hy = 88.337— AMp;=36337 |~ Hy=|279.336 Eki
g £
43.414 283.026 s
50.732 286.918
_
Qdotp
mdot = Ans,
2 - Hy
Qdoty = [mdot-(H4 - H3) Ans,
—_—
Wdot = (mdot-AH23) Ans.
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Qdote
~ Wdot
Te:=Ty Ty :=Ty
————
Tc A
[4V] = ns.
Camot T - Te

9.10  Subscripts in the following refer to Fig. 9.1. All property values come from
Tables F.1 and F.2.

Ty = (4+273.15)-K Tg = (344+273.15)K  n:= 0.76
Qdotc = 1200._15]___ Hp := 2508.9-— S2 = 9;0526-—]9—#
T see . - kg o o kgK
Hy := 142_._4-—1;.——' S's= Sy (isentropic compression)
: Kg

The saturation pressure at Point 4 from Table F.1 is 5.318 kPa. We
must find in Table F.2 the enthalpy (Point 3') at this pressure and at the
entropy S2. This requires double interpolation. The pressure lies
between entries for pressures of 1 and 10 kPa, and linear interpolation
with P is unsatisfactory. Steam is here very nearly an ideal gas, for
which the entropy is linear in the logarithm of P, and interpolation must
be in accord with this relation. The enthalpy, on the other hand, changes
very little with P and can be interpolated linearly. Linear interpolation
with temperture is satisfactory in either case.
The result of interpolation is
H% :='2814.7-§— AHps = —-3—-}E H; = Hg

kg u

k]
AHyy = 402.368 —
kg
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9.11

Qdoty = mdot-(H4 - H3)

Wdot := mdot- AH23

Qdotc
~ Wdot

T2
T4-T2

OCarnot =

Parts (a) & (b): subscripts refer to Fig. 9.1

Part (c)

Evaporator
aA P

§ (Btu)/(s)

At the conditions of Point 2 {t = -15 degF and
P = 14.667(psia)] for sat. liquid and sat. vapor from Table 9.1:

Btu Btu

Hijg = 7.505-— Hvap S 10079920 Hy = g

- l.,br.n

263




i
Shq = 001733 L B Syap = 022714 P
by rankme . I -?bm'}fanklne

For sat, hquld at Point 4 (80 degF)

H4 =37. 978 B S 0 07892 __gL
b . Togrrankine

(a) Isenthalpic expansion: H; := Hy

Bt Qdotc
Qdotc = 5 —~l—l mdot := ———— Ans.
T sec H> — H;
{b) Isentropic expansion: S1: =84
St - Stig BTU
X| = —————  Hji=Hjq+x1(Hyap—Hiq)  Hj = 34892 ——
Svap - Sliq b
Qdotc
mdot := Ans.
2—Hj

(c} The sat. vapor from the evaporator is superheated in the heat
exchanger to 70 degK at a pressure of 14.667(psia). Property values
for this state are read (with considerable uncertaintyj from Fig. G.2:

H2A~117513f5 szA_0262-_§L
by lbm rankme
o ‘Qdot
mdot := Cj.' Ans.
: 24 —Ha

(d) For isentropic compression of the sat. vapor at Point 2,

S3 = Svap and from Fig. G.2 at this eatropy and P=101.37(psia)

Hj = 118.3- E’E Eq. (9.4) may now be
Tbm applied to the two cases:

In the first case H1 has the value of H4:

Hy - Hy

0w, = ——
a H3z-H»

264



In the second case H1 has its last calculated value [Part (b)}:
Hp - Hj

s Ans.
Hsz - Haz

Oy =

In Part (c), compression is at constant entropy of 0.262 to the
final pressure. Again from Fig. G.2:

Btu

— W (Last calculated
Hjy:= 138-E Wdot := (H3 - Ha)-mdot value of mdof)
BTU
Wdot = 1.289

sec

dot
o = —]Q C| Ans.

Wdot

9.12  Subscripts: see figure of the preceding problem.

At the conditions of Point 2 [sat. vapor, t = 20 degF and P = 33.110(psia)]
from Table 9.1;

Bt Btu .
Hz ...105 %07. B 82 = 022325 o B

by lbm rankme

At Point ZA we have a superheated vapor at the same pressure and
at 70 degF From Fig. G.2:

. A R
Ha = 116—ll szA —02435-———L
_ by . by rankme
For sat. liquid at Point 4 (80 degF):

. Bt Bt

H4 o 37 978 b Sy = 0. 07892 v

Energy balance, heat exchanger:

Hj = Hy - Hya + Ho H, = 27885210
m
“Btu Qdot b
_-,Qdotc = 2000 = mdot ;= ———  mdot = 25.634—"
: sec Ho - H; sec
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9.13

For compression at constant entropy of 0.2435 to the final pressure of

101.37(psia), by Fig. G.2:

H = 127.B1
b

Wdot := mdot-AH,

n =0.75

If the heat exchanger is omitted, then H1 = H4,

Points 2A & 2 coincide, and compression is at a constant entropy of 0.22325

to P = 101.37(psia).

Hg = 104 471 _1}_’59_
b

m

Subscripts refer to Fig. 9.1.
At Point 2 [sat. vapor @ 10 degF] from Table 9.1:

H3 —116§t-—u
- Tom

Bt
82 o 022418 u

.m’

H'z —Ha2a
AHcomp = -————n

Btu
AHoomp = 14.667 —l-l-j——

m

Ans.

H's - Ha
n
Btu

AHloomp = 13457 —
M

comp -

Ans.

S'3 =8,

H values for sat. liquid at Point 4 come from Table 9.1 and H values
for Point 3° come from Fig. G.2. The vectors following give values for
condensation temperatures of 60, 80, & 100 degF at pressures of
72.087, 101.37, & 138.83(psia) respectively.

31.239) o (m33)
B | Bt
Hy = | 37.978 'ﬂ)“'_m Hy =] 116.5 -Ib—“ Hy = Hy
44943 ) \119.3,
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(a) By Eq. (94)

_
Hr - Hj
o=
H'3 - Hz
;- Hy
(b) AH := &
0.75

Eq. (9.4) now becomes

—_
Ho - H;

AH

@

9.14 WINTER

WINTER

House
T =28315 K
H

Since

|Qul

267

Ans.

AH = H3 - H>

Ans.

Ty = 293.15
Wdot := 1.5
Qdoty; = —0.75-(Ty - T¢)

Wdot _ Tu-Tc

IQdOtH1 - Ty
Given
Wdot _Tu-Tc

0.75-(TH - Tc) - TH

T¢ = Find(T¢)

Minimum t = -4.21 degC



SUMMER TC : 2981 5

SUMMER Qdotc = 0.75-(Tp — T¢)

\ TH / Wdot _ Ty -T¢
Qdotc Tc

Ty =300 (Guess)

Wl

Given

1Qct wdot  _ Ta-Tc
075(Tu-Tc)  Tc

Haouse
. Ty := Find{ T
<TC = 203.15 K Qe BT (Ts)

Maximum t = 49.42 degC

9.15 and 9.1 Data in the following vectors for Pbs. 9.15 and 9.16 come from
Perry's Handbook, 7th ed.

1033.5) kJ S : (11867 K
Hom| o wgimoser s :-'=( )E
717853 ) kg T kg 10564 Kg
_
H4 -Hjs 0.17
By Eq. {9.8): 7= = Ans.
Hg — Hys 0.351

9.17 Advertized combination unit:

Tt = (150 + 459.67)- rankine Tc i= (30 + 459.67) rankine
Ty = 609.67 rankine Tc = 489.67rankine

Tg-T B
Biu - ¢ WCM0t=12253_$-

( =50000——— W = Qo
QC. \ hr Carnot C TC
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Btu
W] = 1-5'WCam0t W] = 18380;‘

This is the TOTAL power requirement for the advertized combination unit.
The amount of heat rejected at the higher temperature of
150 degF is

Btu

Qu:= Wi+ Q¢ Qg = 68380—;—
I

For the conventional water heater, this amount of energy must be supplied
by resistance heating, which requires power in this amount.

For the conventional cooling unit,

Ty = (120 + 459.67)-rankine

Tn-Tc Btu
Wearnot := Qor———— Wcarnot = 9190 —
Tc hr
Bi
Work = 1.5 Wcarnet Work = 13785—#31-
r

The total power required is

Wi = Qu + Work NO CONTEST
9.18 T :=210 Tl = 260 T = 255 Ty := 305
By Eq. (9.3):
Tc Te Tc
O = ——— oy = 0.65—— oy = .65 ——
Th - Tc Ty -Te N Ta-Tc
Qc Qc
Weamnot = — W= — Wy = Qe
© 0y oy

Define r as the ratio of the

actual work, WI+ WIL, to the . ._ m_( 11 ) Aus

4 —
Carnot work: o] oy

9.19  This problem is just a reworking of Exam ple 9.3 with different values of x.
It could be useful as a group project,
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Chapter 10 - Section A - Mathcad Solutions

10.1  Benzene: Ay = 13.8594 Bj = 2773.78 Cy = 22007
Toluene: Ag = 14.0098 By :=3103.01 Cy = 219.79
B B
Al— ! Ax— 2
3 C+C1 3 C+C2
Psatj(T) == O kPa  Psaty(T)=¢ -kPa

(a) Given: Xl =033 Ti=100-degC  Guess: y;:=05 P:=100kPa
Given  xj-Psat;(T) + {1 - x;)-Psatz(T) = P

x1-Psat{(T) = y1-P

(Yl] = Find(y,P)

P

Ans,

(b) Given: 'yl'.-:z-'.}()-.33 T :=100-degC Guess: x; =033 P:= 100-kPa
Given  xp-Psat;(T) + (1 - x1)-Psaty(T) = P

x1-Psat{T) = y-P

(XIJ = Find{x ,P)

P

Ans.

(c) Given: xi := 033 P:= 120-_I<P_e_1 Guess:  y;:=0.5 T :=100-degC
Given  xy-Psat;(T) + (1 — x;)-Psatp(T) = P

x)-Psaty(T) = y;-P

{?J = Find(y1,T)

Ans.




(d) Given: Y-'I. =033 P:=120kPa Guess: x1:=033 T :=100-degC

Given  xq-Psat(T) + (1 - xl)-Psatg(T) =p

|

X]

T

xq-Psat1(T) = y1-P

73" Ans.

}:: Find(x;,T)  xi= 161degC  Ans.

(e) Given: T := 105-degC P := 120-kPa Guess: xj:= 033 y;:=05

()

(g)

Given  xp-Psaty(T) + (1 - x;)-Psatp(T) = P

X

[ 1

¥l

x1-Psat{{T) = yi-P

} = Find(x1 ,yl) Ans, Ans.
zq := 0.33 x1 = 0.283 vy = 0.485
Guess: L:=0.5 V=05
Given z1 = L-x1+Vy
L+V=i
(L
L J = Find(L,V) Vapor Fraction: Ans.
v
Liquid Fraction: Ans.

Benzene and toluene are both non-polar and similar in shape
and size. Therefore one would expect little chemical interaction
between the components. The temperature is high enough and
pressure low enough to expect ideal behavior.
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10.2 Pressures in kPa; temperatures in degC

(a}) Antoine coefficients: Benzene=1; Ethylbenzene=2

Aj = 13.8594 By = 277378 Cy == 220.07
Az 1='14.0045 By := 3279.47 Cz := 213.20
Psat)(T) := exp(Al - Bl}

T+C

( ) A BE
Psat»(T) = exp et i
2 2 T+ (fz

P-x-y diagram: T.:=90

P(x1) := x-Psat((T) + (1 - x1)-Psatz(T) vi(x1) = _’_‘}_’_l}_:_‘_’“(‘;_‘{_t})_(_p_
1

T-x-y diagram:  P':= 90
Guess t for root function: 1t := 9Q

T(xl) = root[xl-Psatl(t) + (I - xl)-Psatg(t) - P‘,t:|

_{(_!-PsatI(T(xl))
X1-Psat; (T(Xl)) + (1 - xl)-Psatg(T(Xl))

yilxi) =

xq == 0,0.05.. 1.0

150

0 05 1 0 05 1
X1,Y1 (X1) X1, Y1 (Xl)
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(b} Antoine coefficients: 1-Chlorobutane=1; Chlorobenzene=2

A1 = 13.9600 By :=282626  Cj :=224.10
Ag = 139926 B> = 329512 _Cﬁz' :.;..__217.;53
P i3] A b1 Psata (T A B2
t = eX] e = — mmmeeeeees
saty( exp| A TIE sat(T) = exp| Az Y6
P-x-y diagram: "_1“ =90
x1-Psati(T)
P(xl) = X1-Psaty(T) + (I - xl)-Psatg(T) Y1 (x1) e A
P(x1)
T-x-y diagram: P'i=90
Guess t for root function: t = 90
T(xl) = root[xl-Psatl(t) + (1 - xl)-Psatz(t) - P‘,{I
' ( ) xl-Psatl(T(xl))
T UVt SO £ A
Y1 x1-Psaty (T(X])) + (1 - XI)-Psatg(T(Xl))
Xy = 0,0.05.. 1.0
U R 130 £
1225 [\
: ) 115
113.33 | S
107.5
P(x1) T{xq
100
P(x1) T{x1)
---------------- 92.5
66.67
85
77.5
20 5T 0% 0.5 1
xt,y1(x1) x1,y'1(xi)
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10.3 Pressures in kPa; temperatures in degC

(a) Antoine coefficinets: n-Pentane=1; n-Heptane=2

Ay = 138183 Bj i= 2477.07 C; =233.21

A := 13.8587 By 1= 2991.32 Cy = 216.64

Psat)(T) = exp[Al - Bi ] p . _ B>
T+C satp(T) = BXP(AZ — CZJ

P = 101418

b (Psatl (T) + Psatz(T)]
T 2

Since for Raoult's law P is linear in x, at the specified P, x1 must be 0.5:
x1-Psat(T)
P

For a given pressure, zI1 ranges from the liquid composition at the bubble
point to the vapor composition at the dew point. Material balance:

y1 =

721 =T x1 (1 =V)+y-V

71 = x1,X] +0.01..y] V(Zl) -

V is obviously linear in z1:

0.4

Z]
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(b) At fixed T and z1, calculate x1, y1 and P as functions of fraction vapor {V)

zp=0.5

Guess: X:=05 y:=05 p = [Psatl(’l") +__}_)fat2(T)
2

Given Three equations relate x1, y1, & P for given V:

p = x-Psat{(T) + (1 — x)-Psat>(T)
y'p = x-Psaty(T)
71 = (1= V)x+Vy
£(V) := Find(x.y,p)
x) (V) = £(V)

y1(V) = £(V)2 P(V) = (V)3

Plot P, x1 and y1 vs. vapor fraction (V) V:=0,0.1.1.0

150! |

100 ..

Each part of this problem is exactly like Problem 10.3, and is worked in
exactly the same way. All that is involved is a change of numbers. In
fact, the Mathcad sohition for Preblem 10.3 can be converted into the
solution for any part of this problem simply by changing one number, the
temperature.

10.4

B :::_2_'773..:78
By = 327947

Cy :=220.07
Cq i=213.20

Api= 13.8594
Ay = 14.0045

10.7 Benzene:

Ethylbenzene

By
Ay-

+Cy
degC kPa

Psat;(T) =¢

B2
Ao

+Co

degC kPa

Psat;(T) :=¢
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(aGiven: x; =035 y =07 Guess: T:=116-degC P = 132kPa
Given xjp-Psat|(T) +(1 —xl)-Psatz(T) =p

x1-Psat (T} = y1-P

[ j
:= Find(T,P)
P

For parts (b), (¢) and (d) use the same structure. Set the defined
variables and change the variables in the Find statement at the end of the
solve block.

(b) T=111.65deg C P = 117.84-kPa
(©) T=91.15deg C P = 65.66-kPa
(d) T=7212.deg_C P = 35.57.kPa

To calculate the relative amounts of liquid and vapor phases, one must
know the composition of the feed.

10.8 To increase the relative amount of benzene in the vapor phase, the

10.9

temperature and pressure of the process must be lowered. For parts (c)
and (d), the process must be operated under vacuum conditions. The
temperatures are well within the bounds of typical steam and cooling water
temperatures.

(1) = benzene el 13"8594 o 277378 o 220.07
(2) = toluene A=[140098 | B:=|3103.01] C:=|219.79
(3) = ethylbenzene “\14.0045) | .3279'_47 / - 421320

(@) n:=rows(A) i:=1.n T :-—f'zllO-degC P= 90-kPa :.Zi'_;= l
' n

Bj

Aj—

+C;j

degC -kPa ki:

_ Psat(i,T)

Psat(i,T) :=e
( P

Guess: V=05
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n

. z;i-k;
Given Z —— 2 =1  Eq(1017)

14 V-(k;— 1)
i=1
V := Find(V)
7i’ki Eq. (10.16
Yi = l-i-V'(kl— ) q- . ) Ans.
yi-P
=l Ans.
Psat(i,T)
0.44]
(b) T = 110-deg C V = 0.573 J y=10.333
P = 100-kPa 0226
0.239 0.509
(€ T=110-deg C V = 0.349 x=10345| y=|0312
0.416 0.1
P = 110-kPa 7
0.293 0.573
(d T=110deg C V = 0.143 x=|0342| y=10283
0.365 0.144
P = 120-kPa

10.10 As the pressure increases, the fraction of vapor phase formed (V}
decreases, the moie fraction of benzene in both phases increases and the
the mole fraction of ethylbenzene in both phases deecreases.

1041 (@) ()=acetone , _ 14.3916 o 2795.82 C. 230.00)
(2) = acetonitrile " | 147758 327124  \241.85)
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10.13

n = rows(A) i=1.n

21 = 0.75 T 2= (340 ~ 273.15)-degC P = 115kPa
7p:=1-12
Bj
Aj—
1 +C;
! Psat(i, T
Psat(i,T) := e degC -kPa = ii(;l—w)-
Guess: V=05
n 2i-k;
1" 81
Gi S e S Eq. (10.17)
en > 1+ Ve{ki— 1) 4
i=1
V = Find(V) Ans
Eq. (10.16) ziki A
. . = ns.
a ATV - 1)
P
Xj = ——~Z1— Ans.
Psat(i,T)
-V
Po= ! Ans.
z
(b) x;=0.286 y1 = 0.678 V = (.545 r= 0.739
{c) x3=0.182 y1 = 0.317 V= 0504 r= 0.638
(dy x;=10351 y1 = 0.706 V = 0.420 r= 0.594
Hy = -200~B_a17 Psatp = 0.10-bar P := 1-bar

Assume at 1 bar that the vapor is an ideal gas. The vapor-phase fugacities
are then equal to the partial presures. Assume the Lewis/Randall rule
applies to concentrated species 2 and that Henry's law applies to dilute

species 1. Then:
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yi-P = Hpxg y2'P = x5-Psat, P=yi:P+yP
Xi+xy= 1 P = Hyx +(1fx1)-Psat2

Solve for x1 and y1:

P — Psaty

= Hi - Psatp = o
P
Ans.
10.16 Pressures in kPa
Psait) := 32.27 Psaty i= 73.14 A = 0.67 z1 = 0.65
Y1 (xl ,xz) = exp(A-xzz) yQ(xl ,xz) = exp(A-xlz)

P(xl ,Xz) = xl-yl(xl ,xg)-Psatl + xz-yz(xl ,XQ)-Psatz

(a) BUBL P calculation: X1 =121 Xy = 1-xy
Poubi = P(x1,x7) Ans.
DEW P calculation: Y| =271 v =1-y;
Guess: x1 = 0.5 , . Psaty +Psaty

' 2
Given vi-P' = x4 (x; - xl)-Psatl

P’ = Xl")’l(Xl 11— X1)-Psat1
+(1 - Xl)"Yz(Xl 1= x1)-Psat2

(X1]:ﬁm@“ﬂ

Pdew

Ans.

The pressure range for two phases is from the dewpoint to the
bubblepoint: From 43.864 to 56.745 kPa
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(b) BUBL P calculation: xi = 0.75 xp = 1—x1

xl-yl(xl N —xl)-Psatl
YI(Xl) o P(X1,1 _Xl)

The fraction vapor, by material balance is:

2] —X]
V= V =0379

T ni(x)-xi

(¢) See Example 10.3(e).

Ans,

71(0,1)-Psaty Psaty
L _=—— o e
120 Psaly 2 (1,0)-Psaty

Since alpha does not pass through 1.0 for 0<x1<1, there is no

azeotrope.
10.17 Psaty i= 79.8 Psaty = 40.5 A =095
yl(xl ,xz) = exp(A-xzz) 72()(1 ,x2) = exp(A-xlz)

P(x1 ,xg) = xl-yl(xl ,xz)-Psatl + xz-yZ(xl ,xz)APsatz

xl-yl(xl L= xl)-Psatl

yi{xi) =

P(xl 1= X])

(a) BUBL P calculation: x1.:= 0.05 x2 = 1-x

Ppubl = P(XI ,xz) ' Auns.
(b} DEW P calculation: y1:= 0.05 yri=1-y

Psaty + Psaty
Guess: x1 = 0.1 P=—
2
Given yi-p' = XI‘YI(XI ,1 = x1)~Psat1

"= x1-71(XI 1= xl)-Psat1
+(1 _Xl)‘Yz(Xl 1= X1)-Psat2

280




( o J:= Find(x;,P')

Pdew Ans.

(¢} Azeotrope Calculation:

Psat; + Psat
Guess: x1 = 0.8 ¥ = X1 P:= __1_5..._._2

Given xloyl(xl 1= xl)-Psa‘q
y1 = 5 x12 0 X151 X] = ¥]

P= xyyl(xl .1 - xl)-PsatI + (1 —xl)-yz(xl )1 —xl)-Psatg

Xaz1
yazl = Find()q ,¥1 ,P) Ans.
[ Pas
10.18 Psat; := 75.20-kPa Psaty = 31.66-kPa
P
At the azeotrope: yi = X] and ¥i=
Psat;
Y2 Psaty
Therefore — = X1 = 0.294 X2 :=1-x
y1  Psatp :
12 2
Iny; = A-x22 Iny, = A'Xl2 ln(—m = A-(xlz—xz )
11
[Psatg)
In
Psat;
Whence A=——20 A = -2.0998
X22 —X]
For x1 := 0.6 xz2:=1-x

2
Yy = exp(A-xgz) Yo = exp(A-x1 ) P := xy-v-Psaty +x2-y;-Psaty

Xi-yy-Psaty
P

Ans.

yi:
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10.19 Pressures in bars: Psétj::: 124 'Pgay_j-' =.0.89

A _:'= 1.8 X1 .= 0.65 X2 =1-x
2
¥ = eXp(A-xzz) Yo = exp(A~x1 )
x1-v1-Psaty
P := xy-y1-Psat; + xo-yo-Psaty y1 = — 5

Answer to Part (b)

By a material balance,

Z] — X

For 0sV<1l 0 Ans. (a)

Yi—X1
(c) Azeotrope calculation:

D Psaty + Psatz
Guess: x1:=0.6 ¥ = X] P := —

yl(xl) = expLA-(l —x1)2] ’}’2()(1) = exp(A-xlz)
Given P = xI-yl(xl)-Psatl + (1 —xl)-m(x;)-Psatg

X1'Y1 (x;)-Psatl

y1 = P x1=0 x1< 1 X1 =y

Xt

y1 | = Find(x1,y1,P) Ans,

P

10.20 Antoine coefficients: P in kPa; T in degC
Acetone(1): Aj 1= 143916 By = 2795.82 C1 = 230.00
Methanol(2): Az";_= 165938 B2 = 3644.30 Cy = 239.76
Pysat(T) AL P2sat(T) P
=X - = ex -

Isat P| Al T+ 2sat p| A2 4G

A=064  x=0175 21 = 0.25 p:=100 (kPa)
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Yl(xl ,x2) = exp(A-xzz) yz(xl ,xg) = exp(A-xlz)

p(XI ’T) = X1 (Xl 1= Xl)'Plsa‘[(T)
(1= x1)72(x1, 1 = x1)Pasar(T)

x1¥1(x1,1 ~x1)-P1sae(T)

yi(x1,T) = Ky Fi=1
Guesses: V=05 L:=05 T := 100
Given

F=L+V p=P(xy,T)

Ans.

10.22 x; :=0.002  yj:=095 Guess:  T:=300-K

Aj = 10.08 By :=2572.0 Ag:= 11.63  Bp:=6254.0

A —Bl A B2
@ )
Psat;(T) = e &/ par Psata(T) = ¢ </ .bar
0.93-xp7 0.93x12
xp = 1-X1 y2i=1-w yri=e Yai=e

Psat)(T) _ x2v2'y1
Psat2(T)  x1vyv

Given T := Find(T) Aus.

X1y -Psat(T) . .
P:= P di  Ans.
Vi n 402
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The remaining problems for this chapter have been solved on MS-EXCEL 2000
We give the resulting spreadsheets.

Problem 10,25

a) BUBL P T=-60F (-561.11 C)
P=200 psia P=250 psia P=215 psia (14.824 bar)  ANSWER
Component xi Ki  yi=Ki*xi  Ki  yi=Ki'xi  Ki  yi=K*xi
methane 0.100 5800 0560 4800 0450 5150 0515
ethylene 050C 0700 0350 0575 0288 (0650 0.325
ethane 0.400 0.44%5 0.178 ¢.380 0.152 0.420 0.168
SUM= 1.088 SUM= 0.900 SUM= 1.008 close enough
b} DEW P T=-60 F (-51.11 C)
P=180 psia P=200 psia (13.79 bar} ANSWER
Component yi Ki xi=yi/Ki Ki xi=yifKi
methane 0.50C 5800 0085 5800 0.08%
ethylene 0250 0730 0342 0700 0.357
ethane 0.250 0460 0543 0445 0562
SUM = 0.971 5UM =1.008 ¢lose enough
¢)BUBLT P=250 psia (17.24 bar)
T=-50 F T=460F T=57 F (-49.44 C) ANSWER
Component xi Ki yi=Ki*xi Ki yi=Ki*xi Ki yi=Ki*xi
methane 0.120 4.9C0 0.588 4600 0.652 4.700 0.564
ethylene 0400 0680 0272 0570 0228 0815 (246
ethane 0480 0.450 0.216 0.380 0.182 ¢.405 0.194
SUM= 1.076 SUM= 0962 SUM= 1004 closeenough
d)DEWT P=250 psia {(17.24 bar)
T=40F T=-50F T=45F (-27.33 C) ANSWER
Component yi Ki xi=yifKi Ki Xi=y/Ki Ki xi=yilKi
methane 0430 520¢ 0083 4800 0088 5050 0.085
athylene 0.3680 0.800 0.450 0.680 0529 0.740  0.486
ethane 0.210 0.520 0.404 0.450 0.467 0.485 0.433
SuM= 0937 SUM= 1084 SUM= 1005 Ccloseenough
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Problem 10.26

a}BUBL P T=60 C {140 F)
P=200 psia
Component xf Ki yi=Ki*xi
ethane 010 2015 0202
propang 0.20 0620 0.124
isobutane 030 0255 0077
isopentane 040 G071 0.028
SUM= 0.430
b) DEW P T=60 C (140 F}
P=80 psia
Component yi Ki Xi=yifKi
ethane 048 4950 0.097
propane 025 1475 01869
isobutane 015 0.580 0.268
iscpentane 012 012 1.000
SUM= 1534
¢)BUBL T P=15 bar (217.56 psia}
T=220F
Component xi Ki yi=Kr*xi
ethane 014 5350 0.749
propane 013  2.500 0.325
iscbutane 025 1475 0.359
isopentane 048 057 0.274
SUM= 1.716
d) DEWT P=15 bar {217.56 psia)
T=150F
Component yi Ki xi=yl/Ki
ethane 042 3.800 0.111
propane 0.30 1525 Q197
isobutane 015 0760 0.197
isopentane 0.13 0.27 0.481
SUM= 0.986

P=50 psia
Ki yi=Ki*xi
6.800  0.680
2,050 0410
0.780  0.234
0205 0.082
SUM= 1406
P=50 psia
Ki xi=yi/Ki
6.800 0.071
2050 0122
0.780  0.192
0205 0.585
SUM = 0.870
T=150 F
Ki yi=Ki*xi
3.800 0.532
1525 0198
0760  0.180
0.27 0.130
SUM= 1.050
T=145F
Ki xi=yilKi
3700 D.134
1475  0.203
0720 0.208
0.25 0.520
SUM= 1.045
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P=80 psia (5.516 bar)

Ki
4.950
1.475
0.560

0.12
SUM =

P=52 psia (3.585 bar)

Ki
6.60C
2.000
0.760
0.195
SUM =

T=145 F (62.78 C)

Ki
3.700
1.475
0.720

0.25
SUM=

T=148 F (64.44 C)

Ki
3.800
1.500
0.740

0.26
SUM =

ANSWER
yi=Ki*xi

0.495

0.295

0.168

0.048

1.006 close enough

ANSWER
xi=yifKi

0.073

0.125

0.497

0.615

1.010 close enough

ANSWER
yi=Ki*xi

518

0.192

0.180

0.120

1.010 close enough

ANSWER
Xi=yilKi

0111

0.200

0.203

0.500

1.013 close enough



Probiem 10.27

FLASH T=80 F (14.31 C) P=250 psia (17.24 bar)
Fraction condensed
V= 0.855 L=0.145 ANSWER
Component zi Ki yi xi=yilKi
methane 0.50 10000 0575 0.058
ethane 0,10 2075 0108 0.052
propane 0.20 (©B&0 0.187 0.275
n-butane 0.20 0.21 0.129 0618

SUM= 1.000 SUM= 1.001

Problem 10.28

First calculate equilibrium composition

T=05C (203 F)

P=80 psia P=65 psia P=89 psia (4.83 bar) ANSWER
Component xi Ki yi=Ki*xi Ki  yi=Ki*xi Ki  yi=Ki*xi
n-butane 0.25 225 0.5625 2.7 0.675 2.6 0.633
n-hexane 0.75 0.45 0.3375 0.51 0.3825 0.498 0.3675

SUM= 09000 SUM= 1.0575 SUM= 1.0005 Close enough

Now calculate liquid fraction from mole halances

21= 0.5
x1=0.25
y1= 0.633
ANSWER L=0.347
Problem 10.29
FLASH P =2.00 atm {29.39 psia)

T=200F({93.3C)

Fraction condensed

V= 0.390 L=0.61 ANSWER
Component zi Ki yi Xi=yiVKi
npentans 025 2250 0378 0.168
n-hexane 045 1.000 0450 0.450
n-heptane 030 0450 0172 0.382

SUM= 1.000 SUM = 1.000
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Problem 10.30

FLASH T=40 C (104 F)
V= 0.60
P=110 psia
Component zi Ki yi

ethane 0.16 5400 0223
propane 035 1800 0432
n-butane 0.50 06f0  0.398

SUM= 1.053

Problem 10.31

FLASH T=70F {21.11 C)
V=0.20
P=50 psia
Component zi Ki yi

ethane 0.0t 7400 0.032
propane 0.05 2400 0.094
i-butane 0.50 0.925 0470
n-butane 0.44 0.680 0.312
SUM= 0.907

Fraction condensed

L= 0.40 ANSWER
P=100 psia P=120 psia {8.274 bar}
xi=yKi Ki yi xi=yifKi Ki yi xi=yi/Ki
0.041 4.900 0.220 0.045 4660 0218 0047
0.227 1.700  0.419 0.248 1620 0413 0.255
0.653 0.540 0.373 0.691 0525 0367 0699
0.921 Sum= 1.012 0.982 SUM= 0999 1.001
Fraction condensed
1=0.80 ANSWER
P=40 psia P=44 psia (3.034 bar)
xi=yilKi Ki yi Xi=yilKi Ki yi Xi=yi/Ki
0.004 9.300 0.035 0.004 8500 0034 Q004
0.03% 3.000 0107 00386 2700 0101 0037
0.508 1150  0.558 0.485 1060 0524 0494
0472 0.810  0.370 0457 0740 0.343 (.464
1.023 SuM= 1,071 0.982 SUM = 1.002 1.000
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Problem 10.32

FLASH T=-15C(5F)
P=300 psia
v=0.1855
Componant zi Ki yi
methane 030 56800 0806
ethane 0.10 0.820 0.085
propane 03¢ 0200 0070
n-butane 030 0047 0017
SUM = 1.079
P=150 psia
V= 0.3150
Component zi Ki yi
methane 030 10900 0794
ethane 010 1420 0.125
propane 030 0380 D0.135
n-Hutane 0.30 0.074 0.031
SUM= 1.086

Component zi

methane 0.30
ethane 0.10
propane 0.30
n-butane 0.30

Target: y1=0.8

L= 0.8145
Xi=yi/Ki

0.162

0.103

0.352

0.384

SUM= 0.982

L= 0.6850
xi=yifKi

0.073

0.088

0.376

0424

SUM = 0.960

P=270 psia (18.616 bar)

V=0.2535

Ki yi
6.200 0.802
0.800 0.092
0.230 0.086
0.0495 0020
Sum= 1.000

L=0.7465 ANSWER
xXi=yifKi
0.129
0.103
0373
0.395
SUM= 1.000
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Problem 10.33

First cafculate vapor compoesition and temperature on top tray

BUBL T:

Component xi
n-butane 0,50
n-pentane 0.50

P=20 psia
T=7T0F
Ki  yi=Ki*xi
1.975 0.788
0450 0.225
SUMm= 1.013

T=60 F T=69 F (20.56 C}) ANSWER
Ki yi=Ki*xi Ki yi=Ki*xi
1350 0676 1550 0775
0360 0180 0440 0220
SUM= 0.855 SUM = 0.995 close enough

Using calculated vapor compesition from top tray, calcutate composition out of condenser

Flash calculation
V= 0.50

Component zi

n-butane 0.78
n-pentane 0.22
Problemn 10.34
FLASH
V= 0.60

Component z
methane 0.50
n-butane 0.50

P=20 psia (1.379 bar)

L=0.50
T=70F
Ki yi
1.675 0.948
0450 0137
SUM= 1.085

T=40 C (104 F)

L= 0.40
P=350 psia
Ki yi
7.800 0.768
0.235 0.217
SUM = 0.986

T=60 F {15.56 C)

xi=yi/Ki Ki yi
0602 1350 0.890
0303 036C 0.116
0.905 SUM = 1.007

P=250 psia

Xi=yifKi Ki yi
0.097 11000 0.786
0.824 0290 0253
1.021 SUM= 1.038

289

ANSWER
xi=yi/Ki
0.660
(.324
0.983

ANSWER

P=325 psia (7.929 bar)
xi=yifKi Ki yi xi=yifKi
0.071 8400 0772 0092
0.871 0245 0224 (0914
0.943 SUM= 0.996 1.006

close enough



Chapter 11 - Section A - Mathcad Solutions

11.1  For an ideal gas mole fraction = volume fraction
CO2 (1): x1 .= 0.7
, i:=1.2
N2 (2): X3 =03
AS = —R-Z xi-ln(xi) Ans.
i
11.2  For a closed, adiabatic, fixed-volume system, AU =0, Also, for an ideal
gas, AU = Cv AT. First calculate the equilibrium T and P.
nyp = 4mol Tnzi=[(75+27319 K] Pazi= 30rbar
nr = 2.5-mol Ta = (130+273.15)'K Pp; = 20-bar
Tnp = 348.15K Tar = 403.15K
N2 NAr
Dtotal = ON2 + NAr X1 = X2 =
Ntotal Ntotal
x; = 0.615 x2 = 0.385
Cvar =R Cwzi==R
ArT g e

Cpar = Cvar +R

Cpnz = O+ R

Find T after mixing by energy balance:

Tao + Tar
- 2

{guess)

N2 Cva (T - Tnz) = narCvar (Tar - T)

T := Find(T)

Find P after mixing:

P Prno +Par
2

Given

T-273.15-K = 90degC

(guess)
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11.3

Given

(nN2 +nAr)-R-T nN2'R-Two  narR-Tar
= +
p Prn2 Par

P := Find(P) P = 24.38bar

Calculate entropy change by two-step path:
1) Bring individual stream to mixture T and P.
2) Then mix streams at mixture T and P.

T P
ASyg = N2 Cpno-In| — | - Reln| — ASns = 11.806i
T2 PNz K

T P J
AS4; = nar| Cparlnl — | —R-In| — ASp, = —9.547—
N ( (TAJ [PArD A K
J
ASpix = ntotal‘[—R'Z xrln(x;)] ASpix = 36.006E
1
AS := ASpp+ ASpp+ ASp - Ans,
Tk k
mdoth ~2 g mdotHg 1= 0.5 —= £
8
molwing = 28.014-&-—* molwtyp = 2.01‘_6-_&
o mol ST mol
mdotn? mdotyy
molarflowyy = ———— molarflowyy = ———
molwtyz molwtyg>
molarflowgots) = molarflowny + molarflowyy;  molarflowggy,) = 319. 409291
sec
molarflown molartlowyy»
yp = ———————  y; = 0.224 Yo = ————+—  y5 = 0,776
molarflowigta] molarflowigia)
Ans.

AS = -—R»molarﬂowmtal-z Yi'hl(Yi)
i
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114 Typi=448.15K Tp:=308.15K  Pj:=3-bar Py i= Lbar

For methane:

MCPH(448.IS,308.15, 1.702,9.081-10"3,—2.164-10_6,0.0) = 4.82200
MCPS(448.]5,308.15,1.702,9.081~10_3,—2.164-10_6,0.0) = 4.79051
For ethane:

3

MCPH(448.E5,308.15, 1.131,19.225-10" ,~5.561-1076,O.0) = 7.59664

MCPs(448.15,308.15, 1.131,19.225-1073,-5.561.10~6.,0.0) = 7.53108
MCPH := 0.5:-4.82200 + 0.5-7.59664 MCPH = 6.209
MCPS = 0.5-4.79051 + 0.5-7.53108 MCPS = 6.161
J
AH = R-MCPH-(T - Ty) AH = —7227.4——
mol

T2 P2
AS = R-MCPS-in| — | — R-Inj — | + R-2-0.5-In(0.5)

Ty Py
The last term is the entropy change of UNmixing

J
AS = ~15.813 g =300-K
mol-K. R
Wideal := AH — T5-AS Ans.
11.5 Basis: 1 mole entering air.

yi =021 2. := 0.79 My = 0.05 To = 300-K

Assume ideal gases; then AH =0

The entropy change of mixing for ideal gases is given by the equation
following Eq. (11.25). For UNmixing of a binary mixture it becomes:

J
AS = R-(y1-In{y1) +yo.1 AS = 4273
(y1-In(31) +y2In(yz2)) —
J
By Eq. (5.27): Wideal = ~ToAS Wideat = 1.282% 10° —
' mo
Wideal
By Eq. (5.28): Work := 1cea ~ Ans.
Nt
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11.16

(0 ~ (1.000)
10 |- - 10.985
{20 ] {0970 Ingy := 0 ¢1:=1
40 | 10942
o160} 10913
P:=| 80 -bar Z=10885
o U end := rows(P)
100 | 0.869
200 | | o765 i:=2..end
13001 10.762
e ) _ Zi—1
400 0824 Fi = ——
\500/ - \0910) 1
Fi is a well behaved function; use the trapezoidal rule to integrate Eq.
(11.34) numerically.
Fi+ F'—I
i o= ———(Pi = Piy) Ing; := Ingi-1 + Aj
¢1 = exp(ing3) fi = ¢i-P;
Generalized correlation for fugacity coefficient:
For CO2: T, :=304.2.K P, := 73.83-bar o = 0.224
o T
Ti=(150+27319K  Tri= — Ty = 1.391
c
0.422 0.172
B0 :=0.083 - —— B0 =-0.166 Bl :=0.139- ! B1 = 0.096
1.6 4.2
Tr T,
r
Pg
bo(P) = exp| ——(BO + w-B1) fG(P) == $5(P)-P
r
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11.17

P; f;
bar h; = bar
Calculate values: 10 0.963 9.825
20 0.978 19555
40 0.949 37.973
80 0.922 55.332
80 0.896 71676
100 0.872 87.167
200 0.77 153.964
300 0.698 209,299
400 0.656 262.377
500 0636 317.98
400 — T
f; 300 =
—_ ]
bar
oao 200 —
6(Pi)
bar 100 N
1 { 1
04 0 200 400 600 0 200 400 600
P P;
bar bar
Agreement looks good up to about 200 bar (Pr=2.7 @ Tr=1.39)
For SO2: T, == 430.8K P := 78.84-bar o = 0,245
T := 600-K P := 300-bar
T P
Tr - Tr = 1.393 Pr = — Pr = 3.805
Tc PC

For the given conditions, we see from Fig. 3.15 that the Lee/Kesler
correlation is appropriate.

Data from Tables E.15 & E.16 and by Eq. (11.64):
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b = 0:672 ¢ = 1.354 b =000 ¢ =072
f=¢-P GRRT := In($)

3 Ans.

11.18 Isobutylene: T, = 417.9.K P, := 40.00-bar o= 0.194
a) At 280 degC and 20 bar: T := (280 + 273.15)-K P = 20-bar
T p
T(T) = — TAT) = 13236  Py(P) i= — PP} = 0.5
Te P¢

At these conditions use the generalized virial-coeffieicnt correlation.

PHIB(1.3236,0.5,0.194) = 0.9379 PHIB := 0.9379

f := PHIB-P ar  Ans.

b) At 280 degC and 100 bar: T := (280 +273.15)-K P = 100-bar
T.(T) = 1.3236 P.(P) =25

At these conditions use the Lee/Kesler correlation, Tables E. 15 & E.16 and

Eq. (11.64).

$0 :="0.7025 1 := 12335 = ¢0-¢1° f:=¢-P

11.19 The following vectors contain data for Parts (a) and (b):
(a) = Cyclopentane; (b)=1-butene

L (s11:8 o (45.02) (0.196
Tc = .K PC.:“.‘—-" i . .ba_r W = B

" 4200/ " \4043) RN
(0273 258 Y emd o (3224)
Zc :=_ R ] Vc = e —— Tn = T 'K
“T 0277 " 1239.3 ) mol 2669,
o (383.15) (275 o (5267)
T:= S bK P:= f-bar Psat =1 - ~bar
- \393.15) - C\34 ) e X25.83)
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11.21

11.22 The following vectors contain data for Parts (a) and (b): molwt := 13&‘5’_

— —_
T

Ty = Tr = Psat, := —— Psat, =
T¢ 0.9361 P 0.6389

Calculate the fugacity coefficient at the vapor pressure by Eq. (11.65):
(a) PHIB(0.7486,0.117,0.196) = 0.9000

0.9000)
0.7596

PHIB := (
(b) PHIB(0.9361,0.6389,0.191) = 0.7596

Eq. (3.63), the Rackett equation:

—>

L ( 0.63 )
T T, ™ 0635
Eq. (11.41):
0.2857, 3
1-T: 97.092
91.426 / mol
Vsat-(P — Psat
f :=| PHIB-Psat-exp _sa_(__sa)“] Ans.
RT
. S gm
Table F.1, 150 degC: Pgat == 476.00-kPa molwt = 18-—_—_l
| : o e
. "- _cm . lW’t _ _
Veari= LOI9—molwtp o (1504 273.15)K P o= 150:bar
cm3
Vgt = 18.342 — T = 423.15K
mol

Equation preceding Eq. (11.41), pg. 387:

Var | P — Pgar
ri= exp{—stR,FE—)—. r= 1079
: N

: S -mol
Table F.2: (a) 9000 kPa & 400 degC; (b) 1000(psia) & 800 degF:
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11.23

 (400+273.15)K J
T
L (soo +459.67)-rankine

3.12_1'__2.i o 62915 ——
N T - i 1 . S ng
Hy:=1| Bt ' Sp=1- Bt
T 0.
1339 6—o 1.5677 e
by " by rankine

Table F.2: (a) 300 kPa & 400 degC; (b) 50(psia) & 800 degFT, := T

' 3_275.2-—3—- - 8.0338:—
Hp:= B Spi=| . . B
14317 — 19227 —
by J : lbyy rankine

Eq. (A) at the top of page 388 may be recast for this problem as:

Hz — Hi ) 0.0377
= exp moiwt, - (32 - Sl) r=
R T, 0.0542

(a)

(b)

The following vectors contain data for Parts (a), (b), and (c):

(a) = n-pentane (b) = Isobutylene (c) = 1-Butene:

150

' 1.013_25
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469.7 (33.70) (0252
Te=| 4179 |[K  Poi=| 40.0 [-bar = 0.194
L4200/ 40.43 L0.19]
0.270 (313.0 3 309.2 )
Zo=10275 Ve = | 2389 |- XL = 2663 [K
o ' mol BRI
0277) o l293) 266.9
(200} 101325
Po=[300 [bar  Psati= | 1.01325 |-bar




11.24

— 0.6583 — 0.0301
T = — T, =| 0.6372 Pp 1= —— P, = | 0.0253
0.6355 0.0251
Calculate the fugacity coefficient at the nbp by Eq. (11.65):
(a) PHIB(0.6583,0.0301,0.252) = 0.9572 0.9572
(b)  PHIB(0.6372,0.0253,0.194) = 0.9619  PHIB := | 0.9619
{(¢)  PHIB(0.6355,0.0251,0.191) = 0.9619 .0.9619

L
>

(lﬁTr)0'2857
Eq. (3.63): Vsat :=| Vo-Ze

Vsat- (P — Psat)

L N

Eq. (11.41): f := |:PHIB-PsaI-exp[

R'Tn
Ans.
(a) Chloroform: T, := 536.4-K Poi=54.72-bar  ®:=0222
Ze:=0293  Vgi= 239.0--—~T Ty = 334.3-K Psat := 22.27-bar
o T Tn
T=473.15K T, = — T,=0882 Tg:=— Ty =0623
c Te
(I—T )0.2857 cm3
Eq. (3.63): Vsat := Ve Ze o Vsat = 94.400—~
mo

Calculate fugacity coefficients by Egs. (11.65):

0.422

0,083 0.172
B0 = 0.083 - —= Bl = 0.139 - —=

Tr T4
B0 = -0.433 BT = -0.152
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Eq. (3.63):

o (P) = ir[P < Psat,q)(P),¢(Psat)----}-:;---- X

= (-bar,0.5-bar.. 40-bar

Psat [Vsat-(P — Psat)
exp

0.2857
1-T,
Vsat := VC-ZC( m)

Calculate fugacity coefficients by Eq. (11.65):

0.422

BO := 0.083 - T 0.172

Bl :=0.139 -

I.
Tr Tr4.2
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40 T
Psat
L el
) bar -
bar
;Pj 20 - o(P)
bar Y/ 0.6 I .
------- 10F 7 N
1 L:
0 0 20 40 04 0 20 40
L P
bar ’ bar bar
{(b) Isobutane _Tc':%_408.1'.-K P. = :36.4_8-bar ® :=0.181
Z. = 0282 Voi=262.7-——  Ty=2614K Psat ;= 5.28-bar
. T Ty
T :=313.15K T;:=— T: = 0.767 Ten = — T = 0.641
3

Vsat = 102.105 92

mol



Bl =-0.384

P P.(P)
Py(P) 1= —- o (P) = exp| (B0 + -BI)
Pe Tr
£(P) = if{ P < Psat,(P)-P, ¢ (Psat). Psat-exp}:-\-{-s-%t--g-}-)ﬁ:-?fg)--—'
RT |
o(P) = if[P < Psat,¢(P),¢(Psat)--l?-§§?--exp Vsat:(P — Psat) | |
P R-T ]
P := 0-bar,0.5-bar.. 10-bar
10 T g T
Pat sat
bar bhr
7 . 0.8 | i
bar 4
r T _ A
bar 0.6 .
| |
¢ 0 5 10 04 0 5 10
R P
bar * bar bar
11.25 Ethylene = species 1; Propylene = species 2
L (2823) (5040 - (0.087Y
Te: =1 - K Pc:=| - ‘|bar W= o
3656 46.65 ) A i140

. (0281 _13-1.0)' oot
o= Ve = L —
- \0.289 © 1884 mol

T = 423.15-K P = 30-bar yi =035 vy i=1-y

n=2 i=1.n j=1.n k:=1.n
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By Eqgs. (11.67) through (11.71)

Wi+ Wj _ Zcj + Zcj
Wi, = 3 Tci,j = Tep Tej ZCi,J p
r 1 173
3 3 _
(Vei)” +(Vey) Zo; RTCi,j
Vcl. = Pc.. =
J 2 1) G,
T (1499 1317]
T, | o=
i Te 1317 1.157
l,J
131 157.966 ) em° 50.345 48. 189}3
= — ar
157.966 1884 J mol 48.189 46.627

0.087 0.114 .
= TC =

0.114 0.14 321.261
By Eqs. (3.61) and (3.62):

0.422

(Trf,j)w

(—0.138 -0.189]
B0 =

BO; j = 0.083 -

—0.189 —0.251
R-T,
B = 5 ~3.(BO; 5+ Bl j)
C

By Eq. (11.61):

Sj,j = 2‘Bi,j_Bi,i_Bj,j

365.6

2823 321.261) 0.281 0.285
K Zc =

0.285 0.289

0.172

4.2
(T*i,j)
0.108 0.085
Bl =
0.085 0.046

-5G.892
B =

—99.181

99.181 —159.43 ) mol
0 2096) cm>
12096 0 ) mol

Blj,;:=0.139-

p 1
dhaty = expl:ﬁ-[Bk’ K+ EZ Z yi-yj-(Z-Si,k - ﬁi’j)}}
tj
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thaty = ¢haty-P Ans.

For an ideal solution, $id = ¢ pure species

P 0.595
Pr = P =
ko Pey 0.643

rk
Id = €X]
didy P T

Tk

-(BOk,k+mk,k-Blk,k)

fhatidk = $id-P Ans.
Alternatively,
P ) Pr
Py = dpidy := exp - ‘(Bok,k+®k,k'31k,k)
v P i Tk k

11.27 Methane = species 1 _ .
Ethane = species 2 T :=37315K P i= 35:bar
Propane = species 3

y’::". 0.43 ZC o
190.6 ) - (4599
- : N B L 'cm3
Tc:=13053 |:K Pc = 48.72 |-bar Ve = _—
' I R _ mol
369.8 42.48
n:=3 i:=1.n ji==1.n k=1.n

By Egs. (11.67) through (11.71)

Wi+ Wi Zei+ Ze
®j,j = ] Te. . = ,/Tci-TCj Le 1= —
2 L} L] 2
3
3 3 Ze. ‘R-T
V. o (Vi)™ + (Vey) p . hi i
i 2 Wi Ve
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1.958 1.547 1.406

.. T, =| 1547 1222 L1111
L) Te. .
i.J 1406 1.111 1.009
98.6 120.533 143378
Ve =1120.533 1455 171.308 |
mol
143378 171.308 200
45.964 47.005 43.259 0.012 0.056 0.082
P, = | 47.005 48.672 45253 |bar ® =005 0.1 0126
43259 45253 42.428 0.082 0.126 0.152
190.6 241.226 265.488 0.286 0282 0.281
To=|241226 3053 336.006 K Ze=1]0282 0279 0278
265.488 336.006 369.8 0.281 0278 0.276
By Eqs. (3.61) and (3.62):
0.172
0.422 — _ 0172
BO; ;1= 0.083 ~ ——— Bl j= 0139 5
", ]
RTe, .
Bi,j'-= ’J-(B0i7j+mi,j-Bli,j)
Pe .
1,
By Eq. (11.61):
0 30442 107.809)
8i = 2B ;- Bji-Bj ; §=| 30442 0 23482 ﬂi'
mo
107.809 23482 0

p I
ohaty, := exp{ﬁ'|:3k, k+ EZZ 5y {281 - ﬁi,j)ﬂ
L

fhaty := ¢haty-P

Ans.
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For an ideal solution, ¢id = ¢ pure species

0.761
P . P
Pry = - Pr=]0.718 didy = exp[ L '(BOk,k + ﬂ)k,k‘Blk,k)}
Ck r
k,k

0.824

fhatidk = didy-P

GE
11.28 Given: — ={-2.6x] - 1.8 x0})x1'x
o7 ( 1 2) 1°X2
(a) Substitute x, =1 - x;,

O

= (~8x1 - 1.8)-x1-(1 —x1) = —1.8:x; +x1°+0.8x;>

Apply Eqgs. (11.15) & (11.16) for M = GE/RT:

q [@j d(@]
RT o = OE _ \RT

X1
dx RT dx;

G
Iny; = R—§+(1 —XI)'

(&)
RT

= —1.8+2%] +2.4%,°

This reduces to the initial condition:
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(c) Divide Gibbs/Duhem egn. (11.96) by dx1:

Xl_d(hm) +X2_d(1m/2) _
dxq dxq

Differentiate answers to Part (a):

d(lnh) =2+28x] - 4.8-x12 d(]nyz)
dxy dx

These two equations sum to zero in agreement with the
Gibbs/Duhem equation.

(d) When x1 =1, we see
from the 2nd eq. of
Part (c) that

Q.E.D.

When x1 = 0, we see
from the 3rd eq. of
Part (¢) that

Q.E.D.

(e) DEFINE: g = GE/RT
g(xl) = —1.8-x1 +x12 +O.8-x13
Inyy(x1) = —1.84 2:x1 + 14%° = 1.6x,°
lnyg( ) —x1 - 1.6 XI

x1:=0,0.1.. 1.0
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0 e I T ) Lo 225
g(xi) 10 7]
Iy (Xl) L Iny1(0)
nyp(xr) [ AN
lny2 (‘1‘3.\
- L l I I
0 0.2 0.4 0.6 0.8 1
X1
— H
"""" Hlbar
"""" H2bar
- foo2misy  (87.5)
1132 |00939| 12656
Cloazase | o alr4
losaz60 | - |s345)
o o4024s| 0 ss7
|os6689 | | 4211 |
0.63128 7 vAN
1 0.66233 13217
X1 = o VE = n:.= rows(xl) i=1.n
0.69984 276.4
o __'0‘_7-2792'_ g 252.9. xl :=0,0.01..1
1 0.77514 1907
1079243 178.1.
1 0.82954 1384
0.86835 98.4 .
0.93287 - 1376
10.98233 t I0.0J
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Xl-(l—x[) .
F(x1) =] xi(1-x1) | |b |:= linfit(x), VE,F)
X1 (1—x1)
600
VE; 400

o
2
x1-( 1~x1)-|:a+b-x1+c~(x1) :! 200

0 0.2 0.4 0.6

xli,x]

By definition of the excess properties

VE = XI'X2'|:8.+ b-xy +c-(x1)2J

Z_VE = —d-c-(x))’ +3(c - b)(x;)* + (b —a)x; +a
X1

(Vbarl)E = (xz)z-[a +2-b-xy + 3-c~(x1)2_j

(Vbarz)E = (xl)z-[a -b+2:(b-c)x;+ 3-0-()(1)2]

Ans.

(b) To find the maximum, set dVE/dx; = 0 and solve for x;. Then use x; to

find VEmax.
Guess: x1l:=0.5
Given
3 2
—4o(xD)" +3(c-b)x1)" +2:(b-a)xl +a= 0

x| := Find(x1) % Ans.
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VEmax = xI-(1 - xl)-(a+ b-x1 + c-x]z) Ans.

(¢) VEbar((x1) :=(1- xi)zt[a + 2-b-x] + 3-0-(x1)2J

VEbara(xl) := (xl)z-[a -b+2(b-c)xl+ 3-c-(x])2:l

xl :=0,0.01..1

4000 I I e T

VEbarj(x1) 2000

VEbara(x1)

x1,xl

Discussion:
a) Partial property for species i goes to zero WITH ZERO SLOPE as x; -> 1.

b} Interior extrema come in pairs: VEbar min for species 1 occurs at the
same x; as VEbar max for species 2, and both occur at an inflection point on

the VE vs. x, plot.

c) At the point where the VEbar lines cross, the VE plot shows a maximum.

11.33 Propane=1; n-Pentane=2

T :=(75 + 273.15)-K P= 2-bar y1 =05 yoi=1-v
276 466 om3
Bi={ .2 ni=2 i:=1.n j=1.n
{~466 809, mol
3
By Eq. (11.57): B := ZZ Yi-yiBi, j B = -504.25 5™
i J mo
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Use a spline fit of B as a function of T to
find derivatives:

, -331) 5 {980 3 (=
b1l = | =276 2 pa2 =g | b12.:= | ~466 |-
2235 ) —684
50 323.15
t=| 75 |+273.15K ¢ =|348.15 [K
100 373.15

3
vsl 1 := Ispline(t,bl 1) BI1(T) := interp(vsll,t,bl1,T) BII(T) = —27693I
mo

3
vs22 = Ispline(t,b22) B22(T) := interp(vs22,t,b22,T) B22(T) = —809-‘3““—l
fanial

3
vs12 = Ispline(t,b12) B12(T) := interp(vsl2,t,b12,T) B12(T) = —466°—m—1
nmao
d s Leim
dT dT 1.92 3.18Y e
dBdT := dBdT =
d d 3.18 5.92) molK

2 Bi2m S B22(m)
dT dT

3
Differentiate Eq. (11.57): dBdT := Z Z yi-ydBdT; ;dBdT = 3.55 =

molK
1]
B-P -R-
By Eq.(3.37):7Z =1 + — Z = 0965 V= EE_I
R-T P
P (B
By Eq. (6.54): HRRT := 7l dBdT | HRRT = —-0.12 HR := HRRT-R-T

P
By Eq. (6.55): SRR := —E-dBdT SRR = -0.085 SR := SRR-R

Ans.




11.34 Propane =1;

n-Pentane = 2

T 1= (75 + 273.15)0K P := 2-bar y1 :=.0.5
. (—276 —466 )\ cmS n:=2 i=1.n
"~ ~466 809 ) mol i=1.n
8i,j = 2B 3~ Bi i - Bj ;
By Eqs. (11.59) and (11.60):
b ,
dhatl(yl) = exp —'LBl,l +{1—-vl) -81,2:|
' RT
" p )
dhat2(yl) := exp '*ji:'(BZ,Z“‘Y] 01 2):|
vl:=0,0.1..1.0
1 | ! I
0.9% -
0.98 |-
phat1(y1)
0.97 -
dhat2(y1)
0.96 —
oosfF e
L I - |
0943 02 0.4 0.6 0.8
yl
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. (0.0426" (=233
136 loosiz| | 457
~lonr | | 665
Sloasio| ] +866
Clo2io7| | -1is2
02624 | c1446 |
| 03472 11766
| 04158 | -195.7
X1:=| HE ;= _ n:= rows(xl) i==1.n
0.5163 T | -204.2
0_6155_' _ : .-,._[91_7_ xl :=0,001..1
0.6810 1741
logeat| | -1410
losisl]  -1168
- oseso| | -ss6
o losare | | -435
o lossas) 0 laze

(a) Guess: a = -500 b:=-100 ¢:=001

Ans.

e v
p—
oy
S

Il

4

2
—
.

I

B
s
S’

o =

HE; -100 —
<

xl-(lfxl)-I:a+b-x1+0v(xi)2]_200 i

-300 | i | I
0 0.2 0.4 0.6 0.8 !

xli,xl
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By definition of the excess properties

nt = X1-X2~|:a+ b-xq +c-(x1)2:|

3

...... H" = —4c(x1)* + 3(c=b)-(x;)* + 2-(b—a)x; +a

(Hbar ) = (x2)* &+ 2bx; + 3¢ (x1)? |

(Hbarg)E = (xl)z-[a -b+2:(b-c)x;+ 3-0-(x1)2:|

(b} To find the minimum, set dHE/dx, = 0 and solve for x;. Then use x; to

find HEmin'
Guess: xl := 0.3 HE(x1) := x1-(1 - xl)-(a+ b-x1 + c-xlz)
Given e (x1)’ +3:(c—b)-(x1)? +2(b —a)xl +a= 0
x| = Find(x1} Ans.

Ans.

HEmin := x!1-(1 - xl)-(a+ b-x1 + c-xlz)

(¢) HEbar;(x1) = HE(x]) + (1 - x1)-S- HE(x1)

HEbar>(x1) := HE(x1) — xl(d HE(X])J

dx1

x] :=0,0.01..1

500 I T Uy 7

HEbary(x1} 0

HEbarp (x1
,,,,,,,, ) =500

—-1000 { [ | e |

x1
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Discussion:
a) Partial property for species i goes to zero WITH ZERO SLOPE as x; -> 1.

b) Interior extrema come in pairs: HEbar min for species 1 occurs at the same
x; as HEbar max for species 2, and both occur at an inflection point on the HE
vs. x; plot.

¢} At the point where the HEbar lines cross, the HE plot shows a minimum.

11.37 (a) (1) = Acetone (2) = 1,3-butadiene
y1 = 0.28 yo = 1—y T:=(60+273.150K  P:=170-kPa
(0307 < [(5082Y 0 - (0233 £209-) em®
W= ’ TC =1 7 'K Zc = Vc. =1 * mn—
0190/ 7 4252 | 0.267 T \220.4) mol
n:=2 i=1.n J=1.n ki,j=0

0.307 0.2485 0.082
o=|02485 0.19 0.126
0.082 0.126 0.152

Eq. (11.67) CDi,j =

5082 464.851
Eq. (1L.68) T¢ = /Tci-ch-(l—kl-,j) Tc = | 464851 4252 |K
\ 369.8 0
Zo +7, 0.233 025
Eq. (11.70) Ze; ; :=—‘2—i Zc=| 025 0267
0276 0
1P
(Vci)3+(vc.)3 209  214.65 cm3
Eq. (1L71) Vg | = > J Ve =|214.65 2204 —
mo
200
e BT 47.104 45.013
¢ iR T¢
Eq. (11.69) Pc; j:= 1’\1/ ) Pc = | 45.013 42.826 |bar
€, j

42.48 0

Note: the calculated pure species Pe values in the matrix above do not agree
exactly with the values in Table B.1 due to round-off error in the calculations.
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T P

Tr ;= Prj ;=
LI T Ay
0.036 0.038
0.656 0.717
T = Pr=1]0.038 0.04
0.717 0.784
0824 0

Eq. (3.61)  BO;,j:=0.083 - 022
(Tri,j)lﬁ

~0.74636 —0.6361 —0.16178

BO =| —0.6361 -0.5405 -0.27382

~0.16178 —0.27382 -0.33295

0.17
Bq.(3:62)  Blj j=0139- —
(Tri,5)"
-0.874 -0.558 0.098
Bl =| -0.558 -0.34 0.028
0.098 0.028 -0.027

Eq.(11.66) B; j:= : -(BOi,j + coi,j-Bli,j)

~665.188 -499.527 ) mol

(—910.278 —665.188} e

n n 3
cm
Eq. (11.57) B = v By s B = -598.524 —
a-( ) Z Z YR mol
i=1 j=1
B-P
Eq.337) Z:=1+— Z = 0.963
R-T
R-T-Z
Vi=——
P

314



0.675 0.722
Eq. (6.80) dBOdTr; j:= Eq. (6.81) dB1dTr; j = ————r
: 26 352
(T, (Tri, 5
Differentiating Eq. (11.57) and using Eq. (11.66)
dBdT := Z Z Viryy { (dBOATy; ;+ @y, j-dB1dTr; J)}
i=t j=1
B
Eq. (6.54) HR := P-T-(? - dBdT) Ans.
Eq. (6.55) SR := —P-dBdT Ans.
Eq. (6.53) GR :=B-P Ans.

(b)

(©)

(d)

(e)

3

= 15694. 5
mol
SR = —1.006-
mol-K
cm3
V = 24255 —
mo!
SR =-041. !
mol-K
cm3
V= 80972 ——
mol
J
SR = -0.097-
mol-K
cm3
V = 5699].——
mol
J
SR = -0.647.
mol- K
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HR = —450.322--—5—
mo}
GR = _125.1-——J—
mol
J
HR = —175.666-—
mol
GR = f53.3-i
mol
J
HR = -36.48. ——
mol
GR = —8.1.—-
mol
J
HR = -27796.—
mol
GR = —85.2~—J—
mol



Pbs. 11.X1 --- 11.X3

11.XI Calculate ¢ and f bar by the Redlich/Kwong equation of state
for one of the foliowing, and compare results with values taken from a
suitable generalized correlation:

(a) Acetylene at 325 K and 15 bar.
{b) Argon at 200 X and 100 bar.

(c) Benzene at 575 K and 40 bar,

{(d) Carbon dioxide at 350 K and 35 bar.
(e) Ethylene at 300 K and S0 bar,
(f) n-Hexane at 525 K and 10 bar.
(g) Methane at 225 K and 25 bar.
(h) Nitrogen at 200 K and 75 bar.

11.X2 Calculate ¢ and { bar by the Soave/Redlich/Kwong equation of

state for the substance and conditions given by one of the parts of
Pb. 11.X1, and compare results with values taken from a suitable

generalized correlation.

11.X3 Calculate ¢ and f bar by the Peng/Robinson equation of
state for the substance and conditions given by one of the parts of
Pb. 11.X1, and compare results with values taken from a suitable

generalized correlation.

Vectors containing T, P, Te, Pc, and o for Parts (a) through (h):

~[325))

| 200
{5751
1350
~ 1300
| 525
25

\ 200

(15
100
40
35
| 50
0
|2
75

Te :

1l

316

308.3

150.9°
15622

304.2

12823
1507.6

190.6

1262

Pe :

(61.39)
L asos |
| 48.-95'
73.83
| 5040
13025
599
\34.00

1301

(:.1.8_'7 .

{000

210
204
087

012

038




1.054 0.244
1.325 2.042
1.023 0.817
Py 1.151 o 0474
. P .
Tr::l Tr = Pri=— Pr =
Tc 1.063 Pc 0.692
1.034 0.331
1.18 0.544
\ 1.585 2.206
11.X1 Redlich/Kwong Equation: Q = 0.08664 Y= 0.42748
0.02 4.559
0.133 3.234
0.069 4.77
—_— —————y
Pr 0.036 Wy 3.998
B =1 0. — (3.50) B = q:= (351) q=
Tr 0.081 Q~Tr1'5 4,504
0.028 4,691
0.04 3.847
0.121 2473
Guess: z:=1
: z-pB :
Given z=1+B-qf——"—r (3.49) Z(B,q) = Find(2)
z (z + B)
Z e + .
i=1.8 . m[MJ (6.62b)
z(Bi,q)

6; = exp(Z(Bi,qi) - 1 - n(2(B1,q3) - Bi) - q1:)(11.36)

fi == ¢i-Pi
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Given z=14B-qpB————
z:(z+

i:=1..8

(3.49)

B)

I = m[@q—‘)ﬂ—‘] (6.62b)
Z(Bi :fIi)

o; == exp(2(Bi.qi) - 1 - n(2(Bs,q1) - B1) - qi1;) (11.36)

fi = ¢i-Pi
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11.X2 Soave/Redlich/Kwong Equation Q :=0.08664 ¥ :=0.42748
¢ = (0,480 + 1.574-00 0.176.02) o= 1+ell- Tr”):z
0.02 4.49
0.133 3.202
0.069 4.737
— ey
(Q.E) (350) P = 0.056 q = (q"“] @3.51) - 375
Tr 0.081 Q-Tr 4.468
0.028 4.62
0.04 3.827
0.121 2.304
Guess: z:= 1
z—-f

7(B.q) := Find(z)




11.X3 Peng/Robinson Equation

o= 1442 g:=1-2 Q = 0.07779 ¥ = 0.45724
¢i= (0.37464 +1.54226-0 0.26992-(02) o m [ L4 c-(1 _ Tr°'5)]2
0.018 5.383
0.12 3.946
0.062 5.658
— — > _
5 (Q. E] 650§ 0.032 . ( 1{1.(1) G5 o~ 4.598
Tr 0.073 Q.Tr 5.359
0.025 5.527
0.036 4.646
0.108 2.924
Guess: z=1

_ P (3.49)  z(p,q) = Find(2)

Gi =1 o z
iven 2z +B qB(z+s-B)-(z+c-B)

i:=1..8 I ! ln[z(Bi’qi) + 6B

= . (6.62b)
2~\/§ Z(Bf,qj) +E-ﬁi]
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0 == GXP(Z(Bi,qi) -1- ln(Z(Bi,cn) - Bi) - qi-Ii) (11.36)
fi == ¢i-Pi {Big

¢ BY GENERALIZED CORRELATIONS

Parts (a), (d), (f), and (g) --- Virial equation:

(6139}  (.i87
1350 : Col73ss| - |22
= P = Pee=| | o=

525 | T | 3028 1301
\225) \45.99, 1012
—> —
Tr = -:i; Pr = 3
Tc Pc
Evaluation of ¢:
. 172
B0 := [0.083 _ 0422 422} (3.61) Bl := [0.139——O 17 J (3.62)
1.6 472
Tr Tr
pBRo = 2872 (6.80) PRI = 2722 (6.81)
2.6 5.2
Tr Tr

o= exP{E-(BO + oo-Bl):| (11.65)
Tr
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Parts (b), (¢), (e), and (h) - Lee/Kesler correlation:

Interpolate in Tables E.13 - E.16:

| 1.1842

S0 10,9634

$1: N
0.9883

1.2071

(7454
= 1316
\.8554

il

3 (b)
¢ = (¢0-¢1°°) (11.64): (©
(e)
(h)
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121

Chapter 12 - Section A - Mathcad Solutions

Methanol{(1)/Water(2)-- VLE data: T := 333.15-K
39223 (01686 o (05714)
42984 | 102167 0.6268

148.852 {03039 | o943 )
52.784 | ~ Losest © 107345
. 5§.§52' o 'Xi _ | 04461 .-.Yil . .0‘.-774_2
160.614 0.5282 | 0:8085
| 63.998 | | 0604s s
lerooa ]| | o.6804 | | 08733
170220 | 0.7255 | osox
\72.832) - o776 o914t
Number of data points:  n := rows(P) n=10 i:=1l.n
— —
Calculate x2 and y2: X = (1 - x;) y2 = (1 —yl)

Vapor Pressures from equilibrium data:

Psatj. = 84.562;'1(}’& Psaty = 1'9'.953‘_-I<P;a

Calculate EXPERIMENTAL values of activity coefficients and
excess Gibbs energy.

e _—
-P y2-P X
= xfll?satl 2= xz-isatg GERT := (Xl'ln(h) +X2'ln(72))
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= LT 2= 1n(ﬂ”‘i) - ln(”) GERT; =
1] 1572 1.013 0.452 0.013 0.087
Z 1.47 1026 0.385 0.026 0.104
3 1.32 1.075 0278 0.073 0.135
4 1.246 1112 0.22 0.106 0,148
5] 1.163 1157 0.151 0.146 0.148
6| 1.097 1233 0.093 0.209 "0.148
7] 1.05 1311 0.049 0.271 0.138
8 1.031 1.35 0.031 03 0.117
e 1.021 1382 0.021 0.324 0.104
10 1.012 1.41 0.012 0.343 0.088
1 [ .
0.5 , I .
x
0.4 - y -
]n(Yli) + -
xxx . 03[ x . * 7]
In(yzi)
+++ L ® + ]
GERT; 0.2
< o © ¥ ¢, .
0.1+ © + o B
o . X <
o x
+
0 + i | X x|
0 0.2 0.4 0.6 0.8

(a) Fit GE/RT data to Margules eqn. by linear least squares:
GERT;

X].- X2,
i A

VX = xy. i:
1

Slope = slope(VX,VY) Intercept := intercept(VX, VY)

Slope = —0.208 Intercept = 0.683

Ajyy = Intercept Ag1 = Slope + A5

Ans,
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The following equations give CALCULATED values:

yi(xl,x2) = exp[xﬁZz-[A]z + 2-(A21 - Aiz)-xlj:l

v2(x1,x2) := exp[xlz-[Azl + 2-(A12 - AZ])‘?Q]J

j=1..101

X1, = .01-j- .01 Ko =1-Xy.
] J J

Pcale, == Xl.‘Yl(Xl.:X:Z.)‘PSﬁt] +X2.-Y2(X1‘,X2_)-Psat2
J J J J ] J J

le-y ! (le ,ng)-Psatl

Y1 calcj =

Pealc.
cale;

P-x,y Diagram: Margules eqn. fit to GE/RT data.

90

80

40

30

20

i0

0 0.2 0.4 0.6 0.8
><1i,1r'11,3’(1j,Yicalcj
oan P-x data
¢ P-ydata
— P-x calculated
— P-y calculated
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Pealc, = X1i-v1(X1i,xzi)-Psat1 +xzi-72(X1i,X2i)-Psat2
1

xl_-yl(xli ,xzi)-PsatI
1

Yicale. -=
! Pcaﬂci

RMS deviation in P:

(Pi - Pcal:::i)2
RMS = |3 >————  pus = 0.399kPa

i

(b) Fit GE/RT data to van Laar eqn. by linear least squares:

XX,

VX=X, VY, =
i GERT;

Slope := slope(VX,VY) Intercept := intercept{VX, VY)

Slope = 0.641 Intercept = 1.418
1 1
2= ay =
Intercept (Slope + Intercept)
Ans.
ap-xl
yl(x1,x2) := exp| aj2| | +
i ay;-x2
a2}’
v2(x1,x2}) = exp| apy-{ 1 +
i app-xi
j=1..101 X1, =
]
X2 =

1-X1,
j

325

01-j —.00999 (To avoid singularities)



Pealc. = X1.-71(X1. ,Xz.)-Psatz + Xz.-v2(X1. ,Xz.)-Psatz
] J J J ] ] J

Pealc. = Xl.'Yl(Xl. ,Xz.)-Psatl + Xz.-Y2(X1. ,Xz.)-Psatz
1 I3 1 1 1 1 1

X1j-yl(X1j,X2j)-Psat1 xli-yl(xli,xgi)-Psatl

Y lcalc}. = ¥i calci =

Pealc.
i

P
calci

P-x,y Diagram: van Laar eqn. fit to GE/RT data.

g0 ——
80
p.
70
kPa
naa
Pj 60
kPa
N 50
Pecalc
P2 40
Peale
kPa 30|
20
10

0 02 0.4 0.6 0.8 1

XJE,YIi,leachalcj

BO0 P-x data
¢ P-y data

P-x calculated

— P-y calculated

RMS deviation in P:

7
(Pi - Pca.lci)
RMS := Z A I RMS = 0.454kPa

n
i

326



(¢) Fit GE/RT data to Wilson eqn. by non-linear least squares.
Minimize the sum of the squared errors using the Mathcad Minimize function.

Guesses: A12 =05 A21 = 1.0
2
SSE(A 12, A1) = Z GERT; + xli-ln(xli +le,A12)
i +X2"ln(X2i + Xli'AZI)
1
A2 ,
= Minimize(SSE, A 12,41
Agy
A A
exp; x2- 12 - 2!
x1 +X2'A]2 X2+X]'A21

y1(x1,x2) =

(Xl + X2'A12)

A1z Ay
exp} —x1- -
xl +X2'AI2 X2+XI'A21

v2(x1,x2) :

(X2 + Xl'Azl)
j=1.101 le = .01-j- .01 ij =1-Xq.

J

Peale, := X1 v1{X1,, X2, |-Psaty + X5 -y2{X1 , X2 }-P
cale, 1JY( L 2}) 1 2j7( L zj) saty
Pcalci = xli‘Y] (Xli:XZi)'Psatl +X2i'Y2(X1i,X2i)-Psat2

Xl.‘Yl(XI.,Xz_)-Psatl Xli'vl(mi,xzi)-Psatl
J J ] )’lt:atlci =

Yicalk, = P
) Pcalcj calci
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P-x,y diagram: Wilson eqn. fit to GE/RT data.

90 ..... —
80
Py
Pa 70
ooa
_P_i 60
kPa
° 50
Pcalcj
kPa 40
Pcalc.
ca C_l 30
kPa
20
10

0 0.2 0.4 0.6 0.8
Xli :YliaXIj s cha]cj
000 P-x data
¢ P-y data
P-x calculated
— P-y calculated

RMS deviation in P;

RMS := z A RMS = 0.48kPa
n

{(d) BARKER'S METHOD by non-linear least squares.
Margules equation.

Guesses for parameters: answers to Part (a).

y1(x1,x2,A12,A21) = exp[ ()" A1z +2:(Ag) - Alg)-mﬂ

12(x1,%2,A12,A01) = expL(xl)z-[Am +2:(Arz - Azl)-ﬂﬂ
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Minimize the sum of the squared errors using the Mathcad Minimize function.

Guesses: A2 :=0.5 A1 = 1.0

SSE(A12,A21) ?Z P; - x1i"!1(Xli,xzi,Alz,Azl)-Psatl
i +X2i-“/2(X1i,xzi,Atz,Azl)-Psatz

Ap2
( J = Minimize(SSE, A2, A21) Ans.

A2

Peale; = Xij'Yl(le,XZj,AIZ,AZI)‘PSELH
+X2j-Y2(X1J.,ij,Alz,Azl)'Psatz

X1 .'}’I(Xl s X2, ,Alz,Azl)-Psatl
J ] J

Y tcale, =
J pcalcj

Pcaici = Xli"Yl(Xli,XZi,Alz,Am)-Psatl
+X2."Y2(X1,,X2,,A12,A2})-Psat2
1 i 1

Xli'h(Xlisxzi,Alz,Agl)-Psatl

Yicale. ==
! Pcaici

RMS deviation in P:

(pi - Pcak:i)2
RMS = Z — RMS = 0.167kPa

i
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P-x-y diagram, Margules eqn. by Barker's method

90 atam, =
8¢
P;
kPa 70
ooo
P.
b 60
kPa
&
Pcalc: 50
]
kPa 40
Pcale i 30
kPa
20

103 02 04 06 08

X1i,y1i,X1j ; cha]cj
ooo P-x data
©  P-ydata
P-x calculated
—— P-y calculated

Residuals in P and y1

1
. o
PI—P‘calci 0.5 o .
kPa o X 0
X X X o
(YIi"'YICalCi)']OO 0 X Y o
o . % < g ® %
x
@
0.5 -
0 0.2 0.4 0.6 0.8

X1,
. 1
*x X X Pressure residuals
¢yl residuals
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(¢) BARKER'S METHOD by non-linear least squares.
van Laar equation.

Guesses for parameters: answers to Part (b).

[ a;>-xl -2
Yt(XLxZ,aiz,am) =exprapy L+

L 21x2)

- o

Yz(Xl ,X2,312,321) =exp| appl I+

i -

Minimize the sum of the squared errors using the Mathcad Minimize furction.

Guesses: ajp =05 az) =10

SSE(ai2,a21) ::Z Pi— X}i-h(Xli,Xzi,alz,am)-Psatl

i +X2i'72(X1i,xzi,alz,am)-Psatz

alz L] - .
= Mlnlmlze(SSE .41 2,a21) Ans.

421

pcalcj = le‘h(le,ij,alz,azl)-Psatl
+ij-T2(X1.,X2.,a12,az1)-Psat2
i

Xli'}’l(le ,ij,am,agl]-l’satl

Y 1cale. =
J pcaicj

Pcalci = Xli'Yl(xliaxzi,aIZeaﬂ)'PsatI b

+ Xzi"Yz(Xli,X2i .a17, a21)-Psat2

Xli'Yl(Xll.,Xzi,filz,HZI)‘Psatl

Yicale. =
! Pca]ci
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RMS deviation in P:

\/7 (Pi - P(:alci)2
RMS = Z — RMS = 0.286kPa
i

P-x,y diagram, van Laar Equation by Barker's Method

80

20

90
70
P
kPa
ooo 60
Pj
kPa
° 50
!3c:alcj
kPa
Pcalcj 40
kPa
30
10

0 0.2 0.4 0.6 0.8 1

xli)YIiaxlst]calcj

aud Pxdata
¢ P-y data

— P-x calculated

— P-y calcuylated
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Residuals in P and y1.

1
&
s @
° X
PiPealc, 05| - S e X -
kPa
¥ X X X
(Yli'"}’lcalci)' 100
o oy Ty °
x &
&
x W XX
i %
03 0 02 0.4 0.6 0.8

XJ.
X XX Pressure residuais
¢yl residuals

() BARKER'S METHOD by non-linear least squares.
Wilson equation.

Guesses for parameters: answers to Part (c).

j=1.101 X1, =.01-j-.01 Xy = l_le
J J
yl(xl ,x2,A12,A21) = exp -ln(x1 +x2-A12)
Az Aoy
X2 _
x1 +x2-Ap x2+x1-Ap,
Yz(xl ,X2,A;2,A21) = exp —ln(x?_ +X1-A21) "
-Ap2 Ay
+x1- + |
x1 +X2'A12 X2+X1‘A2] _J

Minimize the sum of the squared errors using the Mathcad Minimize function.
Guesses: Ajp =05 Azp =10
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SSE(A]z,Azl) = Z Pi - X]i'}’l(Xll_,Xzi,A12,A21)'PSBII
i +X2_-'}12(X1_,Xzi,Alz,Azl)'PSatQ
1 1

A2
= Minimize(SSE, A 2,A2 )

Aoy

Pca[cj = le'Yl(le,X2jsA12’A21)'Psatl
+X2j'Y2(lesxzj:A]Q,Azl)‘pSEﬁz

le'Yl(le ,ij,/\u,Azl)-Psatl

Yieale. :=
J Pc:alcj

Pcaici = Xli'Yl(Xlisxzi,f\n,f\zl)-l’satl
+X2.'72(X1i,X2.=A12,A2;)-Psat2
1 1

Xli'Yl(Xli,XZi ,A;Q,Agl)-Psati

Yicale. =
! Pcalci

RMS deviation in P:

(Pi - Pcalc:i)2
RMS = Z — RMS = 0.305kPa

i

334



P-x,y diagram, Wilson Equation by Barker's Method

90
80
Pi
kPa 70
ooo
P
—_— 60
kPa
&
Pealc, 50
]
kPa 40
Pcalcj 30
kPa
20
10 0.4 0.6 0.8
xli ,YIi’le :chaICJ
oog P.x data
¢ P-ydata
P-x calculated
— P-y calculated
Residuals in P and y1.
I >
<
Pi*Pcalci 0.5 &
kPa %
X X X
(Y] i‘chalci)‘ 100 % o
& x o
® * P
%
05 0 0.2 0.4 0.6 0.8
X1

XXX Pressure residuals
y1 residuals




12.3 Acetone(1)/Methanol(2)-- VLE data:

72278 )
| 75279
77.524
78951 |
;'..1-.'8'2__5.23 .
| se7e2 |
90.088
| esa0e |
s

96365
T '9'7_:._6_46..
98462
99.811 |
99.950. |
1100278 |
1 100467 |
100,999 |
‘| 10t0s9 |
| oos77

199799

Number of data points:

Calculate x2 and y2:

.XI'Z

- {0.0287

10.0570.
10,0858
- -‘0.-1046.
|oas2 |
Jo2173
02787
) 03579,
1 0.4050°
10.4480

05052
- osan
106332
| 0.6605

106945
107327 |
0752
107922
" 109080 |

- {09448,

n = rows(P)

—

X = (1 —xl)

T := 328.15K

n=20

yi:

—
y2 = (1 —}’1)

| 04184
o4

- 05135
ossiz

i

: 07876

Vapor Pressures from equilibrium data:

Psaty := 96.885-kPa Psaty := 68.728-kPa

336

0.0647
| 0.1295
| 0.i848
02190
1 0.2694
| 03633 |

1 0:5844

106772
l'o:6926
| 0.7383

1 0.8959
\0.9336 )

1:=1.n



Calculate EXPERIMENTAL values of activity coefficients and
excess Gibbs energy.

. BN X
Y1 = m—ﬂ Yo = ——}?P— GERT = (xl-ln(yl) +x2-ln(72))
X|-Psaty X>-Psats

R ST va, = Infry) = Infrz) = GERT; =
1| 1.682 1.043 0.52 0.013 0.027
2] 1765 1.011 0.568 0.011 0.043

- 3] 1723 1.006 0.544 5.815-10 -3 0.052
4] 4706 1.002 0.534 1.97510 -3 0.058
5 1.58 1.026 0.458 0.026 0.089
6 1.497 1.027 0.404 0.027 0.108
7] 1.395 1.057 0.334 0.055 0,133
8] 1.285 1.103 0.25 0.098 0.152
9 1.243 1.13 0.218 0.123 0.161
10, 1224 114 0.202 0.131 0.163
11 1.166 1.193 0.153 0.177 0.165

[ 12] 1,155 1.2 0.144 0.182 0.162
13] 1.102 1.278 0.097 0.245 0.151
EX 1.082 1.317 0.079 0.275 0.145
15 1.082 1.374 0.06 0.317 0.139
15| 1.045 1.431 0.044 0.358 0.128
17 1.039 1485 0.039 0.395 0.119
18] 1.037 4,503 0.036 0.407 0.113
19 1.017 1644 0.017 0.497 0.061
20 1018 1.747 0.018 0.558 0.048
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0.6 N T T {
+
* "
-
X
Infy1.) 04 x +
B :
>
+
ln(ygi] .
+ + + X +
GERTI- 0o L ko
o ¢ 9 §§ oo
¢ + F © o oo
¢ + X
© x
0 0° * * % ®o
0 a0t F ! o “ X X
0 02 04 0.6 0.8
X1,
(a) Fit GE/RT data to Margules eqn. by linear least squares:
GERT;
VX; =X, VY; =
! X1.'X2,
1 i
Slope := slope(VX,VY) Intercept := intercept( VX, VY)
Slope = —0.018 Intercept = 0.708
A1o = Intercept Ap1 = Slope + App
; L i_ o : Ans.
The following equations give CALCULATED values:
5 )
vyi(xl,x2) = exp[xfz ‘I:AIZ +2-(A21 - Alz)-xl:”
) )
y2(x1,x2) = exp[xl | Azr +2-(Aj2 - Ag])-XQ]J
jr=1.101 X[j =.01j~-.01 X2 = 1-Xy,
J ]

Peale. = X1 vHX;. ,X _)-Psat + X0 v2X: X5 )
cale; J}’( 1J 2J 1 2J.Y( Ij’ zj)Psatz

le-yl(le,ij)-Psan

Y cale, \=
1 Pca]cj

338




P-x,y Diagram: Margules eqn. fit to GE/RT data.

105
100
P
kPa 95
aaoo
Pi g
kPa
o
Pcalc, 85
J
kPa 80
Pcalc.
AT
kPa
70

65 0 0.2 0.4 0.6 0.8

XlisYIisxlstlcalc}-
o0 Pox data
¢ P-y data
—— P-x calculated
— P-y calculated

Peate. == xli-yl(xli,xzi)-Psatl +x2.-y2(x1_ ,xz')-Psatz
1 1 1 1

xli-yl(xli,xgi)-PsatI

Yicale, -=
I pcalc:i

RMS deviation in P:

(Pi - Pcalci)2
RMS := Z_n— RMS = 0.851kPa

i
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(b) Fit GE/RT data to van Laar eqn. by linear least squares:

X1.-X2,
VX; = x1. VY; = :
1 GERT;
Slope := slope(VX,VY) Intercept = intercept(VX,VY)
Slope = 0.013 Intercept = 1.442
1 1
2= ——— ] =
Intercept {Slope + Intercept)
Ans.
y1{x1,x2) := exp 312-(
[ a2 |2
v2(x1,x2) :==exp| ap1-| 1 +
i ajy>-xl |
ji=1.101 Xy, = .01-j - .00999 (To avoid singularities)
i
X2, = 1-X1.
] J

ce= X oy Xy, X JPsat + X y2(X ., X2 )P
Pealc, 1Y ( L 2}) L+ X2y ( ’ 2).) satp
Pcalci = xli-yl(xli,xzi)-Psatl + x2i-y2(x1i,x2i)-Psat2

Xl.-}'l(XL,Xz.)PSHH Xl.-vl(m.,xz.)-PsaH

Y — J J J i i i

fcalc. * ¥lcale, =
] pcalcj !

P calci
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P-x,y Diagram: van Laar eqn. fit to GE/RT data.

103
o —-
Pj
kPa 93
ooag
P 90
kPa
° 85
Pealc.
J
kPa 20
pcalcj s
kPa
70
63 W 0.2 0.4 0.6 0.8 i

X1i,y1i,X1j , chalcj
GO0 P-x data
¢ P-ydata
P-x calculated
— P-y calculated

RMS deviation in P:

(Pi - Pcalci)2

RMS := | ————

i

RMS = 0.701kPa

(c) Fit GE/RT data to Wilson eqn. by non-linear least squares.

Minimize the sum of the squared errors using the Mathcad Minimize function.

Guesses: A =05 Arp = 1.0
2
SSE(A 15,A21) = > [GERT; + (x1n(x1 +x2:A12) ..
1
i +x2,-ln(x2. +x1_-A21)
1 1 1
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= MiﬂimiZG(SSE,Alz,A21) Ans.
Az
exol 12 A Ay ﬂ
P M A, X2 +x1-Ag) )]
1(x1,x2) =
! (x1+x2:A15)
exp| —xI- Az - Aot ﬂ
P xI+x2Ap x2+xtAy )|
2(x],x2) = =)
7 ) (x2 +x1-A2)
j=1..101 Xy, = .01-j—.01 Xy = 1-X1.
J ] J
Pealc. = X1,-71(X1_,X2_)-Psat1 +X2_-y2(x1, ,Xg_)-Psatg
J ] 1 J 1 ] ]
Peale. := Xl.‘}’l(XL,xz,)-Psat] +x2_-72(x1_,x2,)-l’satg
1 1 1 1 I 1 1
XI-"}’I(le,XQj)-Psatl Xli‘Yl(Xliaxzi)-Psatl

= Yicale, =
chalcj ’ ! Pcalc.
Pcalcj i
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P-x,y diagram: Wilson eqn. fit to GE/RT data.

105
100
1
KPa 95
oocao
E 90
kPa
° g5
pcalcj
kKPa 80
pcach 25
kPa
70
63 0 02 0.4 0.6 0.8
Xll - ¥1 i’ X]_] ) chalcj
OG0 P-xdata
¢ P-ydata

P-x calculated
—— P-y calcuiated

RMS deviation in P:

(Pi - Pcalc.)2

RMS := Z—{]—‘

i

RMS = 0.361kPa

(d) BARKER'S METHOD by non-linear least squares.
Margules equation.

Guesses for parameters: answers to Part (a).
2
11(x1,x2,A12,A71) = eXp[ ()" A+ 2:(Az1 - Alz)-xlﬂ

72(x1,x2,A12,Az;) 1= expl: (xl)z-[Agl +2:(A12 - A21)~x2ﬂ
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Minimize the sum of the squared errors using the Mathcad Minimize function.

Guesses: Ayz = 0.5

Ay = 1.0

SSE(A[Q,AQ}) ::Z P; - Xli'}’l(xli,x%:A12=A21)'P53t1

i

A1

A2 )
= Minimize(SSE, A2, A2;)

Peale, = X1j-‘/1(X1J,X2j,A12,A21)-Psat1
+ ij'Yz(X}j ,ij ,A12,A21)-Psat2

X1 .-Yl(Xl .63 ,A12,A21)-Psat1
J J J _

Yicale, ==
]

le.
Pca cJ

Pcalci = Xli'Yl(XliaxziaAuaAZI)‘PS&tl

+ X2.'“/’2(X1. ,X2.,A12 ,A21)-Psat2
1 1 1

Xli'YI(Xli,XQi A ,A21)-Psat1

Ylcale. =
! Pcalci

RMS deviation in P:

(P i~ Pcal(:i)2

n

RMS =

RMS = 0.365kPa

344

+X2.‘Y2(X1 X2.,A12 ,A21)-Psat2
1 1 1

Ans.



P-x-y diagram, Margules eqn. by Barker's method

105
100
Pj
kPa 95
oao
P.
' op
kPa
o
85
Pcalcj
kPa 80
pcalcj 75
kPa
70
65

0 0.2 04 0.6 0.8
XliJIiale:chalcj
noo P-x data
¢ P-y data
P-x calculated
— P-y calculated

Residuals in P and y1

2
Pi~Palc, i - o
kPa e o
X X X X 5% o )g
(YI-_chalc-)‘loo X o RN
! ! By X X8 ux
< < » ® Xx X %
o
o o ©
0 0.2 0.4 0.6 0.8
X1,

. i
X X ¥ Pressure residuals
¢yl residuals
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(¢) BARKER'S METHOD by non-linear least squares.
van Laar equation.

Guesses for parameters: answers to Part (b).

j=1.101 le = .01-j —.00999 ij =1 —X]j
i -2
( _— ) - apz-xl
x1,x2,ay7,a21) = exp| ayo-
Y1 12,421 p— 12 a1 X2
i _
ani-x2 2
yz(xl ,x2,a12,a21) =exp| a1+ 1 +
L ajp-xl

Minimize the sum of the squared errors using the Mathcad Minimize function.

Guesses: ajp = 0.5 ap) = 1.0

SSE(alz,agl) ::Z Pi - x;i-y](xli,xzi,alg,azl)-Psatl

i +X2i'Y2(X1i,Xzi,alz,azz)'l’satz

312 . . .
= Mmmnze(s SE.a;2 ,a2;) Ans.

a2

pcalcj = le'}’l(X1j,X2j,a12,a21)~Psat1
+X2.'Y2(X1.,Xz.,a12,a21)-Psat2
] J ]

X1 .'Tl(Xl : ,Xz.,alz,azl)-Psatl

Yicale, =
J pcalcj

Pcalci = Xli'Yl(XIi,XQi,3125321)‘1)53151

+ Xzi'Yz(XIi axzi »a12 ,321)-Psat2

Xli‘h(xli,xzi ,312,a21)-Psat;

¥leale, =
! P calci
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RMS deviation in P:

(Pi - Pc:alcl.)2
RMS := Z — RMS = 0.364kPa

i

P-x,y diagram, van Laar Equation by Barker's Method

105
100
95
Pj
kPa
ooo 90
Pj
kPa
C g5
Pcalcj
kPa
Pcalc ; 80
kPa
75
70
65

0 0.2 0.4 0.6 0.8

Xlia)/Ii’leaYlCale
000 P-x data

¢ P-y data
P-x calculated

— P-y calculated
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Residuals in P and y1.

1.5
X
1
Pi"Pcalci 05| x . z
e XX x o
kPa o o Xy
X XX % & o
- 100 gl % y X
(YIi )’lcalci) X Xo wX oy o
< < e XX 4
<
05| R
O -
Yo 02 04 06 08 !
X1.
1
XXX Pressure residuals
¢yl residuals
() BARKER'S METHOD by non-linear least squares.
Wilson equation.
Guesses for parameters: answers to Part (c).
ji=1..101 X1.=.01-j-.01 ng =1 —XIj
]

Y](XI ,X2,A]2,A21) = exp

Vz("l 3X25A12’A21) = exp|

—In(x1 +32-Apy) ..
+X2.( App Ajj )

xI +x2Ap  x2+x1-Ay )

]

+
xI +x2A;p  x2+x1-Ag; )

Minimize the sum of the squared errors using the Mathcad Minimize function,

Guesses; Ap =05

A21 =1.0
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SSE(Alngzl) = z Pi—- Xli-yl(xli,xzi,A12,A21)-Psat1
i +xzi-yz(xll_,xzi,Alg,Azl)-Psatg

A]2 . - a
:= Minimize(SSE, A 12,4 Ans,

Any

pcalcj = le'Yl(le=X2j,A12,A21)-Psat1
"‘XZJ.'YZ(XIJ.»XZJ.,A12,A21)'Psat2

Yicale, =
J Pcalcj

Pcalci = XIE'YI(Xli,Xzi,Alz,Azl)-Psatl
+X2i'“z’2(x1.,Xz.,Au,Az;)-Psatz
P

XIE'YI(XIi ,Xzi ,A12,A2})-Psat1

Yleale, =
! P calci

RMS deviation in P:

(Pi - Pcalci)2
RMS = |} n RMS = 0.35kPa

i
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P-x,y diagram, Wilson Equation by Barker's Method

65

0.2 0.4 06 08 1
, X1..Y
Xli:YIi 1J 1calcj

aoo P-x data
¢ P-ydata

P-x calculated

— P-y calculated

Residuals in P and y1.

2 _
Pi_Pcalci i *
kPa x <
X %X X X x ¢ X o
V) o %(
(YL‘chaIc-)' 100 % e x @ ©
1 1 O X X X O ox X X o
& < X P -]
o < ©
- o ® —
0 02 04 0.6 0.8 1
X1.

. I
XXX Pressure residuals

© vyl residuals
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12.6 Methyl t-butyl ether(1)/Dichloromethane--VLE data: T : 30815K

o (83.402) o (0.0330) G
1-82.202. | ' Q.QS?Q' R 09253
_ 80_.481:' 1 0.0924 00416
|7e7o) ~Jouess | oosos |
B Kcaace B | o282 o foa3ia|
-:-.68:005 . o 0f3322 S _0;_1_97:5:'_
0. .6.'5.096' kPa i _.0.388_0__ | .16,2457__..
59.651 | 71 0.5036 = 0.3636
56.833_ _ 0.5749 | 1.0.4564
53.689 _ 0.6736 05882
3162011 . 07676 o176
50.455 ) o 0.__'8476 {08238
49926 1 | 09093 09002
49.720 -1,0.9529 _0;9502)
— —
xa = {1 —x1) v2:=(1-y)
Psat] := 49.624-kPa Psaty := 85.265-kPa
Calculate EXPERIMENTAL values of activity coefficients and excess
Gibbs energy.
P P X
Y] = x:-/ll’saq Yo = x;z’satz GERT = (x1-hl(’yl) +x2-1n(}'2))
—>
GERTx1x2 = GERT n := rows(P) n=14 ii=1.n
X]1'X2
351



(a) Fit GE/RT data to Margules eqgn. by nonlinear least squares.
Minimize sum of the squared errors using the Mathcad Minimize function.

Guesses: Az =-03 Apyp =05 C:=02
SSE(A12,A21,C) = Z [GERTi - (A21'Xl. + A12x, — C-x .-Xz.)-XL-Xz.]z
1 1 I 1 1 1

i

A2
Aap | == Minimize(SSE, A12,A21,C) Ans.
C
(b) Plot data and fit
GeRTx1x2(x1,x2) = (Agpx1 + A2 - C-x1-x2)
GeRT(x1,x2) := GeRTx1x2(x1,x2)-x1-x2
2 2
Inyl(xl,x2) = x2 -[Au +2(A21 - Ajz = C)-x1 +3-C-x1 ]
2| 2
Iny2(x1,x2) = xI '|.A21 + 2-(A12 - Agy — C)-XZ +3-C-x2 }
j=1..101 Xy, = 01:j- 01 Xy = 1-Xy.
J 1
[ |
GERTx1x2; 0
XXX

GeRTx]xz(le ,ij)_o_l

1
n(“i) 02
nog
Iny1{Xy.,Xs.

Y( IJ 2J) —0.3
ln(ygi)

o 0.4
Iny2{X1.,Xs,

Ay

0 0.2 04 0.6 0.8 1

><1i,X1j,><1i,X1}.,X1i,X1j
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(c) Plot Pxy diagram with fit and data

v1(x1,x2) = exp(Iny1(x1 ,x2))

v2({x1,x2} = exp(lny2(xl ,x2))

Pcalcj = X]j-yl (le,ij)-Psan +X2j-y2(X1j,X2j)-Psat2

X;j-}'l(le,ng)-Psat]

¥lcale, =
J Pcalcj

P-x,y Diagram from Margules Equation fit to GE/RT data.

90
P;
kPa
cgoo
P;
kPa
[e]
Pcalc
kPa
Pealc
kPa
40 0 0.2 0.4 06 0.8
Xll 5y115XIJ :YIcach
000 P-x data
¢ P-y data
P-x calculated
— P-y calculated
(d) Consistency Test: 8GERT; = GeRT(x1_ ,xz_) — GERT;
1 1
“rl'(mi,xzi) 11,
ohnyly2) :==In| ——= | - In| —
}’2(X1i ,Xzi) Y2,
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0.004 I ]
<>
oo o 0r XXX
SGERTy 0| o ° RPN Slny1v2; o x
XXX 9025 | x x
<& >
x X
|
—0.004 |
0 0.5 1 0.05 5 0 |
X1,
i X1

Calculate mean absolute deviaticn of residuals

: -4 ?
mean(|8GERT|) = 9391 x 10 mean(]éilnylﬂl) = 0.021
(e} Barker's Method by non-lirear least squares:
Margules Equation
~ ) .
v1(x1,x2,A12,421,C) = exp| (x2)7[ A2+ 2-(A21 — A1z — C)x1 ... |

+3.Cx1?

-
v2(x1,x2,A12,A21,C) = exp| (x1)" [ Az +2:(A12- A2 - C)x2 .
| +3.C.x2°

L. .1

Minimize sum of the squared errors using the Mathcad Minimize function.

Guesses: Ajp =-0.3 Az =05 C:=02

SSE(AIZ,Am,C) = Z Pi - Xli'Y](Xli,Xzi,AlzaAZI,C)‘Psatl
i +X2i-72(xli,x2i,A12,A21,C)-Psatz

Al2
Ag1 | = Minimize(SSE, A12,A21,C)
C

Ans.
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Plot P-x,y diagram for Margules Equation with parameters from Barker's
Method.

Peale, = le'Yl(le:X2j,A12,A21 ,C)-Psan
+X2j-72(X1J. ,ij » A1, A1 ,C)-Psatz

XI.'Y1(X1. X2.,A02,A21 ,C)-Psatl
J b

Ylcale, =
J Pcalcj

90

40

0 0.2 04 0.6 0.8 1

XII’YIl’le »¥Ylcalc:

J
o008 P-x data

¢ P-ydata
P-x calculated
—— P-y calculated

Pcalc.l = Xli-Y1(X1i,X2i,A12,A21 ,C)-Psatl

+X2.'72(X1i,X2.,A12,A21 ,C)-Psatz
1 1

Xl.'Y](Xl.,Xz. ,A12,A21 ,C)-Psatl
1 1 1
Bflcalci =

P calcl.
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Plot of P and y1 residuals.

0.8
<
0.6 oo
<
Pi_Pcalci 0.4 ° @
kPa
X X X © R
(Yl.—YIcalc.)' 100 g2 | .
13 1 &
)
< &
o X x < °
0 % X x X & §x
x X
X
X
-0.2 0 05
X3,

l .
XX X Pressure residuals
¢yl residuals

RMS deviations in P:

(Pi - Pcalci)2

RMS = |3 ~——

i

RMS = 0.068kPa
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12.8 (a) Data:

- (0.0523) C1202) (1002
(0129 o lser i p 1004
02233 S 1295 | | 1008

0.2764 e 1.024 |
03482 1234 RS
| 04187 1180 s
% = _0:..50-01 vy 1..-1-29_. :'Y2 = 1092
0.5637 R P {102
| 0.6469 - 11076 S0
] 0.7832 o3 S| 1298
0.8576 Lote 1393

09388 1 1.001 o Le0o.

Lo.9813) oo 404
n:= rows(x1) i:=1.n n=13 Xg, = 1~ X1,

GERT; = xli-ln(yli) + xzi-ln(mi)

(b) Fit GE/RT data to Margules eqn. by linear least-squares procedure:

GERT;
Xi =X, Y=
! X" X3,
1 i
Slope := slope(X,Y) Intercept := intercept(X,Y)
Slope = 0.247 Intercept = 0.286
Aq7 = Intercept A1 :=Slope + Apn

v1(x1,x2) = exp[ﬂz'[Au + 2'(A21 - AI2)"‘1]J
y2(x1,x2) = exp[xlz-[Agl +2-(App - Agl)-x2]:|
GeRT(x1,x2) := x1-In{y 1(x1,x2)) + x2-In (y2(x1,x2))
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Plot of data and correlation:

0.6 1 i T

0.5

GERT;
ooo
GeRT(xli,xzi) 0.4 -

(c¢) Calculate and plot residuals for consistency test:

SGERT; = GeRT(xli ,xzi) — GERT;
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12.9

SGERT; = dlnyly2; =
3.314-10 -3 0.098
-2.264-10 -3 -9.153-10 -5
-3.14-10 -2 -0.021
-2.998-10 3 0.026
-2.87410 -3 -0.019
-2.22-10 -3 593410 3
-2.174-10 3 0.028
-1.553-10 -3 -9.59-10 3
-8.742-10 4 9.13810 -3
2.944-10 4 -5.617-10 4
596210 S -0.011
9.02510 5 0.028
4.236-10 i] -0.168

—_—
mean(lBGERT') = 1.615x% 10~

3

0.1

0.05

Slny 172
¥ X

Calculate mean absolute deviation of residuals:

x * P
w %
-
X X
X
|
0.5
X1.
I

mean(lﬁ!nyl"{Zl) = 0.03

Based on the graph and mean absolute deviations,

the data show a high degree of consistency

Acetonitrile(1)/Benzene(2)-- VLE data

(30038

35.285

136.996

1 37.068 |

36.978

34.372
32.331

36457 |

36.778 |
35.792

31957

103980 |

359

10,0940,

107206

.| 0.8972
- 109573

0.1829
0.2909

0.5069
0.5458

0.5946-

0.8145

T :=318.15K

. (0.105)
oinis

yis

H

| 0.3607
o474
1’04885
1 0.5098

| 06157

(2783

0.5375

10.6913
0.7869




———— —
X7 = (l—xl) y2 = (]_Yl)

Psat; = 27.778-kPa Psatp = 29.819-kPa

Calculate EXPERIMENTAL values of activity coefficients and excess
Gibbs energy.

- 5 iy
yi'P y2-P >
= = GERT := {x1-In{v ]} + x2-Inly
n Xx]-Psaty 72 x2:Psata ( ( 1) ( 2))
—_>
GERT _
GERTx1x2 := n:= I"OWS(P) n= 12 i=1.n
Xi-X2

(a) Fit GE/RT data to Margules eqn. by nonlinear least squares.
Minimize sum of the squared errors using the Mathcad Minimize function.
Guesses: Ayp =03 Ay =05 C:=02

SSE(Alz,Am ,C) = Z [GERTi - (Aglvxli + AIZ'XZi - C-xli-xgi)-xli-XQiJz
i
Az
Ay | := Minimize(SSE, A12,A21,C)
C

Ans,

(b} Plot data and fit
GeRTx1x2(x1,x2) = (Ag1-xI + A12-x2 - C-x1-x2)
GeRT(x1,%2) := GeRTxIx2(x1,x2)-x1-x2

Inyl(x1,x2) := x22-[A;2 +2-(A21 - Aj2 ~ C)xl + 3-c-x12J

Iny2(x1,x2) := xﬁ[Az] +2-(A1p-Ag - C)x2 + 3-c-x22]

j=1.101 le = .01j-.01 X2, =1-Xq,
I J
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1.2

GERTx 1x2; 1

XXX

GeRTxIxz(Xl X )
J ] 08

oo 0.6

| | { ]
0 0.2 04 0.6 0.8

Lo X1, X1, X1, ,X1., X1,
X1, 1J X1, 1J 1 IJ

{c) Plot Pxy diagram with fit and data

v1({x1,x2) := exp(lnyl(xl ,XZ))

v2(x1,x2) = exp(lny2(x1,x2))

P = X oy X, Xo ) Psaty + Xo -y2( X1, X5 |- Psat
calcj le ( Ij 21) 1 2JY ( IJ 2)) 2

le-yl(le,ij)-Psatl

Ylcale. ==
] Po::alcj
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P-x,y Diagram from Margules Equation fit to GE/RT data.

38
P 36
kPa
ooo
Pi 34
kPa
<> -
Pralc 32
kPa
30
Pcalc
kPa 28

26

0 02

Doo P-x data

<

P-y data

04

X1, ,yli,le,ncalc

P-x calculated
— P-y calculated

{d) Consistency Test:

dInyly2; := In

06

]

0.8

3GERT; := GeRT(xli ,Xgi) — GERT;

0.004
(

SGERTy 0

—0.004

71(X1.,X2.) Y1,
1 1 1
S ) ml =
Y2(X1.,X2.) Y.
1 1 1
¢ < o o 0
wo T % Slny 172,
= XX 0,025
I
0 0.5 1 —0.05
X
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Caleulate mean absolute deviation of residuals

——-d 4 —
mean(laGERTl) = 6.237x 10 mean(lainmzl) = 0.025

(e) Barker's Method by non-linear least squares:
Margules Equation

2

Yl(Xl X2 ,A13, A1 ,C) = exp| (x2) ‘_AIZ +2-(A21 - App— C)-X]

+3-Coxt?

_ -
}’Q(Xl LX2,A70, A ,C) =exp (x1)7{ Ayy + 2-(A12 - Ag - C)-XE
13.0x2°

Minimize sum of the squared errors using the Mathcad Minimize function.

Guesses: Az i=-03 Ay = -0.5 C:=02

SSE(A12,A21,C) FZ P; - Xli'h(xii,xzi,Alz,Az],C)-Psaﬁ
i +X2:Y2(X1.,X2.,A12,A21,C)-Psatz
1 1 1

A2
Ag) | := Minimize(SSE, A12,A21,C) Ans.

C

Plot P-x,y diagram for Margules Equation with parameters from Barker's
Method,

Pcalcj = Xl}.'?](xlj,ij,Aiz,Azt,C)'Psatl
+X2j'Y2(X1.,X2.,A12,A21,C)-Psatz
PN

X1 .'Y](le ,ij JA1a, Ao ,C)-Psatl

Yicale, ==
J P cach
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26

0 0.2 0.4 0.6

X1i,y1i,X1j »¥leale;
0d0 P-x data

¢ P-y data
P-x calculated

— P-y calculated

Peale, = Xli'Yl(XliaXZi,AD,Azl ,C)-Psatl
+x2:72(¥1,%2,,A12,A21 C)Psaty
1 I

Xli"Yl(XIi,Xzi A12,A21 ,C)-Psat1

Yleale. ==
! P calci

0.8 1



Plot of P and y1 residuals.

0.6
<
o <
0.4 000 &
Pi*Pcalci 0.2 R
kPa
xx X X X %
— . Ealat WX X .
TYIE YIcalcl-) 100 o > « X
° 3
—0.2
[ed
4
- 0, 0.5
X]l
X XX Pressure residuals
¢yl residuals
RMS deviations in P:

(Pi - Pcalc.)2

RMS = |

i

RMS = 0.04kPa
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12.12 It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solution for the
system 1-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathead program with the
appropriate parameter values substituted for those given. The file
WILSON.med reproduces the table of Wilson parameters on Page 460
and includes the necessary Antoine coefficients.

Antoine coefficients:

I-Propanol: Al := 160692 Bl = 3448.66-K  Cl := 204.09-K

Water: A2:= 162620  B2:=3799.89-K  (C2:=22635K
I Bl
Psaty(T) := exp; Al ~ }kPa
i (T -273.15K) + C1
| B2
Psatr(T) := exp| A2 — -kPa
i (T - 273.15K) + C2

Parameters for the Wilson equation:

Vl = 75 14 em V2 = 180722
mol R '_mo_l_
1 N
al2 = - 775.48: cal a2l := 1351.90: fia—l—
- mol mol
V2 al? Vi _a21
AlI2ATY ;= —ex A2 TY = —
(D=3 p(R-T] =33 GXP(R-T]

exp[x}[ AIAT)  A2K(D) ﬂ
x1 +X2-A12(T) 2 + x1-A21(T)

(x1 +x2-A12(T))

[ [ AI2(T) A21(Tj ﬂ
exp| —x1- -
x1 +x2-A12(T) %2 +x1-A21(T)

(x2 + x1-A21(T))

yI{x1,x2,T) =

v2(xl,x2,T):
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P-x,y diagram at T:= (60 +_'273.]_5).-K

Guess: P := 70-kPa

Given  p= 1yl (x1,1 - x1,T)-Psaty(T) ...
+(1=x1)92(x1,1 - x1,T)-Psaty(T)

Peq(x1) := Find(P)

x1-yi(x1,1 —xt,T)-Psat|(T)

yeq(x1) - Pea el = 0,0.05..1.0
Peq(x)

X = yeq(x) = kPa
0 0 19.924
0.05 0.317 28.254
0.1 0.365 29.942
0.15 0.384 30.574
0.2 0.396 30.908
0.25 0.405 31.12
0.3 0.414 31.27
0.35 0.423 31.375
0.4 0.432 31437
0.45 0.442 31.452
0.5 0.454 31.412
0.55 0.468 31.3
08 0.484 31.099
0.65 0.503 30.781
0.7 0.527 30314
0.75 0.657 29.65
0.8 0.596 28.73
0.85 0.647 27.471
0.9 0.719 25.76
0.95 0.825 23.442
1 1 [ 20.298|
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P.x,y Diagram at T = 333.15K

32
30
28
Peq(x)
wpa | 26
Peg(x
Peax)
kPa
22
20 K
18 1 | S| 1
0 0.2 0.4 0.6 0.8 1
X, yeq(x)

12.13 It is impractical to provide solutions for all of the systems listed iz the
table on Page 460; we present as an example only the solutien for the
system 1-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
WILSON.med reproduces the table of Wilson parameters on Page 460
and includes the necessary Antoine coefficients.

Antoine coefficients:

1-Propanol: Al = 16.0692 B1 = 3448.66'K €l = 204.09-K

Water: . A2=1 6'.;'2_'620 B2 = 3799.;.8_9;_1_{ C2 = 226,35-K

Bl W‘RP&
(T -273.15K) +Cl |

Psat((T) := expliAI -

B2 1
-kPa
(T - 273.15K) + C2 |

368
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Parameters for the Wilson equation:

Vi= 751422 V2 = 18,0755
: "~ mol " mol
.o cal | ca
al2 i= 775,48 — a21 = 1351.902
R mol 7 mol
\P -al? V1 —-a2l
AI2(T) = —-ex o e YL
M =+ p[R_TJ (1) = p[R_T]
v1(x1,x2,T) := X1 +x2-A12(T)  x2+ x1-A21(T)
(x1 +x2-A12(T))
exp{—xl.( AFT) _ A1 ﬂ
v2(x1,x2,T) = x1+x2-A12(T) X2 +x1-A21(T)

(x2 + x1-A21(T))
T-x,y diagram at _P_f:-é 101.33-kPa
Guess: T :=(90+273.15)-K

Given P=xlvyl(xl,1-x1,T)Psat{(T) ...
+(1-x1)vy2(x1,1 - x1,T)-Psaty(T)

Teq(x1) := Find(T)

xI-y1(x1,1 — x1,Teq(x1))-Psat; (Teq(x1))
5 8

yeq(x1) :=

x:=0,005..1.0
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0.15
02
0.25
03
0.35
04
0.45
Q.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95

yeq(x) =

Teg(x)
—K =

373.16

0.305

364.133

0.359

362.447

0.382

361.805

0.396

361.459

0.408

361.231

0.419

361.087

0.43

0.442

0.454

360.95
360.875
360.844

0.469

360.865

0.4886

360.949

0.505

361.11

0.528

361.371

0.556

0.59

361.757

06832

362.308

363.073

0.687

364.123

0.759

0.85¢8

365.561

367.528

370.232

T.x,y Diagram at P := 101.33-kPa

375

Teq(x) 370

K 365

360

X, yeq(x)
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12.14 It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solatiocn for the
system I-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
NRTL.mecd reproduces the table of NRTL parameters on Page 460 and
includes the necessary Antoine coefficients.

Antoine coefficients:
1-Propanol: Al = 16.0692 Bl := 3448.66-K Cl = 204.09-K
Water:  A2:= 162620 B2 :=3799.89K  C2:=22635K

Bl
Psat(T) := exp| Al — -kPa
L (T-273.15-K) + C1 |

Psats(T) := exp| A2 - 52 -kPa
L (T-273.15-K) +C2 |

Parameters for the NRTL equation:

b12 - soo 40- cal b21 = 1636. 57.980 o = 0.5081
. mol | - mol |
b12
t12(T) = i = 22
G12(T) := exp(-o-112(T)) G21(T) := exp(—o-121(T))
| ain P |
yI(x1,x2,T) := exp| x2° 121(’1‘)-[ ) )
x1 +x2-G21(T)

G12(T)-t12(T)

(x2 +x1-G12(T))*

[ [ 17

2
y2(x1,x2,T) = exp| x1™ tlZ(T)-[ G12(T)
x2 +x1-Gi2(T)

G21(T)-21(T)
(x1 +x2-G21(T))° 1
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P-x,y diagram at T :=(60+273.15)-K

Guess: P .= 70-kPa

Given  p= y(yi(xl,1 - xI,T)-Psat;(T) -
+{1 - x1)y2(x1,1 —x1,T)-Psata(T)

Peq(x1) = Find(P)

x1-y1(x1,1 - x1,T)-Psat (T)

yeq(x1) : Poq(x) x:=0,005..1.0
Peg(x)

X = yeq(x) = kPa
0 0 19.924
0.05 0.331 28.823
0.1 0.374 30.414
0.15 0.383 30.717
0.2 0.387 30.811
025 0.391 30.894
03 0.397 30.985
0.35 0.405 31.064
0.4 0415 3111
0.45 0.428 31104
05 0.443 31.029
0.55 0.461 30.869
06 0.481 30.608
0.65 0.504 30.226
07 0.532 28.701
0.75 0.565 28.997
08 0.607 28.068
0.85 0.66 26.85
0o 0.733 25249
0.95 0.838 23.131
1 1 20.298
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P,x,y Diagram at T = 333.15K

35 T - 7

30
Peq(xl
kPa
25
Peq(x)
kPa
20 K
15 | ] Ao I
0 0.2 0.4 0.6 0.8 1
X, yeq(x)

12.15 It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solution for the
system I-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
NRTL.mcd reproduces the table of NRTL parameters on Page 460 and
includes the necessary Antoine coefficients.

Antoine coefficients:

1-Propanol: A1:=16.0692 Bl :=3448.66K  ClI :=204.09K

Water: A2:=162620 B2:=3799.89K  (2:=22635K
Psaty(T) := exp| Al - bl 1kPa

i (T-273.15K) +C1 |
Psata(T) = exp| A2 — B2 11{?&

(T~ 273.15K) + C2 |
Parameters for the NRTL equation;

S cal cal
b12 = 500 40 —— b21 = 163 — -
.. mol 6 57 mol o= 05081
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bi2

T12(T) = — _ b2l
R-T 2I{T) = RT
G12(T) := exp(~a-t12(T)) G21(T) := exp(~a-721(T))
T T
_ 2 (G2u(n)
y1(xl,x2,T) ==exp; x27 121(T) (xl +x2-G21(T)]

G12(T)112(T)

(2 + x1-G12(T))*

czm Y
x2+x1-G12(T))
G21(T)-21(T)

y2(x1,x2,T) = exp| x1™- TIZ(T)-(

(x1 +x2-G21(T))*

T-xy diagram at P := 101.33-kPa

Guess: T :=(90+273.15-K
Given b= y1y1(x1, 1 - x1,T)-Psat (T} ...

+{(1 —x1)y2(x1,1 - x1,T)-Psatz(T)
Teq(xt) = Find(T)

xI-yl(xl,1 - xt,Teq(x1))-Psat;(Teq(x1))
> ,

yeq(xl) :=
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G.15
0.2
0.256
0.3
0.35
04
0.45
0.8
0.55
08
0.65
07
0.75
0.8
0.85
0.9
0.95

veq(x) =

0.321
0.375
0.395
0.403
0.409
0.416
0.425
0.436
0.448
0.463
0.481
0.501
0.525
0.553
0.588

0.83
0.683
0.754
0.853

Teq(x)
— -

373.15

363.579

361715

381.222

361.035

360.915

360.811

360.723

360662
380.641

360.671

360.767

360.943

361.218

361.611

362.16

362.913

363,943

365.361

367.353

370.232

T,x,y Diagram at P := 101.33-kPa

375

Teq(x)} 379

360

X, yeq(x)
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12.16

It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solution for the
system i-propanol(1}/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
WILSON.mcd reproduces the table of Wilson parameters on Page 460
and includes the necessary Antoine coefficients.

Antoine coefficients:

I-Propanol: Al :=16.0692 Bl := 3448.66K  CI i=204.09-K

Water: A2:=162620 B2 :=3799.89K  C2:=22635K
Psat)(T) := exp| Al - Bl -kPa

T (T-273.15K) + Cl |

_ . -

Psaty(T) := exp| A2 — APa
i (T -273.15-K) + C2 |

Parameters for the Wilson equation:

3 3
V1=75143n~ V2-—-1807-—
o mol _ - ~mol
al2 = 775.48. C—al 221 = 1351.90- el
mol _ mol
V2 —al?2 _
A12(T) == —-exp( 2 A2L(T) = L exp| 22
Vi RT V2 R-T

p[xz[ A anm ]
v1(x1,x2,7T) := X1 +x2A12(T) X2 +x1- AQI(T))‘[
’ (x1 +x2-A12(T))

exp[ » ( A aum Y]
Y2(x1,%2,T) := x4+ X2-A12(T) X2 +x1-A2K(T) /|
(x2 + x1-A21(T))
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(a) BUBL P: T = (60+273.15)K x1:=0.3 x2 = 1-xl

Guess: P = 101.33-kPa yl: =04 y2:=1-yl
Given  yl-P = xl-y1{x1,x2,T)-Psat[(T)
yl+y2=1
y2-P = x2.y2(x1,x2,T)-Psatz(T)
Phub
yl | :=Find(P,y1,y2)

oae
(b) DEW P: T 1= (60 +273.15)-K yl =03 y2 =1 -yl
Guess: P = 101.33.kPa x1 = 0.1 x2 1= ] - x!
Given yi-P = x1-yl(x1,x2,T)-Psat)(T)
xl+x2=1
y2-P = x2-y2(x1,x2,T)-Psata(T)
Pdew
x] | = Find(P,x1,x2)
x2

x2-_-095 8§ Aus.

(c) P.T-flash Calculation

b _ Pgew + Ppubl

- T:=(60+273.15K  z1:=023
Guess: V= 0.5 xl = 0.1 x2:=1-yl
y1 = 0.1 yz = 1 —x1
Given x1-y1(x1,x2,T)-Psat|(T)
yl = xl+x2= 1
p
x2-v2(x1,x2,T)-Psaty(T)
y2 = 5 yl+y2=1
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x1-(1-V)+yl-Vv=12z1 Eq.(10.15)
x1
x2
yl | = Find(x!1,x2,y1,y2,V)

y2
vV

xI=008  2=092  yl=0351 y2=0649 V=0811

(d) Azeotrope Calculation

Test for azeotrope at: T = (60 + 273.153-K
y1(0,1,T) = 21.296 ¥2(1,0,T) = 4.683
1(6,1,T)-Psat 1 {T)
(1120 = ! ( ) ( (1.120 = 21696
Psaty(T)
Psat;(T)

ol al2; =0.218

 y2(1,0,T)-Psatp(T)

Since one of these values is >1 and the other is <1, an azeotrope exists.
See Ex. 10.3(e)

Guess: P :=101.33-kPa  x1:=03 X2 = 1-yl
yl =03 y2 = 1-xl
Given yl-P = x1-y1(x1,x2,T)-Psat; (T)
y2-P = x2-y2(x] ,x2,T)-Psat>(T)
xI+x2=1 yl+y2=1 xl =yl
xl
x2

yl | :=Find(x1,x2,y1,y2,P)




12.17

It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solution for the
system I-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
NRTL.mecd reproduces the table of NRTL parameters on Page 460 and
includes the necessary Antoine coefficients.

Antoine coefficients:
{-Propanol: Al :=16.0692 Bl :=3448.66K  CI = 204.09K
Water: A2:=162620  B2:=3799.89-K  (2:=22635K

Psat;(T) := exp} Al - Bl —|~kPa
] (T -273.15K) + C1 |

Psatp(T) 1= exp| A2 - B2 —I‘(Pa
i (T - 273.15K) + C2 |

Parameters for the NRTL equatisn:

cal cal
b12
T12(T) = 21Ty = b21‘
G12(T) = exp{-o-112(D)) G21(T) := expl—a-121(T))
L aurn P
y1(xt,x2,T) := exp| x2°| 121(T)-
x1 +x2:G21(T)

G12(T)-112(T)
(2 +x1-G12(T))*

2
v2(x1,x2.T) := exp| x1~ 112(T)-( G12(T) ]
x2 +x1-G12(T)
[ G21(T)-x21(T)
,+.
| (x +x2-G21(T))? J
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(a) BUBL P: T := (60 +273.15)-K x1 =03 x2 =1 —xl

Guess: P := 101.33-kPa yl:=04 y2:=1-yl
Given y1-P = x1v1(xl,x2,T)-Psat| (T)
yl+y2=1
y2-P = x2-y2(x1,x2,T)-Psata(T)
Ppubl
yl | = Find(P,y1,y2)
y2

(b)) DEWP: T :=(60+273.15)-K yl =03 y2:=1-yl
Guess: P :=101.33-kPa x] =0.1 x2:=1-x1
Given yI-P = x1-y1 (x] ,x2,T)-Psat; (T)

xl +x2 =1

y2-P = x2-y2(x1,x2,T)-Psaty(T)

Pdew
x1 | = Find(P,xI,x2)
x2
Ans
(¢) P,T-flash Calculation
 Pgew+ Phub o y |
Guess: V= 0.5 xl:=01 X2 =1-yl
vl = 0.1 y2:=1-xl
} xl-yl(x1,x2,T)-Psat|(T)
Given yl = p xl+x2=1
x2-y2(x1,x2,T)-Psaty(T)
y2 = m yl+y2=1

xI-{(1-V)+yl-V=z1 Eq.(10.15)
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x1
x2
yl | == Find(x1,x2,y1,y2,V)
y2
gy

(d) Azeotrope Calculation
Test for azeotrope at: .'-T-'::_ _(60 + 2731 5);K

y1(0,1,T) = 19.863 v2(1,0,T) = 4.307

v1¢0,1,T)-Psat{ (T)

0‘.120 = ll'lzo = 20.236
Psaty>(T)

Psat; (T)
al2 = al2; = 0.237
v2(1,0,T)-Psata(T)

Since one of these values is >1 and the other is <1, an azeotrope exists.
See Ex. 10.3(e).

Guess: P := 101.33-kPa x1 =03 x2 = 1-xl
yl =03 v2Z:=1-xl1

(riven y1-P = x1-y1(x1,x2,T)-Psat; {T)
y2:P = x2-y2(x1,x2,T)-Psatp(T)

xl1+x2=1 yl+y2=1 xl =yl
xl
x2
yI | == Find(x1,x2,y1,y2,P)
v2
Paz

42040 yi=04204  Ans.
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12.18 It is impractical to provide solutions for all of the systems listed in the
table on Page 460; we present as an example only the solution for the
system 1-propanol(1)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathc¢ad program with the
appropriate parameter values substituted for those given. The file
WILSON.med reproduces the table of Wilson parameters on Page 460
and includes the necessary Antoine coefficients,

Antoine coefficients:

1-Propanel: Al := 16.0692 B1 := 3448.66-K Cl :=204.09-K

Water: A2:=162620  B2:=3799.89K  C2:=22635K
. . _

Psat1(T) := exp| Al - -kPa
i (T - 273.15-K) + C1 |
_ . _

Psat>(T) = exp; A2 - kP
2D = exp A - s o |

Parameters for the Wilson equation:

v1:=7s, 14. o v2 = 18.07. 51
mol _ ' - mol
- cal
al2 = 77548 52 21 = 135,902
mol mol
V2 (-al2 VI a2l
AL2(T) 1= —=. A21(T) = L.
M= eXp[R-T] M=% exP[R-T)
exp[ xz( AlD  Aim ]
x| +x2-A12(T) %2 +x1-A21(T) /]

vI(x1,x2,T) :=

(x1 +x2-A12(T))

exp[ xi[ AT aim Y]
y2(x1,x2,T) = XL+ X2AIAT) X2 +x1-A21(T) ]
(x2 +x1-A21(T))
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(a) BUBL T: P :="101.33-kPa X1 = 0.3 X2 = 1 —x1

Guess: T :=(60+273.15)-K yl:=0.3 v2:=1-yl
Given yI-P = x1-yl(x},x2,T)-Psat; (T)
yl+y2=1
y2-P = x2-v2(x1,x2,T)-Psatp(T)
Thubl
yl | = Find(T,yl,y2)
y2
Too =36LO7TK  yl=0419  y2=0581  Ans.
(b)) DEWT: P :=101.33-kPa yl :=0.3 y2:=1-xl
Guess: T :=(60+273.15)-K xl := 0.1 X2 =1-yl
Given y1-P = x1-yI[(x],x2,T)-Psat; (T)
xl+x2=1
y2-P = x2-y2(x1,x2,T)-Psatz(T)
Tdew
x1 | :=Find(T,x1,x2)
Ans
{c) P,T-flash Calculation
_ Tgew + Toubl . -
T = > - P:=101.33kPa  zl:=0.3
Guess: V= 0.5 x1 = 0.1 x2:=1-yl
yl:=0.1 y2:=1-xl
. xl-y1(x1,x2,T)-Psat;(T)
Given yl = 5 xl+x2 =1
x2-y2(x1,x2,T)-Psaty(T)
y2 = = yl+y2=1

xIf(1-V)+yl-V=1z1 Eq.(10.15)

383



x1
x2
yl | = Find(x1,x2,y1,¥2,V)
y2
\%
SO0 x2=0901 yI-=0351 Y069 V=085

(d) Azeotrope Calculation

Test for azeotrope at: P := 10]1.33-kPa

Tbl ;= —Blm—— —C1{+273.15-K Tbt = 370.232K
P
Al —In| —
| kPa ]
_ i }
Th2 := —T’__ —C21+273.15.K Th2 = 373.15K
A2 —In —]
L [kPa i
v1(0,1,Tb2) = 16.459 v2(1,0,Thl) = 3.781
1(0, 1, T)-Psat{(Tb2)
al2g = ! > al2g = 19.598
P
al2; al2, = 0.282

 y2(1,0,T)-Psata(Tb1)

Since one of these values is >1 and the other is <1, an azeotrope exists.
See Ex. 10.3(e). Guesses:

T:=(60+273.15)K x1:=04 x2:=1-yl yl=04 y2:=1-xl

Given ylI-P = xl-y1(x1,x2,T)-Psat1(T) x1+x2=1

y2-P = x2.92(x1,x2,T)-Psaty(T) yl+y2= | x1 =yl
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yl | = Find(x1,x2,y1,y2,T)

Ans.

12.19 It is impractical to provide solutions for all of the systems listed in the
table on page 460; we present as an example only the solution for the
system 1-propanol(l)/water(2). Solutions for the other systems can be
obtained by rerunning the following Mathcad program with the
appropriate parameter values substituted for those given. The file
NRTL.med reproduces the table of NRTL parameters on Page 460 and
includes the necessary Antoine coefficients.

Antoine coefficients:
1-Propanol: Al := 16.0692 Bl :=3448.66-K Cl :=204.09-K
Water: A2:=162620 B2 :=3799.89K €2 :=22635K

Bl

- —I»kPa
(T -273.15-K} + Cl

Psat1(T) := exp| Al

B2
(T-273.15K) +C2

_]kaa

Psaty(T) = exp; A2

Parameters for the NRTL equation:

b12 := 500,40~ b21 = 1636.57. 52 o = 0.5081
: mol “  mol '
bl2
T12(T) = —— b21
) 2H(T) = 4=
R-T (T) RT
GI2(T) = exp(-a-112(T)) G21(T) := exp(-a-121(T))
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i~ —

G21(T) ]2
xl+x2.G2I(T)y)
G12(T)-t12(T)

yi(x1,x2,T) := exp| x2° 121('1")-[

(x2 + x1-G12(T))*

GI12(T) )2
x2 +x1-:G12(Ty)
G21(T)-x21(T)

(x1 +x2-G21(T))*

¥2(x1,x2,T) := exp} x1 - rlZ(T)-(

(a) BUBLT: P :=10133kPa x1 =03 X2 :
Guess: T :=(60+273.15)-K yl =03 y2:

Given  yI-P = x1-vI(xl,x2,T)-Psati(T)
yl+y2=1]
y2:P = x2-42(x1,x2,T) Psatp(T)

= Find(T,yl,y2)

(b)) DEWT: P :=101.33-kPa yl =03 y2:
Guess: T := (90 +273.15)-K x1 := 0.05 X2
Given y1-P = xl-y1(x],x2,T) Psat; (T)
y2-P = x2-92(x1,x2, T)-Psato(T) xl+x2 =1
Tdew
x1 | := Find(T,x1,x2)
x2
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(¢) P,T-flash Calculation

T = :T_.dew + 'I?bql?l

P = 101.33.kPa
2 '
Guess: V=05 xl:= 0.1
yl = 0.1
xb-y1{x1,x2,T)-Psat {T)
Given yl =
P
5 x2-v2(x1,x2,T)-Psaty(T)
y -

P
xI:(1 - V) +y1-V = z1 Eq.(10.15)

x1

yl | := Find(x1,x2,y1,y2,V)
y2

(d) Azeotrope Calculation

Test for azeotrope at: P ':= 101.33-kPa

) . i}
Thi = m ~C1|+273.15K Tbl = 370.232K
Al—In —j
| kPa |
I B2 |
Tb2 := o~ C2| #2735 K Tb2 = 373.15K
A2 In —)
L a
v1(0,1,Tb2) = 14.699 v2(1,0,Tb1) = 4.051
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v1(0, 1, T)-Psat; (Tb2)
B p

al2g: al2g = 17.661

al2) = P @l2; = 0.271
v2(1,0,T) Psata(Tb1)

Since one of these values is >1 and the other is <1, an azeotrope exists.
See Ex. 10.3(e). Guesses:

T:=(90+273.15-K xI1 =04 x2:=1-yl yl:=04 y2:=1-xl
Given yi-P = x1-y1{x1,x2,T)-Psat|(T) x1+x2=1
y2.P = x2-v2(x1,x2,T)-Psatz(T) yl+y2=1 x1 =yl

yl | = Find(x1,x2,y1,y2,T)

y2
TB.Z
Ans.
12.2G Molar volumes & Antoine coefficients:
74,05 (143916 2795.82) . (230.00
Vi={4073| A:=|165938| B:=|364430| C:=|239.76
1807) (162620 \3799.89 226.35

_ B
Psat(i,T) := exp] Aj— = . _l-kPa T = (65+273.15K
(— — 273.15) + CiJ

{0 -161.88 29127
Wilson parameters: a:=| 5_8'3_.'1.1 0 :'107..38 :
144801 46055 o
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Vi -a
A1), T) ——exp( IJ] i=1.3 ji=1.3 p:=1.3
Vi R-T

(a) BUBL P calculation: No iteration required.

x1 =03 xp =04 X3 :=1-X]{—x2

Y (i,x,T) = exp| 1 - In[z Xj-A(i,j,T)j

pr(p
Z ZXJ A,i,T)

x;y(i,x,T)-Psat(i, T)
Ppubl

Phubl = Z xj-y(i,x,T)-Psat(i,T) yi =

Poupi= 117.6kPa  Ans.
(b) DEW P calculation:
yi =03 y2 =04 y3 = 1=y -y
Guess: x1 = 0.05 xp = 0.2 x3:=1-x1-x2 P := Ppup)
Given
P-yy = x1y(1,x,T)-Psat(1,T)  P-ya = x2-v(2,x,T)-Psat(2,T)
Py3 = 37 (3., T)Psat(3, 1) %=
X1 i
X2
= Find(xl ,xz,xg.,P)
X3
Pdew
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69:05kPa pp,

Pdew + Pbubi
(¢) P,T-flash calculation: P := _i"_z__‘i%_ T = 338.15K
z1 :=0.3 7= 0.4 23 =1-21—-22

Guess: V=05 Use x from DEW P and y from BUBL P as initial

guess.
Given
Py = x1-v(1,x,T)-Psat(1,T) x1-{(1=-V)+yV =z
P-yy = x2.v(2,x,T)-Psat(2,T) x0(1=V)+y»V =125
P-y3 = x3-y(3,x,T)-Psat(3,T) x3(1-V)+y3V = 23

D=1 Yy w=l
i

i
X1
X2
X3
yi | = Find(x],x2,%3,y1.y2,3.V)
¥z
¥3

Ans.
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12.21 Molar volumes & Antoine coefficients:
Antoine coefficients:

14,3916 (2795.82° 230.00
A=1165938| B:=|364430| C:=|239.76
16.2620 - 13799.89 22635
. Bj
T = (65+273.15K Psat(i,T) = exp| Aj— 7 kPa
L—273.15) +ciJ
NRTL parameters: K
| 0 03084 0.5343’ "0 18470 631.05
o:=103084 0 02994 b= 22264 0 -253.88 call'
. mo
0.5343 (.2994 0 119741 845.21 0
i=1.3 j=1.3
Ty = b, Gy = exp(—a- T )
l=1.3  k=1.3 7 RT b b
(a} BUBL P calculation: No iteration required.
xj = 0.3 xi = 0.4 X3=1-x-%x
PIRIRECNES
v(i,x,T) := exp J
Z Gi,1xy
1
ZXk-tk,j-Gk JJ
xj-Gj k
DA
_ 1 I N
Poubl = in‘Y(i,X,T)-Psat(i,T) i = xj-y (1,x,T)-Psat(i, T)

" Ppubi

8kPa Ans.
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(b) DEW P calculation:

yi =03 y2 =04 vi=1l-y1-W

Guess: x1 := 0.05 x3 =02 x3=1-x1-x2 P = Ppubl
Given

Py = xpv(l,x,T)Psat(1,T) P-y2 = x2-v(2,x,T)-Psat(2, T}

P-y3 = x3-7(3,x,T)-Psat(3,T) Z xi = 1

X1 } i
I
= Fmd x1 X7,X3, P)
Pdew

Piew + P
(©) P,T-flash caleulation: P := o POl a5e 15k

2
7] = 0_.3 z3 = (L4 zz3=l—-z1—2

Guess: V:=0.5 Use x from DEW P and y from BUBL P as initial

guess.

Given P-yi = xpv(1,x,T)-Psat(1,T) X1 -V)+y- V=g
P.-ys = x2-v(2,x,T)-Psat(2,T) 21 -V)+y V=12
P-y3 = x3-v(3,x,T)-Psat(3,T) X3(1 - V) +y3-V =123

in=1 Zyi:‘l
i

i
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X1
X2
X3
y1 | = Find(x1,%2,%3,¥1,¥2,¥3,V)
¥2

¥3

12.22 Molar volumes & Antoine coefficients:

{74.05 (143916 [2795.82) - (23000
Vi=[4073 | A:=1165938 | Bi=|364430 | C:=|239.76
\18.07. 16.2620 .3799.89 226.35
: B; —|
Psat(i,T) := exp] Aj— -kPa P := 101.33kPa

(I —273.15J +ciJ
K

0 -161.88 291.27

Wilson parameters: a:=| 58311 0 10738 f%

' - : mo
A\ 1448.01 = 469.55 0o J

AGLILT) = B oep| Z82d i=1.3 j=1.3 1.3
D= Pl o =1.. ji=1.. pi=1..

{a) BUBL T calculation:

xp = 0.3 x2 = 0.4 X3:=1-x1-x



v(i,x,T) = exp| 1 ln(ZXj-A(i,j,T)J )

j
XpA(leaT)

xi-A(p,], T
> Z] (p,j,T)
J

+

Guess: T:=300K vy;:=03 y3:=03 vi=1l=-y1-y2

Given
P-y1 = x1-y(1,x,T)-Psat(i,T) P-y2 = x2-v(2,x,T)-Psat(2,T)
P-y3 = x3-7(3,x,T)-Psat(3,T) P= Z xi-v(1,x,T)-Psat(i,T)
¥1 !
¥2 _
= Find(y1,y2,y3,T)
¥3

Ans.
(b) DEW T calculation:
yi =03 yo = 0.4 3=1-yi—-y2
Guess: x1 = 0.05 xp =02 x3=1-x1—-x%x2 T := Thyhi

Given

P-yr = x1v(1,x,T)-Psat(1,T)  P-yr = x2-v(2,x,T)-Psat(2,T)

P-y3 = x37(3,x,T) Psat(3,T) in =1

i
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X1

2 = Find(x1 ,X2,X3 ,T)
X3

Tdew

Ans.

- Tdew + Toubl

(¢) P,T-flash calculation: T : 5 T = 340.694K

zp =03 zp =02 73 =1-21 -7

Guess: V= 0.5 Use x from DEW P and y from BUBL P as initial

guess.

Given P-yq = xp-y(1,x,T)-Psat(1,T) x1(1=V)+y-V = 7
P-ya = x0v(2,x,T)-Psat(2,T) x0:(1 - V) +y2V = 7

P-y3 = x3-v(3,x,T)-Psat(3,1) x3(1- V) +y3V = z3

in=1 Zyi=1
i

i

X]
X2
X3
yi | = Find(x1,x2,%3,y1,¥2,%3,V)
¥2
¥3
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12.23 Molar volumes & Antoine coefficients:

Antoine coefficients:

396

14.3916 o (2795.82 230.00
A=1165938 | B:=[364430] C:=]239.76
16.2620 - 13799.89 22635
. - . B;
P= 101.33kPa Psat(i, T) := exp| Aj— -kPa
(— - 273.15) e
NRTL parameters: K
0 03084 0.5343° {0 18470 631.05 |
a:={03084 0 0299 bi=| 22264 0  -253.88 -‘i‘i‘%
0.5343 02994 0 119741 84521 0
i=1.3  j=1.3  1:=1.3 by -
(3, T) = =2
ki=1.3  G(G,},D =exp(-aj j1(,j,T)) R-T
(a) BUBL T calculation:
X1:=0.3 xp =04 x3:=1-x]—X2
S G D6G,L DY ]
v(i,x,T) :=exp ]
ZG(],i,T)-xl
1
Zxk'T(k,jo)‘G(k»jaT))
xj-G(1,],T)
+ J i ! T(iaj:T)—_ k " C
—~ > G(,j, T > G, Tx J
L I i




Guess: T:=300K y;:=03 y2 :=0.3 y;:=1-y1-¥y2

Given
P-y; = x1-7{1,x,T)-Psat(1,T) P.yy = x3-7(2,x,T)-Psat(2,T)
Pyy = x3y(3,x,T)-Psat(3,T) P= Z xpy(i,x,T)-Psat(i,T)
vi '
¥2 _
= Find(y; ,v2,¥3.T)
¥3

Ans.
{(b) DEW T calculation:
y1 =03 y2 =04 y3:=l-y1-y2
Guess:  x1 =005 xp =102 x3:=1-Xx1—-x2 T := Thybl
Given
P.y; = xpv(1,x,T)-Psat(1,T) P-y» = x2-7{2,x,T)-Psat(2,T)
P-y3 = x3-v(3,x,T)-Psat(3,T) in =1
X] i
X2
= Find(x1,x2,%3,T)
X3
Tdew

Ans.
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 Tdew + Tpubl

(¢) P,T-flash calculation: T : 5 T =340955K

Z1 = 0._3 z2 = 0.2 zy=l-z1—-2

Guess: Vo= 0.5 Use x from DEW P and y from BUBL P as initial

guess.

Given P-yy = x1-v(1.,x,T)-Psat(1,T) (Al -VY+y1- V=12
P-yz = x2-v(2,x,T)-Psat(2,T) (I-Vi+wV=2

P.y3 = x3-v(3,x,T)-Psat(3,T) x3(1 = V)+y3-V = 73

in= I Zyi =]
1 L

X]
X2
X3
yi | = Find(x1,x2,%3,y1,¥2,%3,V)

¥2

¥3
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12.26

12.27

CTH
X1 = 0.4 x5 = 1-x] vi=1108E vyi= 90l
S ‘mol - mol
cm3 cm3
VE := x1-x2-(45-x1 +25%x0) — VE = 7.92
mol mo
C!’l’l3
By Eq. (1227): V= VE+x3-V] + x2-V> V= 10592
mo

By Egs. (11.15) & (11.16):

Vbary := V + szd—V
dx;

Check by Eq. (11.11):

V = x1-Vbary + xp-Vbars

- 3
Vi = 58.63- 20
o mol
750-cm’
moles] .= ——
Vi

moles := molesy + molesy

moles}

X1 = xp = 0.

moles

VE = x1-xp[ 1026 + 0.220- (x| - x) | —

By Eq. (12.27), V= VE +

Viotal := V-moles V

3
v = 105.92 % OK
mol
E ] crn3
Vo = 118.46——
mol
1500-cm-
molesy = ———
Vo
moles = 25.455mol
503 X2 =1 - xq
cm3 m3
VE = 025620
mol mol
cm3
x1-V] + X2-V> V = 88.136 —
mol

Ans.
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For an ideal solution, Eq. (11.78) applies:

250cm’ Ans

Viotal = (XI-VI + x2-V2)-moles thal=

12.28 LiCL2H20 > Li+1/2C12+ 2 H2 + 02 (1)
Li+ 1/2 CI2 + 10 H20 ---> LiCK10 H20) (2)

2(H2 + 1/2 02 —> H20) 3)

LiCL.2H20 + 8 H20()) ---> LiCI(10 H20)

AHI := —(~1012650)-J  (Table C.4)
AH2 := ~441579-] (Pg. 444)
AH3 = 2-(-285830-T) (Table C.4)
AH = AH1 + AH2 + AH3

AH = -5897 (On the basis of 1 mol of solute)

v sve 2 werovd W oareveyrdosuey

Since there are 11 moies of soiution per mole of solute, the resuit on the

ez o

L3
17 10 EYa s Vall LT A L Ta R A Tl VE NV 20 & £ ¥ a S A SRR
Ao h H . - s - E . H

HOH4.5 H20) > HCI + 4.5 H20  (2)

?il'_f"’n'.! = T‘T‘\ﬂ\. 1 T'i;l—‘! - B TTA N AT TN
Shw_ xrw v oer tmow - 3 i TR L T

s x < SE B - ar
1 ¥ LI o LI RPN N AR RNt A ] ]

ALT — 3 7iod Anw



12.30 Calculate moles of LiCl and H20 in original solution:

12.31

i '125 .
0.1 kmol

npict = RIS

nrici = 0.295kmol

Moles of LiCl added:
Mole ratio, original solution:

Mole ratio, final solution;

ngicl + n'Lict = 0.7667kmo!

0.9-125
18.015

DH20 =

NH2o = 6.245 x 10°mol

20
n'Lic) = ——-kmol

n'7 ;01 = 0.472kmol
4239 Lict

NH20

=21.18
niC]

NH20
= 8.15

nic1 + 0'LiCl

0.2949(LiC1(21.18 H20) ---> LiCl + 21.18 H20) (1)

0.7667(LiCl + 8.15 H20 > LiCI(8.15 H20)) (2)

0.2949 LiCL(21.18 H20) + 0.4718 LiCl -—> 0,7667 LiCl(8.145 H20)

k
AHI = nLiCi-[SSA——J—j
mol

(Fig. 12.14, n=21.18)

kJ .
AH2 = (ngicy + aniCl),(_;}Q._..__J (Fig. 12.14, n=8.15)
mo

Q := AHI + AH2

Ans.

Basis: 1 mole of 20% LiCl solution entering the process.

Assume 3 steps in the process:

1. Heat M1 moles of water from 10 C to 25 C
2. Unmix 1 mole (0.8 moles water + (.2 moles LiCl) of 20 % LiCl solution
3. Mix (M1 + 0.8) moles of water and 0.2 moles of LiCl
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12.32

KJ
AHy s [1048E—u21 01 E‘I—) 1801555 Al = 1500

Step 1: From Steam Tables AHl 104 8- —IEJ* - 41 99 —1-(—}—) 18. 015 ke
kg kg - kmol

kJ
AHy = 1.132—
mol

Step 2: From Fig. 12.14 with n = 4 moles H2O/mole solute:

AHy ——255—kj—
o . mol

Step 3: Guess M1 and find AH3 solution from Figure 12.14. Calculate AH
for process. Continue to guess M1 until AH =0 for adiabatic process.

(0.8-mol + M) o kJ
M = 1.3+mol n3 = AHz = “33 16—
0.2-mol L .. ~mol

ny = 10.5

AH = M1-AH} — 0.2-mol-AHy + 0.2-mol-AH;

AH = -0.061kJ Close enough

0.2-mol
= Ans.
Mj + I-mol
HRO@5C W - > H20@25C (1)
LiCY{3H20) = > LiCl+3H20 (2)
LiCI+4H20 = - > LiCl(4 H20) 3)

H20 @ 5 C + LiC(3 H20) -----> LiCl(4 H20)

kJ

g _ g mol mol

'AH2 = 20 756 —k—f From p. 444 (AH LiCl(s) - AH LiCl in 3 mol H,0})
_ mo

" mol

AH3 .-::= =_2'5',‘5-.£ From Figure 12.14

= (AH{ + AHj + AH3)-0.2-mol

Ans,
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12.33

(a)

(b)

(©

(d)

LiCl+ 4 H20 > LlCl(4H20]AH = ~25,5.-_—]-{J—-1 From Figure 12.14
_ . mno

LiCl(3 H20) > LiCl+3 H20 (1)
LiCl + 4 H20 -----> LiCl{(4 H20) (2)

LiCl(3 H20) + H20 > LiCl{4 H20)

kI
AHp = 20.756:— mol From p. 444 (AH LiCKs) - AH LiCl in 3 mol H,0)

AH, :=-25. 5.5 rom Figure 12.14
_ “mol

AH = O.2-mol~(AH1 + AHz) A

LiCFH20 >  Li+12CR2+H2+1202 (1)
H2+1202 > H20 )
Li+12C2 >  LiCl (3)
LiCl+ 4 H20 - >  LiCK4 H20) @)

LiCI*H20 + 3 H20 ----- > LiCl (4 H20)

AH = 7{1'2,53'.-_1'1l From p. 444 for LiCI'H,0
mo

AHj := -285.83- X From Table C.4 AH, IO

mol
g .
-AH3 408,61 —— From p. 444 for LiCl
_ : . - maol
. kJ .
AHy4 = -—25 5o From Figure 12.14
- " mol
AH := 0.2-mol-(AH + AH, + AHj + AH,) Ans.
LiCl + 4 20 - > LiCI4 H20) (1)
4/9 (LiCl(9 H20)  -——> LiCI + 9 H20) (2)

5/9 LiCl + 4/9 LiCI(9 H20) ----- > LiCl(4 H20)

403




kJ

AHjy = 255 —— From Figure 12.14
' o mol
AH, = EQ(32.4)-£ From Figure 12.14
: 9. . " mol
AH := 0.2-mol-(AH, + AHy)  AH %3222k Ans.
(&) 5/6(LiCI3 H20) —— > LiCl+ 3 H20) (1)
1/6 (LiCI(9 H20) —> LiCl + 9 H20) (2)
LiCl+4H20 - > LiCl(4 H20) (3)
5/6 LiCl(3 H20) + 1/6 LiCl(9 H20) -----> LiCl(4 H20)

5
mo

AHI z g__-(2-{),7’_56.)-_-E'I From p. 444 (AH LiCl{s) - AH LiCl in 3 mol H,0)

AHQ = l(3‘524)—1(—']-- From Figure 12.14
76 . -mol

AH = ~25.5- 50 From Figure 12.14
T mol

AH := 0.2-mol-{AH; + A, + AH3) Ans
(H 58 (LICI*H20 >  Li+12CR+H2+1202) (1)

5/8 (H2 + 1/2 02 —>  H20) @
3/8 (LICI9 H20) - > LiCl+ 9 H20) 3)
S8(Li+12CE e > LiCl (4)
LiCl+4H20 > LiCl(4 H20) (5)
5/8 LICI*H20 + 3/8 LiCl(9 H20) > LiCl(4 H20)

AH = 2(712.58) L From p. 444 for LiCI L0

T T T ol

AH2 = ""‘"('—285.83)-—'— From Table C.4 AHf HzO(l)
- 8 mol

3 K] i

AHj 1= 2-(32.4) — From Figure 12.14

78 T mol

404




12.34

AHy :x'_é.(_408.61);__._ From p. 444 for LiCl
o 8 I " mol

AHg = ~25.5-— From Figure 12.14

_ ' mol

AH := 0.2-mol{AH, + AH + AH3 + AHy + AHs) ‘A

BASIS: 1 second, during which the following are mixed:

(1) 12 kg hydrated (6 H20) copper nitrate
(2) 15 kg H20
12 mol 15 kmol

2= ;18'._0_15" sec

ny i
.o 29561 sec

kmol
sec

kmol np = 0.833
S€C

n; = 0.041

6-ny +no
Mole ratio, final sefution: T =26.51
6(H2 + 1/2 02 ---> H20(1)) (1)
Cu+ N2+ 302 --->Cu(NO3)2 2)
Cu(NO3)2.6H20 —>Cu+N2+602+6H2  (3)
Cu(NO3)2 + 20.51 H20 --—> Cu(NO3)2(20.51 H20} 4)

Cu(NO3)2.6H20 + 14.51 H20(l) —> Cu(NO3)2(20.51 H20)

AH] := 6-(~285.83-KJ) (Table C.4)

AHZ = =302.9-k] AH3 = —(-2110.8-kJ) AH4 = ~47.84-kJ

AH := AH1 + AH2 + AH3 + AH4 AH = 45.08kJ

This value is for 1 mol of the hydrated copper nitrate. On the basis of 1

second,

AH
Q:=n;—-
mol
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12.35 LiCL3H20 > Li+ 12 CI2+ 3H2+ 3/202 (1)

12.36

3(H2 + 1/2 02 > H20(1)) @)
2(Li + 1/2 CI2 + 5 H20 —> LiCI(5H20))  (3)
LIC7TH20) > Li+ 12CR2+7H20  (4)

LiCl(7H20} + LiCL.3H20 -—> 2 LiCI(5H20)

AHI := 1311.3-KJ AH2 :='3.(-285.83:kJ) (Table C.4)
AH3 :=2-(~436.805-kJ) AH4 := —(—439.288-kJ) (Pg. 444)
AH := AH1 + AH2 + AH3 + AH4 AH = 19.488kJ

Q= AH

Li+ 172 CI2 + (n+2)H20 -—> LiCl(n+2 H20) (1)
2(H2 + 1/2 02 ---> H20) @)
LiCL2H20 > Li+ 12 CR2+ 2H2+ 02 (3)

L L]

LiCL2H20 + n H20 ---> LiCl(n+2 H20)

AH2 := 2-(~285.83-kJ) AH3 = 1012.65k]  (Table C.4)

Since the process is isothermal, AH = AH1 + AH2 + AH3
Since it is also adiabatic, AH = 0
Therefore, AHI1 := —~AH2 ~ AH3 AH1 = —440.99%]

Interpolation in the table on pg. 444 shows that the LiCl is dissolved in
8.878 mol H20.

1 B
XLiC] := m XL

Ans.
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1237 Data: 10 - [-s6274
15 ] - '—8_67?:8_5_:' :
120 187006
25 ~871.07 |
=] 50 AHf{;_'—S'fz.g__l
e 100 | o _:"ﬁ—'873’.82'.i_”:
300 | -sme )
o | s00 R AN E S
{1000 oo \ersse)

Ca+ CI2 + n H20 —> CaCI2(n H20)  AH[

CaClZ(S) > Ca+CI2 -AH fCaCl?

CaCl2(s) + n H20 > CaCl2(r H20)  AHtilde

From Table C.4: AHpeacz = ~T95:8-k]

i=1.rows(n)

65 =

[AHfi—AHﬁ:aCiz

kJ
B-5-8

10 100

447




12.38  CaCR -—> Ca + CI2 1)
2(Ca + CI2 + 12.5 H20 --> CaC12(12.5 H20) (2)
CaCR2(25 H20) —> Ca+ CR+ 25 H20  (3)

CaCl2(25 H20) + CaCL2 ---> 2 CaCI2(12.5 H20)

AH1 := 795.8-kJ (Table C.4)
AH2 := 2-(—865.295-k]) AH3 := 871.07-kJ
AH = AHI + AH2 + AH3 Q = AH Q = -63.72k]  Ans.

12.39  The process may be considered in two steps:
Mix at 25 degC, then heat/cool solution to the final temperature. The two
steps together are adiabatic and the overall enthalpy change is 0.

Calculate moles H20O needed to form solution:
-85
. 18.015
15
110.986

n = 34911 Moles of H20 per mol CaCl2 in final solution.

Moles of water added per mole of CaCI12.6H20:
n—6 =28.911

Basis: 1 mol of Cacl2.6H20 dissolved
CaCR.6H20(s) -—> Ca + C2 + 6 H2 + 3 02 (1)

Ca + CI2 + 34.991 H20 -->CaCI2(34.911 H20) (2)
6(H2 + 1/2 02 --> H20) (3)

-

CaCl2.6H20 + 28.911 H20 ---> CaCl2(34.911 H20)

AHI := 2607.9°k] AH3 := 6:(~285.83:kJ) (Table C.4)
AH? ;= —871.8-kJ (Pb. 12.37)

AHpgg = AH1 + AH2 + AH3  for reaction at 25 degC
Aflygg = 2112kJ Mol = (110:986 + 34:911.18.015)-gm
msoln = 739.908 gm
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Cp = 3.28--
i P kg degC

AT = -8.702degC

AHagg + Cp-AT = 0

T = 25-degC + AT

12.43 = 150-1b (H2804) my 1= 350-1b (25% soln.)
: BT .
= § BIU Hy = —23 BTU (Fig. 12.17)
by : T oy
100-%-my + 25-% my ]
=47.5% (Final soln.)
mj + m1p
B :
m3 = my +my Hs = 9031 (Fig, 12.17)
D _lbm
Q=myHy—(myHy+myH)  Q=-381S0BTU  Aus.
12.44 Enthalpies from Fig. 12.17.
xy:= 0.5 x3:=1-x1 H = -—69 EE (50 % soln)
by
: BTU . B
=20 210 (pure m2504) Hy = 103.‘%?_ (pure H20)

It

HE ;= H - (xl-H1 + xz-Hg)

1245 (a) my := 400-Iby,

my = 175-1bm
- 100- BIU .. 5.BIU
b.m m
35-%my + 10-%-mp
=27.39%
mi +mp
BTU
m3 = mj +mp Hj _MF

409

{35% soln. at 130 degF)
(10% soln. at 200 degF)

(Fig. 12.19)

(Final soln)

(Fig. 12.19)




Q =m3-Hz - (m1~H1 + mz-Hz)
(b) Adiabatic process, Q= 0.

mi-H1 + m3z-Hy BTU
Hz = i H3 = 115.826 ——
From Fig. 12.19 the final soln. with this enthalpy has a temperature of
about 165 degk.
Ibm _
12.46 ml e 25 _ {feed rate) X} =02
sec '
Hj = =24 BTU  (Fig. 12,17 at 20% & 80 degF)
by
H- —55 @ (Fig. 12.17 at 70% and 217 degF)
- lb‘m [Slight extrapolation]
Xz_:__:(}.'?
H3 = 1157 7 EFE—[-J— (Table ¥ .4, 1.5(psia) & 217 degF)
by
X111 b b
my = mp =7.143—  mgi=m;-mp m3 = 17.857—
X3 sec sec

Q :=mp-Hz + m3-H3 —~m-H; Ans.

12.47 Mix m1 Ibm NaOH with m2 Ibm 10% soln. @ 68 degF.

BASIS: mo> = 171bm x3 := (.35 x3 = 0.1
my = I-lby (guess) m3 == my +mp
(iven mp +my = m3 mp + X2-my = X3-m3
my
= Find(mq ,m3) my = 0.3851by, m3 = 1.3851by,
m3
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From Example 12.8 and Fig. 12.19

BTU BTU
H1—4787—-———— H2—43—

mi-Hy; + mp-H»

Hjy =

m3

From Fig. 12.19 at 35% and this enthalpy, we find the temperature to be
about 205 degF.

12.48 First react 1 mol SO3(1) with 1 mol H20(}) to form 1 mol H2S504{}):

S03() + H20(1) ---> H28504(])
‘With data from Table C.4:
AHsgg = [-813989 — (—4410_40 - 28583_0)}-.1 AHpgg = -8.712 % 104J

Mix 1 mol or 98.08 gm H2504(1) with m gm H2O to form a 50% solution.

MH2804
my2504 = 98.08-gm Msoln = — =
ME20) = Mypln ~ MH2S804
Data from Fig. 12.17:

' B
Hmso4 -0 T{TH [pure acid @ 77 degF (25 degC)]
L
BTU
HH20 = 45 _IB— [pure water @ 77 degF (25 deg()]
BTU
Hsoln = =70 ._1.[.)__ [50% soln. @ 140 degF (40 deg C))
: m

AHpix = Msoin Hyoln — Mu2s04-Huzs04 — mu20-Hu20

AH ;= —18. 145kg%{

m

AH298 + AHmix A
= ns.

Mgoln
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1249 mj = 140-Iby x] :=0.15 mp = 230:-1by, X2 = 0.8

H1 = 65- —E% (Fig. 12.17 at 160 degl)
H2 ='—-102 EEH (Fig. 12.17 at 100 degF)
H
mi-Xp + Iy X2
m3 = mj+my X3 1= ——————— x3 = 55.4%

m3

Q-+ (mI-Hl + m2~H2)

m3

Q :=-20000-BTU Hz =

From Fig. 12.17 find temperature about 118 degF

12.50 Initial solution (1) at 60 degF; Fig. 12.17:

: ' ‘BTU
mj = 1500-1by, x1:=0.40 H; = —98 -_—
S _ o lbm
Saturated steam at I(atm); Table F.4:
BTU
m3(m2) =mjp+nmp Hg —11505—-———
o
X1-my ml'Hl + m2-H2
x_v,(mz) = —— H3(m2) =
my +nip m3 (mz)
: T
my = 125-Iop x3(mg) = 36.9% H3(my) = —2%}}
. ; o

The question now is whether this result is in agreement with the value read
from Fig. 12.17 at 36.9% and 180 degF. It is close, but we make a second
calculation:

This is about as good a result as we can get.
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12.51 Initial solution (1) at 80 degF; Fig. 12,17:

- | BTU
my = 1-Iby X1 := 045 H} i=-95——
| co o
Saturated steam at 40(psia); Table F.4:
: - BTU
m3 (mg) = my +mp Hy = 1169.8—+
o by
X|-imn] mi-Hp +mp-Hp
X3 (mz) = H3(m2) =
v ()
BTU
my = 0.05-Ibg x3(mp) = 42.9% H3(mp) = -34.8——

by,

The question now is whether this result is in agreement with the value read
from Fig. 12.17 at 36.9% and 180 degF. It is close, but we make a second
calculation:

This is about as good a result as we can gef.

12.52 Initial solution (1) at 80 degF; Fig. 12.19:

.. | . - BTU
mj = [-lby xi.i= 040 Hy = 77—
Saturated steam at 35(psia); Table F.4:
BTU Xj-mj
Hp = [161.1.——— x3 :=0.38 my = - mj

Il
it

m3 = mj + mp m3 = 1.0531by, mp = 0.053 by,

mi-Hy +mp-Ho

m3

We see from Fig. 12.19 that for this enthalpy
at 38% the temperature is about 155 degF.
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12.53

12.54

12.55

Read values for H, H1, & H2 from Fig. 12.17 at 100 degF:
BT BTU BTU
H——56~———E Hj 1= & —— H2=68——-
o Ib o by _ oy
x1 a= 0,35 x=1-x

AH :=H - x;-H| —xp-Hp

Ans.
BASIS: 1(lbm) of soln.
Read values for H1 & H2 from Fig. 12.17 at 80 degF:
. BTU -BTU -
Hy =4 Hp i= 48 —— x; =0.4 xp =1 -xy

H:=x;H; +x3H>

From Fig. 12.17, for a 40% soln. to have this enthalpy the temperature is
well above 200 degF, probably about 250 degF.

Initial solution: xl";= S 29808 _ X1 = 0.421
2:98.08 + 15-18.015
Final solution: Xp := = 39808 xp = 0.538

3 98. 08 + 14- 18 015
Data from Fig. 12.17 at 100 degF:

. BTU BTU
HHZO = 68 §———e HH2304 =G
o o oo by
| BTU
Hi = =75 —— H = —~101- @
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Unmix the initial solution:

AHyyomix = [ x1-HH2804 + (1 -x1)-Hpoo |- Hi

T
AH i = 118,185 209

m

React 1 mol SO3(g) with 1 mol H20(]) to form 1 mol H2SO4(]). We
neglect the effect of Ton the heat of reaction, taking the value at 100
degF equal to the value at 77 degF (25 degC)

AHfsog, —395720 — AHszo —285830 =
' mgl C - mol
AHgpso4 = '_—8__139__89-__
TR mol
J
mo

Finally, mix the constituents to form the final solution:

BTU
AH i == Ho — | xo-Hpogos + (1 - Xz)-HHzo] AHpj = ~137.231 .

Y
Q = AHymiy(2-98.08 + 15-18.015)-1b ...
+ 1-Ibmol- AH
+AH 5 (3-98.08 + 14-18.015)-Ib

12.56 Read values for H(x1=0.65), H1, & H2 from Fig. 12,17 at 77 degk:

BTU . BTU '
= _125 — Hy = 0oe H2 - 45 BTy
x1 = 0.65 X = 1-x AH :=H-x;-H; - xo-H>

Ans.
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12.57

12.58

From the intercepts of a tangent line drawn to the 77 degF curve of Fig.
12.17 at 65%, find the approximate values:

Graphical solution: If the mixing is adiabatic and water is added to bring
the temperature to 140 degF, then the point on the H-x diagram of Fig,
12.17 representing the final solution is the intersection of the 140-degF
isotherm with a straight line between points represeating the 75 wt %
solution at 140 degF and pure water at 40 degF. This intersection gives
x3, the wt % of the final solution at 140 degF:

X3 1= 42-% mp = 1-1b

By a mass balance:

0.75-m; 0.75-m
X3 = —— my = —mj Ans,
my + my X3
(a) my = 251bm my '_:= 40-1by m3 1= 75y
Xl =0 x2:=1 X3 1= 0.25
Enthalpy data from Fig. 12.17 at 120 degF:
BTU ;
H] = 88— Hy ——14-}%1—[E Ha = 7BTU
mg:=my+my+m3 my = 1401by
X1-my + Xp'mp + X3-M3
X4 0= - x4 = 0.42
Hy = —63 E?E (Fig. 12.17)
- b

] Ans.

Q :=mygHyq- (ml-H1 +my-Hy + m3~H3)
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(b) Firststep: my :=40:Ib xp =1 Hy = 14—
my == 75-1b x2 = 025 Hp i =-7-—0
X[my + X2-m2 Q+my-Hy +mz-Hy
m3 == mj] +1mp X3 i =——— 3=
m3 m3

From Fig. 12.17 at this enthalpy and wt % the temperature is about 100
degF.

12.59 BASIS: 1 mol NaOH neutralized.
For following reaction; data from Table C.4:

NaOH(s) + HCI(g) > NaCl(s) + H20(I)
AHogg := [-411153 — 285830 — (—425609 — 92307)]-

AHogg = —1.791 % 10°J

NaOH(s) + HCI(g) -—> NaCl(s) + H20(I) (1)
NaOH(inf H20) ---> NaOH(s) + inf 120 (2)
HCI(9 H20) > HCl(g) + 9 H20() 3)

NaCl(s) + inf H20 ---> NaCl(inf H20)  (4)

NaOH(inf H20) + HCI(9 H20) ---> NaCl(inf H20)

AHy = AHpgg AH, 1= 44.50-kJ AHj = 68.50-k}
AH4':= 3.88-kJ Al = AHI + AH2 + AH3 + AH4
Q= AH Ans.
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12.60 First, find heat of solution of 1 mole of NaOH in 9 moles of H20
at 25 degC (77 degF).

Weight % of 10 mol-% NaOH soln:

x-l'..-_: L4000 x1 = 19.789%
' 14000+918015
HHQQ = 45 E—-TE (Table F.3, sat. liq. at 77 degF)
lbm

Hsoin = 35 EE (Fig. 12.19 at x1 and 77 degF)
- lby

HNaOH = 478 .7 %U- [Ex. 12.8 (p. 455) at 68 degF)

m

Correct NaOH enthalpy to 77 degF with heat capacity at 72.5 degF
(295.65 K); Table C.2:

T 1= 295.65.K molwt := 40.00. 22
' . mol
-3
R 16.316-10

Cp:= -(0.121 + —————-TJ Cp = 0.245ﬂj———
molwt K Iby, rankine
. BTU
Hna0H = HNaol + Cp: (77 — 68)-rankine HNaoq = 480.91. ——
m

AH = Hggpp — [Xl'HNaOH + (l - xl)‘HHZ()]

k
= —0. 224——J— This is for 1 gm of SOLUTION.

gm
However, for 1 mol of NaOH, it becomes:

AH
AH = —molwt AH = -45. 2595{

X1 mol
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Now, on the BASIS of 1 mol of HCI neutralized:

NaOH(s) + HCI(g) -—> NaCls) + H20()) (1)
HCl(inf H20) -—> HCKg) + inf H20  (2)
NaOQH(9 H20) ---> NaOH(s) + 9 H20 (3)
NaCl + inf H20 ---> NaClinf H20) ()

HCl(inf H20) + NaOH(9 H20) ---> NaCl({inf H20)

AHj = -179067-]  (Pb. 12.59)

AHp = 74.5k]  (Fig. 12.14 with sign change)
AH3 = 45.259-k] (See above; note sign change)
AH4= 3.88-kJ (given)

AH = AH]+AH2+AH3+AH3 Q:=AH
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Chapter 13 - Section A - Mathcad Solutions

Note: For the following problems the variable kelvin is used for the SI
unit of absolute temperature so as not to conflict with the variable K
used for the equilibrium constant

13.4  H2(g) + CO2(g) = H20(g) + CO(g)

V=Zvi=—1—1+1+1=0 np=1l+1=2
i

1-¢

2

By Egq. (13.5), YH, = YCO, = YH20 = YCO =

b | o

By Eq. (A) and with data from Example 13.13 at 1000 X:

T = 1000 -kelvin

1 - J
Gle) = (—_-—SJ-(M395790)-— + Z.(-192420 - 200240)-i
2 mol 2 mol

+R-T-[2- - S-m(l - 8] +2-5-m[5D
2 2 22

Guess: €e:= 0.5

Given j_% Gle,) = o-;{& e = Find(s,)

g:=03,031..0.6

~2.082 , ] —

—.084 |
Gle)
10°
2086 N

-2.088 1 ! L
0.2 0.3 0.4 0.5 0.6
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135 (a) H2(g)+ CO2(g) = H20(g) + CO(g)

V=Zvi=-]—l+1+]=0 ng=1+1=2

i

l-¢ _ _ &
By Eq. (13.5), YH, = ¥C0, = — YH20 = ¥CO = 7
By Eq. (A) and with data from Example 13.13 at 1100 K:

T := 1100-kelvin

mo

- I
Gle) = - -(-395960)-i+5-(—137000—zo91m>-—-
2 mol 2 1

GRT 28 28 +2-£-ln(i
2 2 22

Guess: gg = 0.5

Given i—G(‘ae) = 0-—J-— g i= Find(se) Ans,

de, mol

g = 0.35,0.36..0.65

~2.102 , , : , e
~2.103 [

—2.104

ale)

10
—2.105

—2.106

070 035 04 045 05 055 06 065

421




(b) H2(g) + CO2(g) = H20(g) + CO(g)

v=Zvi=»1v~l+1+1=0 ngs1+1=2

i

By Eq. (13.5), YH, = ¥co, = YH20 = YCO =

€
2

J
mol

2
By Eq. (A) and with data from Example 13.13 at 1200 K:

T := 1200-kelvin

Glg) = l*—gj-(—?,%ozo)-—"— +2.(~181380 — 217830)-
2 mol 2

RT 215 1_8j+2-5m(ED
2 2 22

Guess: ge = 0.1

g:=04,041..0.7

—2.121
2122 -
2123 -

G(s)
5—2.124 —

10

—2.125 -

—2.126

-2.127 T
0.35 0.4 .45 0.5 0.55 0.6 (.65 0.7
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()  H(g)+ CO2(g) = H20(g) + CO(g)

V—Zvl——l—1+l+1—0 ng=1+1=2
i
By Eq. (13.5) = =1-s = yeo = <
v L. ) YHZ = YCO2 = 5 YH20 = ¥CO = )
By Eq. (A) and with data from Example 13.13 at 1300 K:
T :=1300-kelvin
]
G(e) = (——) -(—396080)- —— + — ( 175720 — 226530) — ...
mol mol
+R-T 2 I-e (1= 8:] 2.5l E
2 2 2 \2
Guess: £e = 0.6
. d J :
Given --—G(se) =0— g = Fmd(se) gs = 0.57088 Ans.
de, mol

€:=04,041..0.7

-2.14 ! ! | e

—2.142 — -

G(e)

=2.144 -
105

=2.146 -

—2.148 : L i I I oo
0.35 04 045 0.5 0.55 0.6 065 07
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13.6 H2(g)+ CO2(g) = H20(g) + CO(g)

V=Zvi=-l—l+l+1=0
i
I~¢

By Eq. (13.5), 5

YH2 = )’CO2 =

np=1+1=2

g
YH20 T YCO = E

With data from Example 13.13, the following vectors represent values for

Parts (a) through (d):

Ta=1 - " [kelvin AG= —
11200 | —-3190 | mol
L1300 \-6170

Combining Eqs. (13.5), (13.11a), and (13.28) gives

B
GRS

1-¢

2 ) 2
— —
-AG
Ei= jexpi —— g =—§—
R-T I +&

13.11 4HCI(g) + 02(g) = 2H20(g) + 2Cl(g)

-1 ng=6 T = 773.15-kelvin

AHg = =1 14403_._;’_

- AGpog = —~75948. !
~ “mol ] o

mot

424
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The following vectors represent the species of the reaction in the order in
which they appear:

3.156 ) 0623) {0151
L 36301 0506(. _5 . |-0227] &
v A=) B:={ {10 D= . . |10
s " 13470 14507 o2t |
4.442 ) .0.089 - 120344

end := rows(A) i:=1.end
AA :=Zvi-Ai AB :=Zvi-Bi AD :=Zvi-Di

i i i
AA = —0.439 AB = 8x 107 ° AD = -823x 10°

1DCPH(298.15,773.15,—0.439,8-10‘5,0.0,_8.23-104) = ~357.758
1DCPS(298.15,773.15,—0.439,8.10‘5,0_0,4.23.104) = 0.774386
IDCPH := ~357.758kelvin  IDCPS := -0.774386

T
AG := AHygg - -ﬂ(aH298 — AGygg) + R-IDCPH - R-T-IDCPS

i
AG = ~1.267x 107 ——

mol
~AG
K:= exp( ) K = 7.18041
R-T
5-4.
By Eq. (13.5) — £
6—¢
Yoo = L2 Y20 = 2e
2= 20 = =
6-¢ 6-g yer 6-¢

Apply Eq. (13.28); g:=05 (guess)

2-g 4 6-¢
Given ( j ( )'= 2K & := Find(g) & = 0.793

5-4.¢ l-¢
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13.12

Ans.

N2(g) + C2H2(g) = 2ZHCN(g) v =0 ng =2

This is the reaction of Pb. 4.21(x). From the answers for Pbs. 4.21(x),
4.22(x), and 13.7(x), find the following values:

AHsgg = 42720{L- AGagg = 39430- -~
AA = 0.060 AB = 0.173-107° AD = —0.191-10°
T := 923.15-kelvin To := 298.15-kelvin

IDCPH(293.15,923.15,0.060,0.173-10"3,0.0;—0.191-105) = 60.155

IDCPS(298.15,923.15,0.060,0.173-10_3,0.0,w0.191-105) = 0.079711
IDCPH := 60.155-kelvin IDCPS = 0.079711

T
AG = AHpog ~ -T—-(AH293 - AGygg) + R-IDCPH - R-T-IDCPS
0

AG = 3242x 104 K = exp(féég K = 0.01464

mol
By Eq. (13.5),

l1—¢ ’ _l-s 2e
—_— - = e
> C2H4 5 YHCN 5

YN2 =

By Eq. (13.28), ¢:=0.5 (guess)

2

. 2.

Given ( : ¢ J =K & := Find(s) & = 0.057
— &
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YHCN = &

Given the assumption of ideal gases, P has no effect on the equilibrium
composition.

13.13 CH3CHO(g) + H2(g) = CZH50H(g) v = -1 ng = 2.5

This is the reaction of Ph. 4.21(r). From the answers for Pbs. 4.21(r),
4.22(r), and 13.7(r}, find the following values:

Alsgg = —68910-— AGoog = ~39630-—
S -7 mol _ . 'mel
= 1424 AB=1601.107° AC=015610"% AD = —-0.083.10°
T = 623.15-kelvin To = 298.15-kelvin
IDCPH{208.15,623.15.1.424,1.601-107>,0.15610” 6, ~0.083-10°) = —226.426
6

IDCPS(298.15,623.15,—1.424,1.601-1()-3,0.156-10" ,—0.083-105) = —-0.542077

IDCPH := --226.426-kelvin [DCPS = -(.542077

T
AG := AHpog — ;—-(AHggg — AGygg) + R-IDCPH ~ R-T-IDCPS
0

J —
AG = —6.787 x 10° —— K = exp| 29 K = 3.7064
mol R-T
l1-¢ 1.5—-¢ £
By Eq. (13.5), ycH3cHO = YH2 = YC2HSOH =
25—-¢ 25-¢ 25—-¢
By Eq. (13.28), £:=0.5 (guess)
. s-(2.5-¢)
Given = 3K £ := Find =028
(e (5-09) nd() &= 0818
g L-e 1.5-¢
CH3CHO = -
25 _ VH2 1= YC2HSOH =
S8 25-¢ 25-¢

Ans,
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If the pressure is reduced to 1 bar,

Given (25 -¢) = 1.K ¢ = Find(g) £ = 0.633
(1-2)-(1.5-¢)
YCH3CHO = e _ L5-¢ - &
25_¢ YH2 = S YC2HSOH = ———

13.14 C6H5CH:CH2(g) + H2(g) = C6H5.C2H5(8) v =-1 np= 2.5

This is the REVERSE reaction of Pb. 4.21(y). From the answers for Pbs.
4.21(y), 4.22(y), and 13.7(y) WITH OPPOSITE SIGNS, find the following
values:

AHagg = ~117440.——  AGyog = ~83010-—

3 6

AA = —4175 AB=476610 ° AC=-1814-10 ° AD= —0_083-105

T :='923.15-kelvin T := 298.15-kelvin

lDC?H(298.15 ,923.15,-4.175,4.766-10
IDCPS(298.15 ,923.15,-4.175,4.766: 10

3,—1.814-10‘5,—0.083-105) = ~1268.92

3 6

~1.814-10 6, -0.083-10°) = —2.47395
IDCPH = ~1268.92-kelvin IDCPS := —2.47395

T
AG := AHygg - ﬁ‘(AHzgg ~ AGyog) + R IDCPH ~ R-T-IDCPS

J Ay
AG = —2.398 x 10° K = exp[ G K = 1.36672
mol R-T
I—-g
By Eq. (13.5), YC6H5CHCH2 =
25~¢
Yy = 1.5-¢ €
H2 = =
s . YC6H5C2HS 35 .
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13.15

By Eq. (13.28), g := 0.5 (guess)

8-(2.5 —8)

Given = 1.0133-K ¢ := Find(e) & =0418
(1 - 8)-(1.5 - e)
1-¢ 15-¢ . g
= = C6H5C2HS5 =
YOSHSCHCH2 =50 M=o 7 25_¢

Basis: 1 mole of gas entering, containing 0.15 mol SO2, 0.20 mol 02,
and 0.65 mol N2.
802 + 0.502 =S03 v =-05 ng = 1
By Eg. (13.5),

_ 015-¢ _ 020~0.5¢ _ £
y802 1—05¢ Yoz 1-0.5¢ 7803 1-0.5¢

From data in Table C.4,

.AHzgg = <98890- —— AGyeg 1= ~T0866-——
ST mel TR T T ol
The following vectors represent the species of the reaction in the order

in which they appear:

Y e T IR 0.801) {=1.015Y -
vi=|-05| A=|3639| B:=[0506]10"> D:==|-0227}10°
L) soeo ose) 0 a0/

end := rows(A) i:=1.end
AA :=Zv;-Ai AB :=Zvi-Bi AD ::Zvi-Di
i i i
AA = 0.5415 AB=2x10"° AD = ~8.995 x 10
T = 753.15-kelvin Tg = 298.15-kelvin

1DCPH(298.15,753.15,0.5415,210‘6,0.0,—8.995-104) = 64.599

IDcps(298.15,753.15,0.5415,2-10‘ 6,0.0,—8.995-104) = 0.076046
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13.16

IDCPH := 64.599-kelvin IDCPS := 0.076046

T
AG = Ay - T—-(AH298 ~ AGagg) + R-IDCPH - R-T-IDCPS
0

-AG

AG = —2804x 10°-1 K= exp(-—-——) K = 88.03674

mol R.T
By Eq. (13.28), g£:=0.1 (guess)

0.5
Given =(1-0.5¢) o =K ¢ := Find(e) & = 0,1455
(0.15-¢)-(0.2-05¢)"
By Eq. (13.4), ngo3 = & = 0.1455
By ECI‘ (418)1 AH753 = AHzgg + R-IDCPH
AHoe; = —98353— Q :=¢-AH
753 — mol : 753

C3H8(g) = C2H4(g) + CH4(g) v =1

Basis: 1 mole C3HS8 feed. By Eq. (13.4) nesgg = 1-s¢

np-ncsug _ 1-(1-¢)
g 1

Fractional conversion of C3HS8 =

l1-¢
By Eq. (13.5), YC3H8 =
1+¢

€
YC2H4 = YCR4 =
I+sg

1+¢
From data in Table C.4,
"AH29_3 = 82670:~— Alrpgg 1= 42290 —

mol mol
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The following vectors represent the species of the reaction in the order
in which they appear:

-1 1213)  (28785) - (-8.824)
vi=| 1| A=|1424] Bu=|14394]107° C:=|-4392107°
1 1.702 9.081 264
end := rows(A) i:=1.end
AA ::Zvi-Ai AB :=Zvi-Bi AC :=ng-Ci
i i i
AA = 1.913 AB = —531x 107> AC = 2.268x 107 ©
(a) T := 625-kelvin Tg := 298.15 kelvin

1DCPH(293.15,625,1.913,—5.31-10‘3,2.268-10‘6,0.0) = —11.2997
IDCPS(298.15,625, 1.913,-5.31.107°,2.268- 10‘6,0.0) = 0.022506
IDCPH := —11.2997-kelvin IDCPS := 0.022506

T
AG = AHagg — ?-(AHzgg ~ AGggg) + R-IDCPH — R-T-IDCPS
0

J -AG
AG = -2187.9— K :=exp j K = 1.52356
mol R-T
By Eq. (13.28), g = 0.5 (guess)
E;2
Given ——— =K ¢ = Findle
(1+s)-(1-8) ( )

This value of epsilon IS the fractional conversion. Ans.

2

(b) & := 0.85 K=o
e 700 9

K =2.604

AG = R-T-In(K) AG = 4972.3-—J— Ans.
mol

The problem now is to find the T which generates this value.
It is not difficult to find T by trial. This leads to the value: T=6468K Ans
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13.17 C2H6(g) = H2(g) + C2H4(g) ve=l

Basis: 1 mole entering C2H6 + 0.5 mol H20.

ng= 1.5 By Eq. (13.5),

1-¢ £ g

= = YC2H4 =
YOHEO = e e M= 1518 15+¢

From data in Table C.4,

AH2982136330E€; AG298 = 100315;;(;}

The following vectors represent the species of the reaction in the order in
which they appear:
(1) (L)
A=|3249
R ,\"'1:.,4_2 4 .:

9225,
Bi= .0-422”.:_11.0—!3

end = rows(A) i=1.end

AA = Zvi-Ai AB = Zv;-Bi AC = Zvi-Ci AD :zZvi-Di
i i i i

3 6

AA =3.542 AB = —4.409x 10 ~ AC = 1.169x 10 = AD =8.3x 103
T := 1100-kelvin Tp := 298.15-kelvin

3

IDCPH(298.15,1100,3.542,+4.409-10_ ) 1.169-10_6,8.3-103) = 897.285

1DCps(298.15,1100,3.542,-4.409-107 2, 1.169-10~¢,8.3-10°) = 1.78716
IDCPH := 897.285-kelvin  IDCPS := 1.78716

T
AG := AHpog - T—'(AHggg - AGoog) + R-IDCPH - R-T-IDCPS
G
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AG = —5.429 % 1002 K:= exp(——-—] K = 1.81048
mol R-

By Eq. (13.28), g:= 0.5 (guess)

2
Given £ =K ¢:=Find(s) & = 0.83506
(1.5 + 8)-(1 - 8)
By Eq. (13.4), ncopg = 1-¢ DH2 = DC2H4 = & n=1l+s
1-¢ € €
YC2H6 = YH2 = YC2H4 =
|l +¢ 1+¢ l+¢

Ans.

13.18 C2H5CH:CH2(g) = CH2:CHCH:CH2(g) + H2(g) v = |
(1) (2) (3)

Number the species as shown. Basis is 1 mol species 1 + x mol steam.

ng=1+x
l-¢ €
By Eq. (13.5), y1= —— 2=y3F —— =010
I+x+sg l+x+¢
From data in Table C.4,
‘AHngg = 109780 —— AGrgg = 79455-—
o mol T mol

The following vectors represent the species of the reaction in the
order in which they appear:

o (se30)
B :=|26.786 |-107°
0.422

(00
D= 0.0 - .-'105
\0.083 )

end := rows(A)



AA :=Zvi-Ai AB ::Zvi-Bi AC :=Zvi-Ci AD ::Zvi-Di
i i i i

AA = 4016 AB = -4422x10"° AC=991x10"7 AD=83x10°

T := 950-kelvin Tg := 298.15-kelvin
-3 -6 3
[DCPH(298.15,950,4.016,—4.422-IO ,0.991.107°,8.3-10 ) = [112.511
-3 -6 3
pcps{298.15,950,4.016,-4.422.10” %,0.991.10” ¢,8.3-10 ) = 221675

IDCPH := 1112.51 1 -kelvin IDCPS = 2.21675

T |
AG := AHygg ~ T—O-(AH298 — AGygg) + R-IDCPH - R-T-IDCPS

| J —AG
AG = 4.896x 10° —— K = exp| —— K = 0.53802
mol R-T
By Eq. (13.28), (0.D-0.)-(L+x+8) _ %
1-¢
) K
Since 0.10-(1+X+8)= £ £ 1= ——— g = 0.843
K+0.10
c
Xx=———1-8 x = 6.5894
0.10
(a) YH20 = 1-02-y;
Ans,
(b) Ans.
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13.19  C4H10(g) = CH2:CHCH:CH2(g) + 2H2(8) _,
1 @) )

Number the species as shown, Basis is

1 mol species 1 + x mol steam entering. ng=1+x
1-¢ e
By Eq. (13.5), y; = — —° et o1
L+x+2e 1+x+2¢€

y3 = 2-y2 = 024
From data in Table C.4,

: =235030-— AGhoe = 166365-—
AH298 - mol _ __29.:,; “. . mol

The following vectors represent the species of the reaction in the order in
which they appear:

- (1935 (36915
v Ai={2734 B :=| 26.786 |-107°
o (3249 o Noaxn )
oo(-1402)y (00
Ci=| -8882 |10°° Di=| 00 |10’
00 ) - \o.0s3)
end = rows(A) i:=1.end
AA = Z vicAj AB = Z vi-By AC:= Z vi-C; AD = Z vi-Dj
i i i i
AA =7297 AB =-9285x107° AC=252x10"° AD = 1.66x 10"
T t=925-kelvin Tg := 298.15-kelvin

6 1.66-10%) = 1694.861

iDcps(208.15,925,7.297,-9.285-107 %, 2.52. 10" 6 166-10%) = 3.49100

IDCPH(298. 15,925,7.297,-9.285-10 3 ,2.52:10°

IDCPH := 1694.861 kelvin IDCPS := 3.49109

T
AG := AHqog — —T;-(AHQQS — AGogg) + R IDCPH ~ R-T-IDCPS
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13.20

_AG
AG = 9242x 10°— K = exp(-—] K = 0.30066
mol R-T

(0.12)-024) (1 +x +2¢) _

By Eq. (13.28), K
1-¢
K
Because 0.12-(1 + X+ 2-8) =g €=
K +(0.24)
K= —— -2 x = 43151 & = 0.839
0.12
1-g
@ yp=—— YH20 = 1 =036 -y
I+x+2¢
Ans.
. 743151 -
b e e Ans
(b) .Ysteam T S3151 :
1/2N2(g) + 3/2H2(g) = NH3(g) v=-1

Basis: 1/2 mol N2, 3/2 mol H2 feed ny = 2

This is the reaction of Pb. 4.21(a) with all stoichiometric coefficients divided
by two. From the answers to Pbs, 4.21(a), 4.22(a), and 13.7(a) ALL
DIVIDED BY 2, find the following values:

AHygg = —46110:— AGpgg = —16450-——
ST el T T ol
AA = -2.9355 AB = 2.0905 10_3 AD = —0.3305-105

(@) T r=300-kelvin To = 2"98;‘1-5-k_eIVin

Dcpa(298.15,300,-2.9355,2.0905- 1072 ,0.0,-0.3305- 10°) = -4.9576
Dcps(298.15,300,-2.9355,2.0905- 10~ >, 0.0,-0.3305. 10°) = ~0.016577

IDCPH := ~-4.9576-kelvin IDCPS = ~0.016577

T
AG 1= AHqgg — —T;-(AH%,S - AGag) + RIDCPH - R-T-IDCPS

436




AG = —1.627x 10° -1 K = exp[:——) K = 679.57
mol R

P:=1 PO = I

From Pb. 13.9 for ideal gases:

p 05
ge=1-|1+ 1.299-K-—} e = 0.9664
PO

g
2—-¢

Ans.

YNH3 =

(b) For yyyz =0.5 by the preceding equation
Solving the next-to-last equation for k with P = PO gives:

2
1
\-s) K = 6.1586

1.299

o

(RSN

‘B2

Find by trial the value of T for which this is correct. It turns out to be

(¢) For P =100, the preceding equation becomes

)
-1
K= M8/ K = 0.06159

129.9
Another solution by trial for T yields

Ans.

(d) Eq.(13.27) applies, and requires fugacity coefficients, which can be
evaluated by the generalized second-virial correlation. Since iteration
will be necessary, we assume a starting T of 583 K for which:

583 100
For NH3(1): T,:= —— T, = 1.437 P = —— P, =
" 4057 T T8 r = 0.887

PHIB(1.43,0.887,0.253) = 0.924
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13.21

583 100
For N2(2): Ty = T, = 4.62 Py = — P: = 2.941
or N2(2) " 262 T " 340 g

PHIB(4.596,2.941,0.038) = 1.034

For H2(3), it is at such a large reduced temperature,that it may be
assumed ideal; ¢ = 1.

Therefore, i=1..3

: 0.924 e

9= 1034 v = H((bi) = 0.909
L1000 . ;

The expression used for K in Part (¢) now becomes:

2
=)
Kel=8) K = 0.05598
(129.9)
0.909

Another solution by trial for T yields

Of course, the INITTAL assumption made for T was not so close to the
final T as is shown here, and several trials were in fact made, but not
shown here. The trials are made by simply changing numbers in the
given expressions, without reproducing them. '

CO(g) + 2H2(g) = CH30H(g) v =2
Basis: 1 mol CO, 2 mol H2 feed np=3

From the data of Table C 4,

- AGygg = =24791 j—
mol k .- mol

AHggq 1= ~90135:

This is the reaction of Ex. 4.6, Pg. 139, from which:
AA = 7663 AB= 108151072 AC=-3.45-10° % AD = _0.135-10°
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(@) T = 300-kelvin ~ To := 298.15-kelvin
IDCPH(298.15,300,~7.663, 1081510 % ,~3.45-10™ ©,-0.13510°) = 9,043
cps(298.15,300,7.663,10.815-1073,-3.45-107 6 -0.135-10°) = —0.03024

IDCPH := -9.043-kelvin IDCPS = —0.03024

T
AG = AHagg - T—O-(AHZQS ~ AGygg) + R-IDCPH - R-T-IDCPS

J ~AG
AG = —2.439% 10% —— K = exp ——) K = 1.762x 10
motl R-T

P:= l PO:%I

By Eq. (13.5), with the species numbered in the order in which they
appear in the reaction,
1-¢ 2-2¢ - g

2=
3-2-¢ y 3-2-¢ 3-2¢

y1=

By Eq. (13.28), ¢:=0.8 {guess)

2 2
) 13-2¢ P )
Given E—(————-—%— = (-—) K € 1= Fmd(s) g = 0.9752
4-(1 - 8) PO
8 PR
y3 = . Ans.
3-2¢ =
(b) y3:=0.5 By the preceding equation
3-y3
g = > e =0.75
2y3+ 1

Solution of the equilibrium equation for K gives

K = 8-(3 - 2'8)2

4-(1 - 8)3

Find by trial the value of T for which this is correet. It turns out to be:

K=27

438




(c) For P =100 bar, the preceding equation becomes

3

2
K = 3(—3-1~2~-f-)-—-1()(f2 K=27x10
4-(1 —8)3

Another solation by trial for T yields

(d) Egq. (13.27) applies, and requires fugacity coefficients. Since
iteration will be necessary, assume a starting T of 528 K, for which:

100
For CO(1): T, := jg?-— T,=3973 Pp:=—— P, = 2858
132.9 34.99

By 2nd virial-coefficient correlation: PHIB(3.973,2.858,0.048) = 1.032

528 100
For CH30H@3): T, = —~~ T;=103 P,:=—— P,=1235
512.6 80.97

By Eq. (11.64) and data from Tables E.15 & E.16.

b3 = 0.6206-0.9763"% 63 = 0.612

For H2(2), the reduced temperature is so large that it may be
assumed ideal; ¢ = 1.

Therefore: i:=1..3

© (12 )
3= 1.000 vis| =2 H(%)vl = 0.593
o612 1 i

The expression used for K in Part (¢) now becomes:

8-(3—2-8)2.] 3

: 00 2.0.593 K= 1.6011x 10
4-(1 ms)

K =

Another solution by trial for T yields:
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13.22 CaCO3(s) = CaO(s) + CO2Ag)

Each species exists PURE as an individual phase, for which the activity is
f/f0. For the two species existing as solid phases, f and f0 are for practical
purposes the same, and the activity is unity. If the pure CO2 is assumed an
ideal gas at 1(atm), then for CO2 the activity is £/f0 = P/P0 = P (in bar). As
a result, Eq. (13.10) becomes K = P = 1.0133, and we must find the T for
which K has this value.

¥rom the data of Table C.4,
_-AH?.-QS = 1?83:217—wf-:— A_ngs = 13040_1_.-__

mol mol

The following vectors represent the species of the reaction in the order in
which they appear:

=1y i2sY 0 (2637) 0 o (=320
vi={ 1| A:=|6104| B:=|0443/107> D:=]-1.047].10°
1 5457 11045) ~1.157)
i=1.3 AA :=Zvi-Ai AB :=Zvi-Bi AD ::Zvi-Di
i i i
AA=-1011  AB=-1149x10"°>  AD=9.16x I¢*
T := 1151.83-kelvin T i= 298.15-kelvin

1DCPH(298.15,1151.83,_1.011,—1.149-10*3,0.0,9.16-104) = ~1346.495
IDCPS(298.15,1151.83,-1.011,-1.149~10_3,0.0,9.16-104) = —1.86655

IDCPH := -1346.495-kelvin  IDCPS := ~1.86655

T
AG := AHpgg - T—O-(AH298 ~ AGygg) + R-IDCPH ~ R-T-IDCPS

AG = ~126.353 —— K = exp[ﬂJ K = 1.0133
mol R-T

Thus

Although a number of trials were required to reach this result, only the
final trial is shown. A handbook value for this temperature is 1171 K.
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13.23 NH4Cks) = NH3(g) + HClg)

The NH4Cl exists PURE as a solid phase, for which the activity is f/10.
Since f and 0 are for practical purposes the same, the activity is unity. If
the equimolar mixture of NH3 ard HCIl is assumed an ideal gas mixture at
1.5 bar, then with f = 1 bar the activity of each gas species is tts partial
pressure, (0.5)(1.5) = 0.75. As a result, Eq. (13.10) becomes K =
(0.75)(0.75) = 0.5625 , and we must find the T for which K has this value.

From the given data and the data of Table C4,

Ay = 176013 4Gy = 01121

The following vectors represent the species of the reaction in the order in
which they appear:

ji=1.3 AA :=Zvi-Ai AB ::Zvi-Bi
1 i

AA = 0795  AB=-0012462  AD = —3.5x [0°
T = 623.97-kelvin Tp = 298.15-kelvin

1DCPH(298.15,623.97,0.795,-12.462-10‘3,0.0,—3.5-103) = _1619.117
IDCPS(298.15,623.97,0.795,—12.462- 1072,0.0,-3.5 103) = —3.48845
IDCPH = —1619.117-kelvin  IDCPS = —3.48845

T
AG := AH,gq - T—O-(AH298 — AGjgg) + R-IDCPH ~ R-T-IDCPS

AG = 2.986x 10° —— K = exp[?ﬂ K = 0.5624

mol

Thus Ans.

Although a number of trials were required to reach this result, only the
final trial is shown.
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1325 NO(g) + (1/2)02(g) = NO2(g) v = 0.5

¥NO2 YNQG2

— = —=K T 1= 298.15-kelvin
wolyo2) ~ wNor(@21)”
From the data of Table CA4, AGhgg = -—35240 ——i
. ~Alizgg ]
Ki=expl =45 K = 1.493% 10
yNo = 107 12 yNo2 = 107%  (guesses)

Given  wno2 = 02D Kywno  ynoz +yno = 5-107°

YNO
[ } = Find(yno, yNO2)
YNO2

This is about

(a negligible concentration) Ans.

13.26 C2H4(g) + (1/2)02(g) = <(CH2)2>0(g) v =05
See Example 13.9, Pg 492-494. From Table C.4,

AH298 —105140;1—& AG298 ..—81470;;1-(—)—1

Basis: 1 mol C2H4 entering reactor.

Moles O2 entering: .n._o_z = 1 .-2.5'.045
. ' 79

Moles N2 entering: nN2 = noy- o

1

ng := 1 +no2 +nNz ng = 3.976 -

Index the product species with the numbers:

1 = ethylene

2 = oxygen

3 = ethylene oxide

4 = nitrogen

The numbers of moles in the product stream are given by Eq. (13.5).
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For the product stream, data from Table C.1:

Guess: g =038

1-¢ ) [ 1.424 (14394) -
| o2 = 058 | | 3639 10506 | 073
n(e) _ A=1 : =TT
- | —0.385 . 23463 rkel\fm
--nm'- | 3280, 0593
Co(Ase2y 00y
P00 -6 BREE I 5. B A
Ci= . 19 D= B -105.4kclv_in2 Vo=
29296 kelvm2 | 0.0 i |
00 ) - L0040 )

j=1.4 Alg) = Z n{e)i A B(g) = Z n(e); B;
C(e) = Z n(g)i-C; D(g) = Z n(a)i-Dl
we) = 0“(;)5 — K(e) := I‘[(y(a)i)vi K(e) = 15.947
The energy balance for the adiabatie reactor is:

AHsgg + AHp = 0 For the second term, we combine Egs. (4.3) & (4.7).

The three equations together provide the energy balance.

For the equilibrium state, apply a combination of Egs. (13.11a) &
(13.18).The reaction considered here is that of Pb. 4.21(g), for which the
following values are given in Pb. 4.23(g):

1073

“kelvin

S S —6
AC = -4.904-- 10__

kelvin

AA = -3.629 AB = 8 8_16
AD = 0.114-10:kelvin Ty = 298.15-kelvin
Guess: T:=3
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AB
IDCPH = AA'TO'(‘E - 1) + T-Toz-(‘cz - 1)

Al

1
IDCPS := AA-In(z) +] AB-Tg+| AC- T .. -[” ) (z-1)
D 2

(v T0)2

+

IDCPH = —130.182kelvin IDCPS = -0.417

Given

—AHj05 = R A(e) To-(x - 1) +B—g8—)-rr02-(12 ).

e ) e[l

3 To T
AHoog — AG Al 1
K(e) = exp 298 298 2% | IDCPS - IDCPH
R-To R-Tgt Tyt

- e ) (oo

CH4(g) = C(s) + 2H2(g) y =1 (gases only)

The carbon exists PURE as an individual phase, for which the activity is
unity. Thus we leave it out of consideration.
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From the data of Table C.4,

AHog 1= 7_45_20-$ AGrog = ,5'0‘460:_

J
mol

The following vectors represent the species of the reaction in the order in
which they appear:

(1.702 - [9.081
v o= A= 1771 B:=| 0771 107
| {30 o o)
(2064 S f 000
i=1.3 c=| 00 [107° D:=|-0867}10°
Lo,  looss )
AA ::Zvi.Ai AB :=Zvi-Bi AC :=ZVi‘Ci AD ::ZVi'Di
- 1 ; i
6

AA = 6567 AB = —7.466x 107> AC =2.164x 10°° AD = -7.01 x 10*

Tz 923.15-kelvin Tp = 298, 15-kelvin

6

IDCPH(298.15,923.15,6.567,—7.466-10_3,2.164-10_ ,—7.01‘104) = 1644.114

6

IDCPS(298.15 ,923.15,6.567,~7.466-10">,2.164-10~ ,—7.01-104) = 3.22848

IDCPH := 1644.114-kelvin  IDCPS = 3.22848

T
AG := AHpgg — E-(AH293 ~ AGgog) + R-IDCPH - R-T-IDCPS

J —
AG = -1.109x 104——- K= exp[ AGJ K =42392
mol R-T
1— .
By Eq. (13.5), ng = 1 YCH4 = ° YH2 = 2
I+¢ l+g

(26  _ 4¢°

(a) By Eq. (13.28), =
(1+e)(i-e) | _.2

=K
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£ = e =07173 (fraction decomposed)
4+K
1-¢ 2-€
YCH4 = YH2 = 1
l+¢ + & Aus.
(b) For a feed of 1 mol CH4 and 1 mol N2, ng =2
By Eq. (13.28), g :=.8 (guess)
2
2.g .
Given ———(——)—-———-—— = K g = Fmd(s)
(2 + a)-(l - s)
803" (fraction decomposed)
2-g
YH2 = yN2 = 1 = yCcH4 — Vi
2+¢g

5" Ans.

13.28 1/2N2(g) + 1/202(g) = NO(g) v =0 1)

This is the reaction of Pb. 4.21(n) with all stoichiometric coefficients
divided by two. From the answers to Pbs. 4.21(n}), 4.22(n), and 13.7(n)
ALL DIVIDED BY 2, find the following values:

AHagg = 90250-=— AGagg = 86550 ——
o mo ' S mol
AA = -0.0725 AB = 0.0795-10" > AD = 0.1075-10°

T'=2000-kelvin T := 298.15-kelvin
ipcPH(298.15,2000,-0.0725,0.0795-1072,0.0,0.1075-10°) = 62763

IDCPS(298. 15,2000,-0.0725,0.0795-10 3 ,0.0,0.1075- IDS) = 0.056429
IDCPH := 62.763-kelvin IDCPS = 0.056429

T
AG := AHygg ~ }—-(AHQ% ~ AGyog) +R-IDCPH — R-T-IDCPS
0
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_AG
AG = 6501 x 10°—— Ky = exp Ky = 0.02004
mol R-T

1/2N2(g) + 02(g) = NO2(g) v =-0.5 (2)

From the data of Table C.4,

S R . )
AHzgg = 33180;;& Angg = 513.1_0']—31—(')'1

The following vectors represent the species of the reaction in the order in
which they appear:

o (3280° B
A=|3639 2
) o \4os
i:=1.3 AA::Zvi-Ai
1 i i
AA = -0.297 AB=3925x10 %  AD=-585x10"
T := 2000-kelvin Tp ‘= 298.15 kelvin

10CPH{298.15.2000,-0.297,0.3925-1073,0.0,-0.585-10°) = 95.145
1DCPs|298.15. 2000, -0.297.0.3925-10” 2 ,0.0,~0.585-10°) = 021904
IDCPH = 95.145 kelvin [DCPS := —0.21904

T
AG = AHagg — }E-(AHQQS ~ AGp9g) + R-IDCPH — R-T-IDCPS

J ~AG .
AG = 1.592 % IOS—E Ky = exp(ﬁj Ky = 6.9373x 10>

mo

With the assumption of ideal gases, we apply Eq. (13.28):

YNO YNO
M = = K,

(YNz)O'S'(YOZ)O'S (0_7)0.5.(0'05)0.5
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13.29

wo = Ki-0.7%°(0.05)% Ans,
(2) PO:=1 P:=200
yNo2  _ Ne2  _ ( P )0'5_K2
()P vz (00005 PO
Ans.

- (3}0'5-1( (0.7)°5.(0.05)
YNO2Z = PO 2 ,

2H28(g) + SO2(g) = 3S(s) + 2H20(g)
The sulfur exists PURE as a solid phase, for which the activity is {/10. Since

f and 10 are for practical purposes the same, the activity is unity, and it is
omitted from the equilibrium equation. Thus for the gases only,
v = -]

From the given data and the data of Table C.4,

AHpog = "_—;145546-:%_ AGaeg = ~89’830-$'

The following vectors represent the species of the reaction in the order in
which they appear:

(1490

: o (0232y
10801 4

_ | L0185
=l LT D T L
1728 | l-0783 |
{1450 L 0.121
i=1.4 AA :=Zv;-Ai AB :=Zvi-Bi AD :=Zvi-Di
i 1 i
AA = 5.721 AB = —6.065x 107> AD = -6.28x 10*

Ti=723.45kelvin  To.:=298.15kelvin
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IDCPH(298.15,723.15,5.721 ,—6.065-10‘3,0.0,—6.28-104) = 991.371
IDCPS(298.]5,723.15,5.721 ,—6.065-10">,0.0,-6.28- 104) = 2,19811
IDCPH := 991.371-kelvin IDCPS := 2.19811

T
AG = Aflyeg — —TG-(AHQ% ~ AGygg) + R:IDCPH ~ R-T-IDCPS

AG = —1.538x 10% —— K = exp(#) K = 12.9169

mol

By Eq. (13.5), gases only: ng = 3 (basis)

2—-2¢8 y 1—-¢ VIO 2.8
= so2 = 20 =
¥H2S = - -
By Eq. (13.28), g =05 (guess)
2
Given (2'8) .(3 — 8) = 8-K g 1= Find(e) g = 0.767

(2 - 2-8)2-(} - s)

Percent conversion of reactants = PC

nc _n- _v--s
0 M 100= — 2100 [By Eq. (13.4)]
nip 40

PC =

Since the reactants are present in the stoichiometric proportions, for each
reactant,

njg = —vj Whence PC :=¢-100

1330 N204(g) = 2NO2(g)
(2) (b)

Data from Tables C.4 and C.1 provide the following values:

v =}

J J
e A(_}zgg = 5080, ——

AHyog := 57200- —

mol
To = 298.15-kelvin T 1= 350-kelvin
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AA = 21,696 AB :=0.133:107° AD = 120310°

cpi{298.15.350.-1.696.0.133. 10~ 3.0.0, 1.203-105) = -25.929
IDCPS(298.15 1350,-1.696,0.133-10°°>,0.0, 1.203-105) = _0.079402
IDCPH := —25.929-kelvin IDCPS := —0.079402

T
AG := AHpgg — —T-(-)--(Aﬂzgg ~ AGagg) + R-IDCPH — R-T-IDCPS

] A
AG = ~3.968 x 10° —— K = exp| 20 K = 3911
mol R-T

Basis: 1 mol species (a) initially. Then

y_l-—-s vy = pR (2-8)2 P]—lK
©l+s I+g (1—8)-(1+8) PO
_ K
(a8 P:= PO=1 g = (.4044
vo 1-¢
e i+e
_ . K
(b)) P:=1 PO=1 €= e = 0.703]
4.P+K
By Eq. (4.18), at 350 K:
AH := AHpgg + R-IDCPH AH = 56984i
mol
This is Q per mol of reaction, which is
Ag = 0.7031 - 0.4044 Ag = 0.299
Whence Q = AH-Asg Ans,
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XB 1-xal)
13.31 By Eq. (13.32), K= BTB _ (1-xa)vn

13.32

XAV A XA'YA

n(y,) = 0.1-xp’ In{yp) = 0.1:x4° Whence

K= (1 : XA]‘ eXp(O‘l'XAz) = - XA-e;‘;p[O.l-(XA2 - XBzﬂ

XA exp(O.l-sz) *A
1-x4 —AGJ
K= -exp| 0.1-12-x4 — 1 K= exp| ——
e 012 xa- 1)) P(R_T
AG = —1000—— T := 298.15kelvin
e " mol |

XA =5 (glIBSS)

1 —xa AG

exp[0.1{2:xp - 1)] = exp[;T) x = Find(xa )

Ans.

Given

For an ideal solution, the exponential term is unity:

I —xa ~AG
Given = ex xa = Find(x
5 p[mj o = Find(xa)

This result is high by 0.0050. Ans.

H20(g) + CO(g) = H2(g) + CO2(g) v =0

From the the data of Table C.4,

AHzgg = —41 166-—_—- Angg = 28618 —
: : mol - mol

Ty := 298.15-kelvin T == 800-kelvin
IDCPH(298.15,800, 1.860,—0.540-10_3,0.0,-I.164-105) = 539.735

1DCPS(298.15,800,1.860,—0.540-10"3,0.0,—1.164-105) = 1.00107
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IDCPH := 539.735 kelvin IDCPS = 1.00107

T
AG := AHygg — T—O-(AH298 — AGygg) + R-IDCPH - R-T-IDCPS

J -AG o
AG = —9.668 x 10° —— K := exp ] K = 427837
mol R-T
(a) No. Since v =0 ,atlow pressures P has no effect

(b) No. K decreases with increasing T. (The standard heat of reaction is
negative.).

(¢) Basis: 1 mol CO, 1 mol H2, w mol H20 feed.
From the problem statement,

nco

= 0.02
nco + g2 + ngo2
By Eq. (13.4), nco=1-¢ ngz=1+e¢ Negp = ¢
1-¢ 1 - 0.96
= = 0.02 g 1= — g = 0.94]
l-e+1l+e+e 2+¢ 1.02

Let z =w/2 = moles H20/mole "Water gas".

By Eq. (13.5),

y _w~g _2z-g . 1-e [ +¢
H20 = = = =
T 2iw 2127z 0T 2T
ycoz = S——— By Eq. (13.28) z:=2  (guess)
i g\l +¢
Given 0+e) g z = Find(z) Ans.
(2z-¢)(1-%)

(d) 2CO0(g) = CO2g) + C(s) v = —1 (gases)

Data from Tables C.4 and C.1:

AHgg 1= =172450:— AGaggi= .*-12_002:.1--'-7'1—']
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13.33

3 AD = —1.962-10°

AA = 0476 AB = 0.702-10
IDCPH(298.15,800,0‘476,0.702-10—3,0.0,—1.962-]05) = 19.511
IDCPS(298.15,800,0.476,0.702-10‘3,0.0,—1.962-105) = —(.12817

IDCPH := [9.511-kelvin IDCPS = —-0.12817

T
AG := AH,gq — T—O-(AH298 ~ AGagg) + R-IDCPH - R-T-IDCPS

A
AG = -3.074x 107 - K := exp -—E) K = 101.7
mol R-T

By Eq. (13.28), gases only, with P = PO =1 bar

YCO2 K =1017 for the reaction AT EQUILIBRIUM.

2
(vco)
If the ACTUAL value of this ratio is GREATER than this value, the
reaction tries to shift left to reduce the ratio. But if no carbon is present,
no reaction is possible, and certainly no carbon is formed. The actual value
of the ratio in the equilibrium mixture of Part {c) is

._ & _ I-¢
Y025, YCO = s
ycoz = 0.092 oo = 5.767x 107°

yCO2
RATIO =

(vco)”

No carbon can deposit from the equilibrium mixture.

CO(g) + 2H2(g) = CH3OH(g) v=-2 (1)

This is the reaction of Pb. 13.21, where the following parameter values are
given:

AHzog = --9:0135-—?.]_.— AGgog = %247_9'::11-4;-5
o _ - mol T mol
T := 550-kelvin Tp i= 298.15-kelvin
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]

AA = -7.663 AB = 10.8.15-10—3 AC = -34510 © AD= —0.135-105

3 6

,—0.135-105) = _956.435
Z0.135-10°) = ~2.39055

IDCPH(298. 15,550,-7.663,10.815-10" ~,-3.45-10

IDCPS(208.15,550,-7.663,10.815-107 > ,~3.45.10"

IDCPH := -956.435-kelvin IDCPS = -2.39055

T
AG = AH293 - ’—FE‘(AHZQS - Angg) +R-IDCPH — R-T-IDCPS

] _AG B
AG =3339% 101—— K := exp K| = 6.749x 10"
mol R-T
H2(g) + CO2(g) = CO(g) + H20(g) v=0 ()

From the the data of Table C.4,

AHzgg := 41166~ AGpog 1= 28618-——
T := 550-kelvin Tg 1= 298.15-kelvin

The following vectors represent the species of the reaction in the order in
which they appear:

R o (3249° (0422
R I e Loas|
R 713376

"\ 1.450

i=1.4 AA = Zvi-Ai AB = Zvi-Bi AD ::Z vi-Dj
i i i
AA = —1.86 AB=54x10"% AD = L164x 10°

1DCPH(298.15,550,—1.860,0.540-10‘3,0.0, 1.164- 105) = —231.996
1DCPS(298.15,550,—1.860,0.540-10‘3,0.0, 1.164-105) = ~0.540599

IDCPH = -231.996-kelvin IDCPS := —0.540599
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T
AG = AHpgg - T—O-(AH298 ~ AGygg) + R-IDCPH — R-T-IDCPS

AG = 1.856x 10

mol

Basis: 1 mole of feed gas containing 0.75 mol H2,

-AG
Kr 1= ex
2 p[ R

0.15 mol CO, 0.05 mol CO2, and 0.05 mol N2,

) Ky = 0.01726
T

Stoichiometric numbers, Vij

i= H2 CcO CO2 CH30H H20

i

1 -2 -1 1

2 -1 1 0
By Eq. (13.7)

0.75—2-81—82 0.15—81+82
vH2 1—2-8] 4 1—2-81
0.05 - %) €1 [3p)
= —— CH30H = YH20 =
yeoz i ""2-81 y H 1-—2'81 1—2‘81
P:= 100 PO =1
By Eq. (13.40), g1 := 0.1 g5 = 0.1 (guesses)
Given
2
81-(1—2-81) P2
5 = E 'Kl
(0.75-2.81 — &) {0.15 -1 +ey)
0.15—-81+82 €9 g]
( ) = Kp = Find(el ,82)

(0.75 - 281 ~ £2)-(0.05 ~ &) £o

gy = 0.1186

£y = 8.8812x 10~

3
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13.34

0.75-2-e; -8, 0.15-g;+%gy

= yco =
i 1 -2g 1-2-g
0.05 ¢, €] €2
= = YH20 1=
yeor = YCH3OH = 7= — 2,

YNz = | = yH2 — YCO — ¥C02 — YCH30H — YH20

Ans.

CH4(g) + H20(g) = CO(g) + 3H2(g) v=2 (1)

From the the data of Table C.4,

The following vectors represent the species of the reaction in the order in
which they appear:

v .| 3470 © 1450
VT A =i o = N R .
v -3.._37.6: = .0-557 o
] 6 021
C = D:=] =14
| ST 0031
0.083"

AA =795  AB=-8708x10"° AC=2164x10"% AD =9.7x 10°

T t=1300-Kelvin .:Ié_.:%;"ggg_'isfkezgiﬁ
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IDCPH(298.15, 1300,7.951,-8.708-10"°,2.164-10~ ¢ 9.7. 103) = 2585215
IDCPS(298.15, 1300,7.951,-8.708-10°,2.164-10~ ¢,9.7. 103) = 4.76801
IDCPH := 2585.215-kelvin IDCPS = 4.76801

T
AG := AHagg ~ T—()-(qu.;,8 — AGyog) + R-IDCPH — R-T-IDCPS$

-A
AG = —1,031 % 10° — Kj := exp(—gj K; = 13845
mol R-T
H20(g) + CO(g) = H2(g) + CO2(g) v=0 (2)
This is the reaction of Pb. 13.32, where parameter values are given:
AH298 = —41166‘—-—*‘ Angg_ = —28618'—'—
o " mol - L moel

1DcPH(298.15. 1300, 1.860,-0.540-1073,0.0,-1.164-10°) = 1130.273
IDCPS(298.15, 1300, 1.860,-0.540-107>,0.0,~1.164-10°) = 1577615
IDCPH := 1130.215-kelvin ~ IDCPS := 1.577615

AG := AHqgg — %-(AHM ~ AGygg) + R-IDCPH - R-T-IDCPS

-AG
AG = 5.891 = 103i Ks = exp(—] Ko = 0.5798
mol R-T

(a) No. Primary reaction (1) shifts left with increasing P.

(b) No. Primary reaction (1) shifts left with increasing T.

(¢) The value of K1 is so large compared with the value of K2 that for
all practical purposes reaction (1) may be considered to go to
completion. With a feed equimolar in CH4 and H20, no H2O then
remains for reaction (2). In this event the ratio, moles H2/moles CO
is very nearly equal to 3.0.
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(d) With H2O present in an amount greater than the stoichiometric
ratio, reaction (2) becomes important, However, reaction (1) for
all practical purposes still goes to completion, and may be
considered to provide the feed for reaction (2). On the basis of 1
mol CH4 and 2 mol H2O initially, what is left as feed for reaction
(2) is: 1 mol H20, 1 mol CO, and 3 mol H2; n0 =35, Thus, for
reaction (2) at equilibrium by Eq. (13.5):

_ _l-z _ & _3+e

¥CO = YH20 5 YCo2 3 YH2 5

By Eq. (13.28), g:= 0.5 (guess)
A3+

Given 5(—82) = Ky ¢ := Find(e) & = 0.1375
(1-¢)

. Yz ) 34
Ratio = — Ratio := & Ans.
YCco 1 -~¢

(e) One practical way is to add CO2 to the feed. Some H2 then reacts
with the CO2 by reaction (2) to form additional CO and to lower the
H2/CO ratio.

(f) 2CO0(g) = CO2(g) + C(s) v = -1 (gases)

This reaction is considered in the preceding problem, Part (d), from
which we get the necessary parameter values:

AHpgg = =172459- — AGogg = Z120021- -
For T= 1300 K, T :=-I_3O_O-§{elvif1 To:= 2081 S-kelvin

IDCPH(298.15, 1300,0.476,0.702:10">,0.0,~1.962- 105) = 531.734
IDCPS(298.15, 1300,0.476,0.702-10" 3,0.0,~1.962-105) = 0.35870

IDCPH := 531.734-kelvin IDCPS := 0.35870

T
AG = AHogg — -»TE-(AHzgg ~ AGggg) + R-IDCPH — R-T-IDCPS
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13.37

3

—A -
AG = 5.673x 10° = K := exp( G) K = 5.255694x 10
mol R-T

As explained in Problem 13.32(d), the question of carbon deposition
depends on:

RATIO = Yoz

2
(vco)
When for ACTUAL compositions the value of this ratio is greater than
the equilibrium value as given by K, there can be no carbon deposition.
Thus in Part (¢), where the CO2 mole fraction approaches zero, there is
danger of carbon deposition. However, in Part (d) there can be no carbon
deposition, because Ratio > K:

Ratip :=

(1-¢)

Formation reactions:

C+2H2 = CH4

H2 + (1/2)02 = H20

C+(1/2)02=CO

C+02=C02

Elimination first of C and then of O2 leads to a pair of reactions:
CH4 + H20=CO +3H2 (1)

CO+H20=CO2+H2 (2)

There are alternative equivalent pairs, but for these:

Stoichiometric aumbers, Vi

i= CH4 H20 CO co2 H2 Y

i
1 - -1 1 0 3 2
2 0 -1 -1 1 1 0



For initial amounts: 2 mol CH4 and 3 mol H20, n0 =5, and by Eq. (13.7):

2—81
YCH4 = S 7e)
o S o

3—8] — &7
YH2O =
5+2-81
3E|+Ey

H = —
T

By Eq. (13.40), with P = PO = 1 bar

3
YCO'(}’HZ) - yco2'yH2 _
— * K] — —— T K}
YCH4 'YH20 ¥CO ' YH20
From the data given in Example 13.14,
‘AGy = =27540-— AGy =+3130-—
T mol .« mol
—AGIJ ~AG,
Kj :i=ex K7 :=ex
1 p RT 2 P RoT
K = 27.453 Ky = 1.457
g1:= 1.5 go =1 {guesses)
Given 3
(81 —82)-(3'81 +82) -
= 4L

(2 - 81)-(3 A 82)-(5 + 2'81)2

82‘(3'81 +82)

(81 - 82)'(3 - €1 — 82)

g]
£2
2—81
YCH4 =
5+2'81

=K2

J = Find(g1 &) g1 = 1.8304

YH20 =
5+ 2'81

461

3—81"*82

81 -8

5 +2'8]

yco =

T ‘= 1000kelvin

€5 = 0.3211
g1 -8
Yco =
5+2'81



These results are in agreement with those of Example 13.14.
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14.1

(a)

(b)

Chapter 14 - Section A - Mathead Solutions

A1z = 0.59 Agy =142 T := (55 +273.15)-K
Margules equations:

yl(xl) = expl;(l - xl)z-[Alg +2-(A21 - Alg)-xl:ﬂ

yg()q) = expl:xlz-[Agl + 2-(A12 - Azl)-(l - Xl)]:l

Psaty := 82.37-kPa Psaty := 37.31-kPa
BUBL P calculations based on Eq. (10.5):

Poubi(x1) = x1-71 (x1)-Psaty + (1 - x1)-v2(x1)-Psata

yi{xi1) =

X1Y] (xl)-Psat1
Pbubl Xl)

x1.:=0.25 P
x1 = 0.50
X1 = 0.75

BUBL P calculations with virial coefficients:

By —963 By = -1523-

812 = 2-B12-B11 - B2

_B AP-P -
cI’1(P=T:Y1,}/2) = exp 1 Sf;‘:’l’)@ 812}

—}322-(P — Psatp) + P-y12-812}

@3(P,T,y1,y2) = exp —
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_ Psat{ + Psaty
T2

x] = 0.25 Given
y1'®1(P>T9y1 aY2)'P = Xxp 'Y](XI)'PS&tl
yz“Dz(PaT,y} ,Y:z)-P = (1- XI)~72(X1)-Psatz

Guess: y1 :=0.5 2:=1-y

2= 1-y1
¥l
v2 | = Find(y1,y2,P)
P

X1 =050 Given

Y1‘(D1(P,Ta}’1 ,Yz)'P = X1'71(X1)'Psat1
yz'CDz(P,T,m ,y:z)-P = (1 - X1)-v2(X1)-Psatz
251~y

¥1
y2 | = Find(y1 ,¥2,P)
P

xy = 0.75 Given

y1-®1(P=T’y1,y2)-P = Xl'Yz(Xz)'PSﬂH

v @ (P. T,y ,yz)-P = (1- X1)'Y2(X1)'Psat2

2= 1=y
¥i

y2 | = Find(yl ,yz,P)
P
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143 T:=200K P:=30bar  y =095

: .3
‘Hy :=200-bar B =—105- 20
T : L ~ mol

Assume Henry's law applies to methane(1) in the liquid phase, and that
the Lewis/Randall rule applies to the methane in the vapor:

fhat11 = Hj-x4 ’fhatlV = y1-9,-P
B.P
By Eq. (11.35): ¢y = exp =T & = 0.827

Equate the liquid- and vapor-phase fugacities and solve for x1:

_YréypP

X] = Ans,
Hi

14.4 Pressures in kPa

Data: (0000 . o 1-2_'30\ - 0000 .
] 0.0895 ~ o isst] o o fearie
| ousst 1861 104565
03193 2163 105934

b S O | Pe=1 y1 = :

ST 04232) | 2400 ST V06815
los1e. 2592 ~ Yog440
10,609 12796 108050
o Rog1ss. - 30az) 108639

i=2..rows(P) x2:=1-x Psaty := Py

(a) It follows immediately from Eq. (12.10a) that:

11!(‘)’100) = Ap2

Combining this with Eq. (12.10a) yields the required expression
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{b)  Henry's constant will be found as part of the solution to Part (c)

{c) BARKER'S METHOD by non-linear least squares.
Margules equation.

‘The most satisfactory procedure for reduction of this set of data is to find
the value of Henry's constant by regression along with the Margules
parameters.

v1(x1,%2,A12,A01) = exp[(xQ)z-[Alz +2-(Ag; - Alg)-xlﬂ
v2(x1,x2,A12,A21) = exp[(xl)z-[Agj +2:(Ap - Agl)-x,?:l:l

Guesses: Hi=50 Agy =02 Ajz =04

Mininize the sums of the squared errors by
setting sums of derivatives equal to zero,

Given 273
0= Z d P Xt.Y1{Xt.,X2.,A12,A H
= — - LY 1{XE . X2, A12, A1)
- dA1p ' 1 ( 1 ) eXp(AIZi
1
+X2."YZ(X1.,X2.aAIQ,AZI)-PSELtz
i i i
- -
d Hj
0= —— | Pi~ | %1 71{X1., X2, A2, A2} ———— ...
Z dAgy| | ’71( R e 21) cxp(Aj)
13
+Xzi'Yz(Xliyxzi,A12,A21)-Psat2
I -
0= z d_ Pi—1| x1.-v1[x1.,%x2.,A12,A M :
: di 1 Ii 1( li’ 2i’ 12 EI)W
1
+X2i'72(X1i,Xzi,Alz,Azl)-Psatg
A2
Ay | = Find(Alz,Azl,Hl) Ans,

Hj
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) y1(x1,x2) = exp[xfzz-l:Alz +2(A21 - Alz)-xl:l:i

v2(x1,x2) = exp|:x12-|:A21 +2- (A12 - A21)~X2]]
Hj

P = X|.- l(x , X ) +X -2( ,X )-Psat
calci liY Ii 2i m 2i Y Xli 2i 2
1 h
X1y {x1.,%2. )
1iY ( 1i 21) expiAl2
Yicale. =
! Pcalci
0.2
X
0 = N MoK e
Pi_Pcalci o o
KA 0.2 o
Tmi—ymami)-wﬂ ° 0
& &
0.4
<&
06 0 0.2 0.4 0.6 0.8
X1.

1
X X x Pressure residuals
¢yl residuals

Fit GE/RT data to Margules eqn. by least squares:

1:=2..rows(P) y2 =1 -y
Given -
d y1,Pi
0= | %t In - A21»xli e XL
- dA 12 ! Hy
i X7y +A[2%2,
! exp(Alg) i
y2,;Pi
+x2.-In
1| xp-Psaty
1
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d v Pi .
= — | x| ———— | (A2 X]L . X)X
— dAn | ! . H; A :(2 i
1 exp(AD) 2
vz, Pi
+ %0 In| ———
& %7 -Psats
— 1 -
r =2
d YIi‘Pl
= — x| ———— | .| A2 X1, . |'X1,7X2.
dH; ! H, A i i
i X ‘_(_j X2,
i Y onlAn 12°%2,
2. Pi
4 Xg - In| ———
%4 x5 -Psaty
L i i
A2
A1 | = Find(A12,Az1 . Hy ) Ans.

Hj

y1(x1,x2) = exptxzz-[Alz +2-(A2y ~ Alg)-xl]:l

72(x1,x2) = expl:xlz-[Am + 2-(A12 - A21)-x2]:|
Hy
Pcalc:i = xli")’I (Xli ,Xzi)'m + Xzi-“{fl(xli ,xzi)-PsatQ

Hy

R R e ey

F'calci

ymalci =
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-02

F'i"l:'calci ©

% X X ~0.4
(y1i—y1ca1ci)- 100

o &

-0.6

0 0.2 0.4 0.6 0.8
X1,
XX X Pressure residuais
¢yl residuals

14.5 Pressures in kPa
o [03193) o (21.63) | ( 0.5934 )
Data: . 104232 | L2401 o | 06815
o losiy 2o - oz
o {0,609 | 2796 {0g050
07934 R EIR  |090a8
09102 I | 09590
1.000 {36.00 100 )

i
W

Vit

i=1.7 X7 = | — x| Psat) ;= Pg
{(a) It follows immediately from Eq. (12.10a) that:

ln(?zw) = A2;

Combining this with Eq. (12,10a) yields the required expression.

{b) Henry's constant will be found as part of the solution to Part (c).
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(¢) BARKER'S METHOD by non-linear least squares.
Margules equation.

The most satisfactory procedure for reduction of this set of data is to find
the value of Henry's constant by regression along with the Margules
parameters.

11(x1,%2,A12,A21) = exp[(xQ)Z-EAu +2-(Az1 - Alz)-xlﬂ
Yz(xl ,X2,A12,A21) = eXp{(Xl)z'[Azl +2:(A1z2 - Azl)-ﬂﬂ

Guesses: Hy =14 Anp = 0.148 A1z = 0.375

Mininize the sums of the squared errors by
setting sums of derivatives equal to zero.

- _
Given 0= Z d——- P - xl,-yl(xL,xz,,Au,Azl)-Psatl 2
. dA12 1 1 3 H
1
2
I +X2].‘"1’2(Xll.,x21.,AIZ,AZI)'M ||
0= Z i—“’i“ X1.-“/1(X1.,Xz.,Alz,Azl)-Psatz 5
- dA21 i 1 1
i H2
] ] +X2i'“{2(xli:XZi,A12,A21)'m
0= Z L Pi~(x -yl(xl x2.,A12 Agl)-Psat; 12
. dHs i R ?
1 H2
+X2i-Yz(X[i,xzi,Alz,Azl)-m
Al
Ay | = Find(Alz,AQ] ,Hz) Ans,

Hy

@ yl(xl,x2) := exp[x?.z-[Alz +2-(Ag1 - Alz)-xlﬂ

y2(x1,x2) = exp‘__xlz-[AQ] + 2‘(A12 - A21)-X2]:J
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H>

Peale, = x1.7! (xli,xzi)-Psatl + xzi-v2(x1i,x2i).m

X1yl (X] : ,Xz.)'PSHtl
1 1 1

Yicale. =
! Pcalci

The plot of residuals below shows that the procedure used (Barker's
method with regression for H2) is not in this case very satisfactory, no
doubt because the data do not extend close enough to x1 =0.

1
0 XM X XX -
o 0
<
Pi_Pcalci -1 o
XX o
(YIi‘chalci)' 100 - ) )
0 O
-3
<
o2 0.4 0.6 0.8
X1,

. i
x % % Pressure residuals
© vyl residuals

Fit GE/RT data to Margules eqn. by least squares:

i=1.7 yai=1-wy
Given -
d YIi-Pi
= — | x| .. — [ A21-X1, ... \*X1.'X2,
1 1 1 1
- dA]2 L Xli'Psatl
i +A12:X2,
Y2i-Pi 1
+ X7 -In
1 H2
X2
i ! eXpiAzlj
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y1.-Pi
=5d xi.-In ; .
I .
-4 dAz1 X1, saly
YZi'Pl
+x7.-In
1 H2
XD -
L i exp(Az1)
i ¥1.-Pi
= d_ X}_'h‘l _]._
dH> i | x1.-Psatg
i 1
v, Pi A
+X2.-In
1 H2
X_ .
i % exp(Agy)
A2

Ay | = Find(Au,Azl ,Hz)

Ha

]-m.-xz.
i i

72

- A21~x1i
+A12:X2,
1

Tq.-xz.
i

/

- Azl'xli
+A12-X2,
1

Aans.

Y2(x1,x2) = exp[xlz-[AZI + 2A(A12 - A21)-

y1(x1,x2) = exp[x,?,z-[Ajg +2(A21 - A]z)-xlﬂ
Hp

P = vl . ; .
cale, XIi b (Xli’xzi) Psat) + Xzi YZ(XEiaxzi) m

Xli'}’l (x1i,x2.)-Psat1
1

ylcalci =

Pcalci
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o O Lo - Y
1:)i‘Pcalci 02

¥ %X °
(YI i—}’fcalci)' 100
v 0.4

_0'60.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X] .
1
® X X Pressure residuals

¢yl residuals

This result is considerably improved over that obtained with Barker's method.

14.6 Pressores in kPa
Data: . [1579) {00 o 00
~p1rstd 00932 0794
19.89: 02000 | o361
1 24.95 | - o365 | o684
12982 {04750 | o orss2
13480 05555 - |os3s
2.10) os71s) o013

|
c R

i:=2.rows(P) x2 =1 — X3 Psaty 1= Py
(a) It follows immediately from Eq. (12.10a) that:
lﬂ(ﬂw) = A
Combining this with Eq. (12.10a) yields the required expression
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(b) Henry's constant will be found as part of the solution to Part (c)

(¢) BARKER'S METHOD by non-linear least squares.
Margules equation.

The most satisfactory procedure for reduction of this set of data is to

find the value of Henry's constant by regression along with the
Margules parameters.

71(x1,x2,A12,Ag) = exp[ o) Ay +2:(A; - Alz)-xlﬂ
yQ(Xl ,X2,A12,A2]) = exp[(xl)z-l:Agl + 2-(A12— Azl)-x?_:']
Guesses: H; =35 Ay =-1.27 Ajp =-0.70

Mininize the sums of the squared errors by
setting sums of derivatives equal to zero.

0=Z 9 Ipi-|x YI(XI X2, A12, Azl)

dH;y exp A]z

+X2. YQ(X] ,Xz ,A12, A21 -Psaty

Given I 2]
d
0= —— P xporg (X1, %2, A, A21
Z dApy : ( exp A]g)
+X, 72(X1 X2, A2, A21 -Psaty |
4 2]
0= —— Pi— i xvy{xy, X2, A12, A21
Z dAy; ( eXp Alz
+x7. 'yZ(}q X2 A12>A2] -Psato J

A2

A2l | = Find(A12,A21 ,Hl) Ans.
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2
@ yI(x1,x2) = exp[xz { Arz +2-(Ag1 - Alg)-xlﬂ
v2(x1.%2) = expl:xlz-[Azl + 2 (AIZ - Ag])-x2:|:|
P Hi
calci = Xli‘yl(xli’xzi)‘—_mp Al +X2i-}'2(x1i,x2i)-Psat2
1 i
X1, X1,.%2. )
1Y ( b 21) expiAlzi
Ylecale, =
1 Pcalci
0.5
X
ol KX XX e TS
o @ X * o
Pi‘Pcalci 0.5 o ©
XXX o
(Yli_YIcalci)‘mO -1 . . <>
<
-1.5 S >
20 01 02 03 04 05 06 07
Xli
XXX Pressure residuals
¢yl residuals
Fit GE/RT data to Margules eqn. by least squares:
i:= 2. rows(P) v2=1-y1
Given ~
d yiPi
0= —| | x1.-In — 1 A21-X], - |"'X1.°X2,
dAIQ 1 HI 1 i 1
i X1 +A12X2,
Con(A) t
y2-Pi
+x7-In
! X7 -Psaty
L i
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“In

X[,
dAg) :

1

Xl_‘ll’l
i

1

A2

Ay | = Find(A12=A21,

Hjy

+x72.-In

+Xx3-In

Yli'Pi
Hy

X[ -
o exp(A12)

YZi‘Pi

xzi-Psatg

Yli'Pi
Hy

X .
li eXpiAlgi

y2.‘P1

1

xzi- Psat>

H))

- A21-X1i
+A12-X2,
i

L= A21'X1i---
+A12-xzi

v1(x1,x2) = exp[sz-!:Am +2:{Ag1 - Alz)-xlll

¥2(x1,x2) = exp[xlz-[Am +2{A12- Agl)-x2:|:]

Pc:a.lci = Xli'“ﬂ (Xii,xz.

1

).

x1.-y1 (Xl. ,xz.)‘
1 1 1

Hj

Hj
exp (Alz)

Yicale. ==
! Pcalci
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+ x2_-y2(x1_ ,x2.)-Psat2
expiAlgi t 1

J-m:xz.
i

Ans.



X X X %
X
_0‘5 e e R S
¢ o ¢ x X
Pi*Paalci -1 .
XK °
(YII_YIca]Ci) 100 -1.5
<&
-2
EaRY. 04 05 06 0.7
X}l
X X x Pressure residuals
¢yl residuals
14.7 Pressures in kPa
(01757 (1930 - (03302
Data:  .0.2000 | 1989 103691
{02626 2137 ] 04628
103615 24.95 106184
10.4750 | 29.82 o2
X1 =1 S =1 G yi= LI
0.5555 34.80. 108378
106718 ] 4210 09137
108780 16038 | 0.9860
 0.9398 | 6539 10,9945
_1.0000 - \69.36 ) { 1.0000

i=1..9 xp = 1-x1 Psaty := P1g

(a) It follows immediately from Eq. (12.10a) that:

hl(Yzoo) = Az
Combining this with Eq. (12.10a) yields the required expression.

(b)  Henry's constant will be found as part of the solution to Part (c).
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(¢) BARKER'S METHOD by non-linear least squares.
Margules equation,

The most satisfactory procedure for reduction of this set of data is to
find the value of Henry's constant by regression along with the
Margules parameters.

v1(x1,x2,A12,A21) = eXp|:(X2)2-I:A12 +2-(A21 - Alz)-x1]:|
vo(x1,%2,A12,A21) = expL(xl)z.[Agl +2(A- Azl)-xzﬂ

Guesses: Hy =4 Ay = —~1.37 Az = —0.68

Mininize the sums of the squared errors by
setting sums of derivatives equal to zero.

Given B -
d - -2
0= — P (x1.v1(x1..%X2.,A12, A2 )-Psaty ...
Z ek 1i')/1( 1,:¥2,A12 21) 1H
1
2
i ] +X2i'“/2(xli,Xzi:Alz,Azl)'m
0=Z d Ip,— xl.-yl(xl.,xz.,A12,A21)-Psatl Ik
. dA21 1 1 1
i H->
] ] +X2i-72(X1i,X2i,Alz,Azl)-m
0=Z d_ Pi—{x1 ‘YI(XI x2.,A12,A21 ) Psaty g
‘ de i i’ ’
i H2
A2
A1 ::Find(Afz,Agl,Hg) Ans.

Hz
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(A y1(x1.x2) = exp{;sz-LAQ + 2-(A21 - Alz)-xl

y2(x1,x2) = exp[xlz-[Azl +2(A2 - A21)-x2

Paalg, = x1:7L{x1,,%0 ) Psaty +xzi-v2(X1[.,xzi)-7—~)-eXp v

X1yl (X1. ,Xz.)-Psafl
I 1 1

1
1]

Hy

Ylcale, ==
! Pcalci
!
X X ox
Pi—Pcalc. 0 ® * o ©
1 L+
X XX o x
(.Yl i_y 1 ca]ci)‘ 100 o N ¢
a3 -1 ¢ -
[+
= 0 0.2 0.4 0.6 0.8 1
* ¥ % Pressure residuals
¢yl residuals
Fit GE/RT data to Margules eqn. by least squares:
i=1.9 v2:=1-y
Given i y.-P; 72
=54 A
= X1.-in - X1, . PX10X2,
Ar I o Psal; 211, 1%,
i ! +A2X,
y2, P 1
+x7.+In
1 H2
X2,
L texp(A1) )
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12

— A21-X1i... -X[i-xzi
+ A12:X2,
i

12

- AZI'XII. -Xli-xzi
+ A2 X2,
i

Ans.

yi(x1,x2) := exp[sz-[Alg + 2-(A21 - Alg)-xl]:l

v2(x1,x2) = CXp[XIz-I:A21 + 2-(A12 - A21)'X2:|]

Peale. = X1.-71(X1.,X2.)-Psat1 + Xz.-YZ(Xl.,Xz
1 1 1 1 1 1

X1yl (xli,xg_)-PsatI
I 11

Ylecale, :=
! P calci
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Psat) := 36.09kPa  Psatp := 12.30kPa T := (504 273.15)K

Data reduction with the Margules equation and Eq. (10.5):

Y1i'Pi }’2i'Pi
Y. = ——/——— Y2, = ———
i xlf-Psatl % X2 -Psaty
1
481

1
L+l
X
xR C o
Pi*Pcalci 0 v % & o
KK %
(Yli—YIca[ci)'IOO X, o
o -1 o
<&
<
o x
2 0 0.2 0.4 0.6 0.8 1
X,
X X X Pressure residuals
¢ y1 residuals
14.8 (a) Data from Table 12.1
(551 - (0.0895) - (02716) - (1304) (1009
18611 00981 | - 04565 {1188 | .| 1.026|
2163 | 03193 | |05934| . [114) 1050
2401 | 04232 . | 06815  {1071{ . |1078
P:=|2592-[kPa x:=|05119 | y1:=| 07440 | y;:=|1.044 | yp:=| 1105
2796 06096 | 08050 | 1.023 LLI3s
3002 o fo7iss| | 08639 | 1.010 1163
3075 07934) |04 - {1003 1189
340s5) - loestw2) o \eoseo) L0997, {1268,
n = rows(P) n=9 i:=1..n X, 1= i ~X], y2, = 1”Y1i




i=1.n GERT; = Xli'lﬂ(Yli) +X2i'1n(721)

Guess: Az =01 Ar1 =03

f(Alg,Agl) = i [GERTi - (A21-X;i +A12-x2i)-x1ivxzi:!2

i=1

A2
[ J = Minimize(f,A12aA21)

A2

i LGERT; - (Azj-xli —+ A12~X2i)-xli-}(2i]2
i=1

RMS Error: RMS =

x1:=0,0.01..1

0.1 I T T

GERT;
ooa 005
[Azp-xi+A12 (11 |-x1-(1=x1)

| t 1 i
0 0.2 0.4 0.6 0.8 1

xli,xl

Data reduction with the Margules equation and Eq. (14.1):

'B“ .—1840-33— 1322 —1800—-——— Bz := —1150-‘-’~m—
mol mol - mol

812:=2B12-B11-Bx»

2
[Bn-(Pi—PsatI)+Pi'(Y2i) '512] YIi‘(DIi'Pi
@y = exp Vi = ———
i R.T I xj-Psaty
1
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2
Bzz-(Pi - Psatz) + Pi'(}’li) -512:| YZi'(I)Ei'Pi
Oy = exp Y2, = —
i R-T i x2i-Psatp_

i:=1.n  GERT;:= xl_-ln(y]_) + xz_-in(yz_)
1 1 1 1

Guess: A1z = 0.1 A1 =03

n

f(AIz,A21) = Z [GERTi - (A21-x1i +A]2-x2i)-x1i-xzi]2

i=1

Alz .
= Mmlmlze(f,AIZsA21)
A]

« Ans.

2
n GERT; - (A21‘Xli + Alz-xgi)-xli-xzi:!

RMS Error: RMS =
> ;
i=1
x1:=0,001.1

0.1 ,
GERT;
oo 0.05 - I
[ A21x14A 2 (1-x1) Jx1-(1-x1)

|
0 0 0.5 1

x;i,xl

The RMS error with Eqn. (14.1} is about 11% lower than the RMS error
with Eqn. (10.5).
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Note: The following problem was solved with the temperature (T) set at the
normal boiling point. To solve for another temperature, simply change T to
the approriate value.

149 (a) Acetylene: T, :=3083K  P,:=613%ar Ty = 189.4K

T
T:=T, T, = — T, = 0.614
Te
For Redlich/Kwong EOS:
G:=1 g:=10 £ == 0.08664 Y = 0.42748 Table 3.1
! 2.2
5 a\T}R™-T
a(Tr) = Tr Table3.l  a(T,) = LP.—(—Y)—P—C Eq. (3.42)
c
oo (Tr) Q-P;

T} = —= Eq. (3.51) T:.Pr) = Eq. (3.50
Q( r) QT B( T r) T, q. ( )
Define Z for the vapor (Zv) Guess: zv = (.9
Given Eq. (3.49)

Zy — B(Tr ,Pr)

v = 1+p(T,,P,) _q(Tr).B(rr,Pr)-(zv+S_B(Thpr)),(zv+G.B(Tr,pr))

Zv(Ty,P;) = Find(zv)
Define Z for the liquid (Z1) Guess: zl:=0.01

Given Eq. (3.53)

2= BTy, Py) + ( + &-B(Tr,Pr))(zl + G-B(Tr,Pr)){ lqurggér);)zl]

To find liquid root, restrict search for zl to values less than 0.2, z1 < 0.2

2I(Ty,P;) := Find(zl)
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Define I for liquid (I1) and vapor (Iv)

PRI s
o-€ Zl(Tr,Pr)+g-ﬁ(Tr,pr)
Eq. (6.62b)
(o) = i 2P + 0 BT Py
G -8 ZV(Tr,Pr)-}-g f’(Tr,Pr)

nol(Ty,Pr) = ZI(Ty,Pr) = 1 = In(ZI(Tr, Pr) = B(Tr,Pr)) ~ q(Te)-Ti(Tr, Pr)
Eq. (11.36)

Ingv(Ty,Pr) := Zv(Ty,Py) — 1 = In(Zv(Ty, Py) — B(Tr, Pr)) — q(Tr)-Iv(Tr, Pr)

Guess Psat: Psat, = bar

C
Given hld)l(Tr,Psatr) = ln¢v(Tr,Psatr) Psat; := Find(Psatr)

Psaty = 0.026  ZIT,,Psat;) = 4.742x 107> Zv(T;,Psat;) = 0.965

Pgygat := Psat-P¢ Ans.

The following table lists answers for all parts. Literature values are interpolated
from tables in Perry's Chemical Engineers' Handbook, 6th ed. The last column
shows the percent difference between calculated and literature values at 0.85Tc.
These range from 0.1 to 27%. For the normal boeiling point (Tn), Psat should be
1.013 bar. Tabulated results for Psat do not agree well with this value.
Differences range from 3 to > 100%.

Tn (K) | Psat {bar)i0.85 Tc (K})| Psat (bar) } Psat {bar) | % Difference
@Tn @ 0.85 TciLit. Values
Acetylene 180.4 1.60 262.1 20.27 19.78 2.5%
Argon 87.3 0.68 128.3 20.23 18.70 8.2%
Benzene 353.2 1.60 4779 16.028 15.52 3.2%
n-Butane 2727 1.52 361.3 14.35 12.07 18.9%
Carbon Monoxide | 81.7 0.92 113.0 152 12.91 17.7%
n-Decane 447.3 244 525.0 6.833 5.21 27.3%
Ethylene 169.4 1.03 240.0 17.71 17.69 0.1%
n-Heptane 371.6 2.06 459.2 7.691 7.59 1.3%
Methane 111.4 0.71 162.0 19.39 17.33 11.8%
Nitrogen 77.3 0.86 107.3 14 67 12.57 16.7%
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14.10 (a) Acetylene: o := 0.187 T, :=3083K Pi= 61.3%ar Ty:= 1894K

T
T:=Tq Note: For solution at 0.85T, set T := 0.85T. T; = E—
[
For SRK EOS: Ty = 0614
c=1 g:=0 Q= 0.08664 ¥ :=042748 Table 3.1

2
a(Ty,0) = [ 1+ (0.480 + 1.5740 - 0.176@2)-[1 - TTEI! Table 3.1

242
R-T
a(Ty) =¥ o(Tr.0) R T Eq. (3.42)
c
(T) _ lP.ot(Tr,fD) Eq. (3.51) (T P) - Q-Pr Eq. (3.50
Qr-—“'—QT q. (3. ﬁrar-"Tr q. (3.30)
Define Z for the vapor (Zv) Guess: v =109

Given Eq. {3.49)
zv — B (Tr s Pr)
v + s-B(Tr,Pr))-(ZV +G-3 (Tr,Pr))

v=E 1+ ﬁ(Tr,Pr) - Q(Tr)'B(TDPr)‘(

Zv{T;,P;) := Find(zv)

Define Z for the liquid (Z1) Guess: zl :=0.01
Given Eq. (3.53)

L+ B(Tr,Py) - zl}
q(Te)-B(T+.Pr)

To find liquid root, restrict search for zl to values less than 0.2, 7] < 0.2

A= (17 o501 ) (1)

Z\(T;,P;) := Find(zl)
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Define I for liquid (I1) and vapor (Iv)

0T, Py) e — _m(ZI(Tr,Pr) + G-B(Tr,Pr)J

ZU(T,,P;) +-B(Ty,P;)

[ Madh

Eq. (6.62b)

Ing(Tr,Pr) == ZU(Ty,Pr) = 1 = n(ZI(Te,Pr) = B(Tr,Pr)) — q(Tr)- 1Ty, Py)

Eq. (11.36)
Ingv(Tr,Pr) = Zv(Tr,Pr) — 1 = In(Zv(Tr, Pe) = B(Tr. Pr)) - q(Te)-1v(Tr, Py)
Guess Psat: Psat, 1=~
Given lnd)l(Tr,Psair) = Ingv(Tr,Psat;)  Psat, := Find(Psat;)

Psat = 0.017  ZI(T;,Psaty) = 3.108x 10 > Zv{T;,Psat;) = 0.975

Pgat := Psat-Pg Ans.

The following table lists answers for all parts. Literature values are interpolated
from tables in Perry's Chemical Engineers' Handbook, 6th ed. The last column
shows the percent difference between calculated and literature values at 0.85Tc.
These range from less than 0.1 to 2.5%. For the normal boiling point (Tn), Psat
should be 1.013 bar. Tabulated results for Psat agree well with this value.
Differences range from near 0 to 6%.

Tn (K}| Psat (bar)| 0.85 Tc (K)| Psat (bar) | Psat (bar) | % Difference
@ Tn @ 0.85 Tc] Lit. Values
Acetylene 1884 | 1.073 262.1 20.016 19.78 1.2%
|Argon 87.3 0.976 128.3 18.79 18.70 0.5%
Benzene 353.2 1.007 477.8 15.658 15.52 0.9%
n-Butane 2727 1.008 361.3 12.239 12.07 1.4%
Carbon Monoxide | 81.7 1.019 113.0 12.871 12.91 -0.3%
n-Decane 4473 1014 525.0 5.324 521 2.1%
Ethylene 169.4 | 1.004 240.0 17.918 17.69 1.3%
n-Heptane 3716  1.011 4592 7.779 7.59 2.5%
Methane 111.4] 0.859 162.0 17.46 17.33 0.6%
Nitrogen 77.3 0.992 107.3 12617 12.57 0.3%
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14.10  (b) Acetylene: © :=0.187 T,:=3083K P =61.39%bar Ty := 189.4K

T
T:=Ty Note: For solution at 0.85T , set T :=0.85T,. T, := =
C
For PR EOS: T, = 0.614
o= 1+2 8:= 1-4/2 Q:=007779 ¥ := 0.45724 Table 3.1

2
1
o(T;,0) = L (037464 + 1542260 - 0.26992(92)-[1 - Trzﬂ Table 3.1

22

R°T
a(Ty) = \P-G(T“m) ° Eq.(3.42)

¢
q(Te) = w Eq.351)  B(T,,P,) = P Eq. (3.50)

r QTI- T»*1) - Tr
Define Z for the vapor (Zv) Guess: zv .= (0.9
Given Eq. (3.49)
zv - B(Te.Pr)

zv=1+ B(Tr,Pr) - q(Tr)'ﬁ(TraPr)'(

Zv(Ty,Py) = Find(zv)

zv +&-B(Te,Pr))-(zv + 5-B(Tr, Py))

Define Z for the liguid (Z1) Guess: zl := 0.01
Given Eq.(3.53)

7zl = Q(Tr,Pr) + (zl + S-B(TI,PF))'(ZI + 0B (Tr,Pr))_( 1qzq|i)(ggip-)ﬂ}

To find liquid root, restrict search for zl to values less than 0.2 7] < 0.2

ZI(Ty,P;) = Find(zl)
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Define I for liquid (1) and vapor (Iv)

(T, Py) 2= U Z)(Tr,Py) + 6B (Te. Py)
o-—-¢t Zl(Tr,Pr) +S‘B(Tr=Pr)
Eq. (6.62b)
(e, ) o= C Zv(T;,P;) + o-B(T:, Pr)
G-¢ Zv(Tr,Pr) +5‘B(Tr,Pr)

ngl(Ty,Py) := ZUTe,Pe) = 1 = In(Z(Tr, Pr) = B(Tr.Pr)) - q(Te) 1T, Py)
Eq. (11.36)

ngv(T;, Py) = Zv(Tr, By) = 1 = In(Zv(Ty. Pr) = B(Te,Pr)} - q(Te ) 1v(Tr, Py)

2bar

Guess Psat:  Psat, =
C

Given lnd)I(Tr,Psatr) = In¢v(Tr,Psat,) Psat, = Find(Psatr)

3

Psat, = 0.018 Z|(Ty,Psaty) = 2.795% 107 Zv(T;, Psat;) = 0.974

Psat = Psatr‘Pc

The following table lists answers for all parts. Literature values are interpolated
from tables in Perry's Chemical Engineers' Handbook, 6th ed. The last column
shows the percent difference between calculated and literature values at 0.85Tc.
These range from less than 0.1 to 1.2%. For the normal boiling point (Tn), Psat
should be 1.013 bar. Tabulated results for Psat agree well with this value.
Differences range from near 0 to 7.6%.

Tn (K){ Psat (bar}} 0.85 Tc (K); Psat {bar} | Psat (bar) | % Difference
@Tn @ 0.85 Tc| Lit. Values
Acetylene 189.4] 1.090 2621 19.768 19.78 -0.1%
Argon §7.3 1.015 128.3 18.676 18.70 -0.1%
Benzene 353.2 1.019 477.9 15.457 15.52 -0.4%
n-Butane 272.7] 1.018 361.3 12.084 12.07 0.1%
Carbon Monoxide | 81.7 1.041 113.0 12.764 12.91 -1.2%
n-Decane 447.3] 1.016 525.0 5.259 5.21 0.9%
Ethylene 168.4| 1.028 240.0 17.744 17.69 0.3%
n-Heptane 3716] 1.012 459.2 7.671 7.59 1.1%
Methane 11141 0.994 162.0 17.342 17.33 0.1%
Nitrogen 77.3 1.018 107.3 12.517 12.57 -0.4%

489



14.12

g:=0 g£:=0 ! “27 a(Tr) =1
Q= - = —
R 64
. Q-P
q{1r) = m B(Tr,Pr) = bl zv .= 0.9 (guess)
QTr 1r
zv — B(Tr,Pr
Given zv=1+(Tr,Pr)- q(Tr)-B(Tr,Pr)-———B(—2 Eq. (3.49)
(zv)

Zv(Tr,Pr) = Find(zv)

zl := .01 (guess)

) 2 14 B(Tr,Pr) -zl
Given zl = B(Tr,Pr) +(zh)™
q(Tr)-B(Tr, Pr)

Eq. (3.53) zl< 02

ZX{Tr,Pr) := Find(zl)

Iv(Tr,Pr) = B(Ir.Pr) H(Tt,Pr) = B(Tr,Pr)

Zv(Tr,Pr) "~ ZI(Tr,Pr)
By Eq. (11.36):

Bottom pg. 214

Ingv(Tr,Pr) := Zv(Tr,Pr) - | - ]n(ZV(Tr,Pr) - B(Tr,Pr)) —q(Try-Iv(Tr,Pr)
Indl(Tr,Pr) := ZY(Tr,Pr) - 1 - n(ZI(Tr,Pr) - B(Tr,Pr)) — q(Tr)-11(Tr, Pr)
Psatr = .1

Given In¢l(Tr,Psatr) — Ingv(Tr,Psatr) = 0 Psatr := Find(Psatr)
Zv('fr, Psatr) = 0.839 ZI(Tr,Psatr) = 0.05 Psatr = 0.2
Ingl(Tr,Psatr) = —0.148  Ingv(Tr,Psatr) = —0.148 B(Tr, Psatr) = 0.036

w = —1 ~ log(Psatr) Ans.

(b) Redlich/Kwong Eqn Tr := 0.7

o= ] £:=0 Q:=0.08664 ¥ .= 0.42748

a(Tr) := TF
Yo (Tr) §-Pr
q(Tr) == ———= Tr,Pr) = Guess: =
Q- Tr B( ) Tr v =09
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zv — B(Tr,Pr)

Gi = ] Tr,Pr) - q(To)-B(Tr,Pr)- Eq. (3.49
iven zv + B(Tr,Pr) - q(Tr)-B(Tr,Pr) zv-(zv+B(Tr,Pr)) q. (3.49)

Zv(Tr,Pr) .= Find(zv)
Guess: zl .= .01
Given zl= B(Tr,Pr) + ZI-(zl + B(Tr,Pr))- 1;(“’2;1;.;?2 ;r)ZI Eq. (3.52)
7 <02 ZI(Tr, Pr) = Find(z)

(TP = ]n(ZV(Tr,Pr) + B(Tr,Pr)) (T Pry o= ]n(ZI(Tr,Pr) + ﬁ(Tr,Pr)]

Zv(Tr,Pr) ZI(Tr,Pr)

By Eq. (11.36):
Ingv(Tr,Pr) := Zv(Tr,Pry—1— ln(Zv(Tr,Pr) - B(Tr,Pr)) = q(Tr)-Iv(Tr,Pr)
Ingl(Tr,Pr) := ZI(Tr,Pr) — | — n(ZI(Tr, Pr) - B(Tr,Pr)) — q(Tr)-I(Tr, Pr)

Psatr := .1

Given Ingl(Tr,Psatr) = Ingv(Tr,Psatr) Psatr ;= Find(Psatr)
Zv(Tr,Psatr) = 0.913 ZI('Tr,Psatr) = 0.015 Psatr = 0.087
Ingv(Tr,Psatr) = -0.083 In¢l(Tr,Psatr) = -0.083 B(Tr,Psatr) = 0.011

Ans.

o = -1 — log(Psatr)

14.15 (@) xlo:=0.1 o= 1-xlo xlB=09 x2B = 1—-xIB

Guess: Ag =2 Az) =2

'yIOt(AQ] ,Alz) s eXp_X20L2‘[A12 + 2-(A21 - Alz)-xla]]

y1B(A21 Arz) = exp| 28 Arz +2:(Az1 - Ar2)x1p] |

y2a(A2] ,A]g) = exp_xlaz-[Agl +2-(A12 - AZI)-x?.aJ:I

YEB(Azl :AI2) = CXP[Xlﬁz'[A21 + 2-(A12 - Azl)-ﬁﬁﬂ
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Given xlcx-yla(Azl ,A12) = xlB-le(AZI ,A]z)
20720 (Ags ,Alz) = x2p-y2B(A2) ,Alz)

Alzw
{AZIJ = Find(A12,A21) A Ans
(b) xla:=0.2 Xa:=1-xla x1B:= 0.9 X2B = 1-xIp
Guess: Atz =12 Azt =2
yl(x(Azl,Alz) p[XZOL I:A12-+-2 Agq — AIZ xlot :I
v1B(A21,A12) = exp x2B 2L Arz+2(A21 - Ap): xlﬁﬂ
yZu(AzI ,A12) = exp| xloc [Azl + 2 (A12 AZI) X20L:|:|
72B(A21. Apz) = exp| xiﬁ [AQI +2{A12 - Ag)- ﬂﬁﬂ
Given xla-yla(Am ,Alz) = xlB-le(Azl ,Alz)
X20€'Y2II(A21 ,Alz) = X2B-Y2B(A21 ,Alz)
A1z i
( ] = Fmd(Alz Agl) . Ans.
Apj
(© xla = 0.1 x2a = 1-xla x1B:=0.8 2B = 1-xIB

Guess: App =2 Agy =2

Via(Aa1,Ara) = exp| x22[ Aps +2-(Ag) - Ar)xlo] |
v1B(A21,A ) = exp[xzﬁz-[Alz +2:(Ag1 - Apg)xl Bﬂ
v2a(Agy, Alp) = [xlaz-[Azl +2:(A12 - Ag) ﬂa]]

12B(A21,A12) “*BXP[XIB [A21+2(A12 Agj) XZB]]
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Given xla-yla(Agl ,Alg) = xlB-yIB(A21 ,Alz)
xRey20(A21,A12) = x2612B(A21,A12)

Al2
( J = Find(Alz,Azl)

- Ans,

Anj

14.16 (a) xla :=0.1 X2o=1-xio x1B:=0.9 x2p:=1-x1p

Guess: ajp:=2 ap1 =12
Given N 57 r 97
ayz-xla ajz>xI1B
exp|l aj2 1+ xla = exp| a1 1 + X1p
i ap]-x2a i ap1-x2B

-

a2)-x20. 2 az1-x2p -2
exp| ag1-i 1+ X200 = exp| azy-| 1+ x2f3
i ajaxla i

a2 .
= Fmd(alz,azl) Ans.
az1
() xla=02 x0:=[-xla xIB=09  x2B:=1-xIB
Guess: ayjp =2 ar) =2
Given apxla -2 ajox1P -2
exp| aj2-| 1 + xla = exp| ajp | + x1PB
a1 X2 R ap1-x2f ]

az]-x2o 2 axpx2p ~?
exp| axype| 1 + X200 = exp| azq-| 1 + X203
. a|rxla ajo-x1p

Ans.

azi

[312] = Find(alz,agl)

493



© xlo=01 x20:=1-xlo XIP 1= 0.8 X2B = 1 —x1P
Guess: ajp =2 apl =2
i i ~2] i -2
Given | a2 xla 1 . aj-xif 1B
exp| ayz 1+ xlo = exp| ayz2| 1+ X
p_ a1 X2a 1 L az1-x2pB ]
_ . ~ e
ar|x2at 2 ap1-x2p
exp| asy-| I + x2a = exp azq 1 + X213
ajr-xla ] ] a1>x1pB |
Ans.

a2
azl

) = Find(ap2,221) &

T:=250..450 A(T) = % +b—cIn(T)
2.1

AT 2

Parameter A = 2 at two temperatures. The lower one is an UCST,
because A decreases to 2 as T increases. The higher one is a LCST,
because A decreases to 2 as T decreases.

Guess; x = 0.25
Given A(T)-(1-2:x) = m(l - XJ Eq. (E), Ex. 14.5
X
x20 x<05 x1(T) := Find(x) X2(T) = 1 —x1(T)
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UCST := 300 (guess)
Given A(UCST) =2  UCST := Find(UCST)

LCST := 400 (guess)

Given  A(LCST)=2  LCST := Find(LCST)

Plot phase diagram as a function of T

T1 :=225,225.1., UCST T2 := LCST..450

500 ] ,
T i -
Ti
™
™ 300 -

i | | | 1
20045 0.3 0.4 0.5 0.6 0.7 0.8
x1(T1),x2(T1), x1(T2),x2(T2)
(b) a:=3540 b:=-17.1 c:=-3

T:=250..450  A(T) = % +b-cIn(T)

2.5 i T T

AD 2 -

13,50 300 350 400 450
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Parameter A =2 at a single temperature. Itis
a LCST, because A decreases to 2 as T decreases.

Guess: x = 0.25

Given A(T)(1-2%) = In[ ......... J Egq. (E), Ex. 14.5

x20 x<05 x1(T) := Find(x)
LCST := 350 (guess)

Given A(LCST) =2 LCST := Find(LCST)

Plot phase diagram as a function of T T := LCST.. 450

450 l l
p door .
T
-------- 350 .
1 1 [ [ [ ] [
3000.1 0.2 0.3 04 0.5 0.6 0.7 0.8
x1(T), 1=x1(T)
(©  a:=1500 bi=219.9 =3

T i=250..450 A(T) == ;- +b - eIn(T)

A

1.5 ' ' '

250 300 350 400 450

456




Parameter A =2 at a single temperature. Itis
an UCST, because A decreases to 2 as T increases.

Guess: x :=0.25

x20 xs05  xI(T):= Find(x)

UCST := 350 {(guess)

Given A(UCST) =2  UCST := Find(UCST)
Plot phase diagram as a functionof T T := UCST.. 250

350

T

— 300 -

[ i I L
250 0 0.2 0.4 0.6 0.8 1
(D, 1-x1(T)
14.20 Guess: xla:=05  x1B:=035
Given Write Eq. (14.70) for species 1:

xla-exp[:o.éi‘(l - xloc)z} = xlB~exp[:O.8-(1 —xlB)z]

xla + x1p =1 (Material balance)
l-xla 1-xI8

[XI DLJ = Find(x1ot,x1B) %o

Ans,
xIp
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14.22 Temperatures in kelvins; pressures in kPa.

5363.7
Plsat(T) = exp(19.1478— ----- T ----- ) water

P = 1600

2048.97) SF6

P2sat(T) = exp(14.651 1 — e T

Find 3-phase equilibrium temperature and vapor-phase composition (pp.
574-5 of text):

Guess: T := 300

Given P = Plsat(T) + P2sat(T) Tstar = Find(T) Tstar = 281.68
Plsat(T

ylstar := Isa](Pstar) ylstar-106 = 695

Find saturation temperatures of pure species 2:
Guess: T := 300

Given P2sat(T) = P T2 := Find(T) T2 = 281.71
P2sat(T
TII := Tstar, Tstar + 0.6001.. T2 yill(T)y = 1— : ;()
Plsat(T
11 := Tstar, Tstar + 0.01 .. Tstar + 6 ylI(T}) := sa()

Because of the very large difference in scales appropriate to regions I
and II [Fig. 14.20(a)], the txy diagram is presented on the following page
in two parts, showing regions I and II separately.

281.68 ] L. { L | |
0 100 200 300 400 500 600 700

yUI(TI- 16, yirrermy- 108
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288
286
TI
284 l-
Tstar
282 —
280 i } i i 1 ] i

650 700 750 800 850 900 950
y1(TD)- 10°, y11(TD)- 10°

14.24 Temperatures in deg. C; pressures in kPa

103.01
Plsat(T) = exp| 14.0098 — —3———~— Toluene
T+219.79
3799.89
P2sat(T) := exp| 16.2620 - ————— Water
T +226.35

Find the three-phase equilibrium T and y:

Guess: T =25
Given P = Plsat(T) + P2sat(T) Tstar := Find(T)

Plsat(Tst
ylstar := i%i@ ylstar = 0.444

For z1 <yl1*, first liquid is pure species 2.

yl =02 Guess: Tdew := Tstar

P2sat(Tdew)

Given yl=1~ Tdew := Find{Tdew)

< Ans.

For z1 > y1*, first liquid is pure species 1.
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14.25

yl=0.7 Guess: Tdew := Tstar

_ Plsat(Tdew)

Given 1
Y P

Tdew := Find(Tdew)

In both cases the bubblepoint temperature is T*, and the mole fraction of
the last vapor is y1*.

Temperatures in deg. C; pressures in kPa.

2991.32

_— n-heptane
T+216.64

Plsat(T) := exp(13.8587—
P :=101.33

P2sat(T) = exp] 16.2620 — M water
T+226.35

Find the three-phase equilibrium T and y:
Guess: T =50
Given P = Pisat(T) + P2sat(T) Tstar := Find{(T) Tstar = 82,91

__ Plsat(Tstar)

ylstar = 0.474
P

ylstar

Since 0.35<y1*, first liquid is pure species 2.

yI(T) = 1— P2sat('T)

Find temperature of initial condensation at y1=0.35;

ylg := 0.35 Guess:  Tdew := Tstar
Given yl{Tdew) = vyl Tdew := Find(Tdew) Tdew = 88.36
Define the path of vapor mole fraction above and below the dew point.

ylpath(T) := if(T > Tdew,ylg,y1(T)) T := 100,99.9.. Tstar
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Path of mole fraction heptane in residual vapor as temperature is
decreased. No vapor exists below Tstar.

100 r l l l |
95 — =
T 90 -
85
80 ! i | 1 g I
034 036 038 0.4 0.42 044 046 048
y1path(T)

14.26 Pressures in kPa, Plsat :=75 P2sat =116 A= 225
vl(x1) := expLA-(l —x1)2:| v2(xl) = exp(A'xlz)
Find the solubility limits:

Guess: xla = 0.1
I —xl .
Given A-(l - 2-xla) = lr{ x on) xla = Fmd(xla)
xla
xlo = 0.224 x1B:=1-xla xIp = 0.776
Find the conditions for VLLE:
Guess: Pstar := Plsat ylstar := 0.5

Given Pstar = x1[3-y1 (xlB)-Plsat + (1 - xia)-ﬁ(xla)-PQSat

ylstar-Pstar = x]a-yl(xla)-Plsat

Pstar
:= Find(Pstar,y|star) Pstar = 160.699 ylstar = 0.405
y Istar
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Calculate VLE in two-phase region.

Modified Raoult's law; vapor an ideal gas.

Guess: x1:=10.1 P =50
Given P = xl-y1(x1)-Plsat + (1 — x1)-y2(x1)-P2sat
. xi-yl1(x1)-Pisat
P(x1) = Find(P) yI(x1) 1= e
P(x1)
Plot the phase diagram.
Define liquid equilibrium line:
PL(x1) := if (P(x1) < Pstar,P(x1),Pstar)
Define vapor equilibrium line:
PV(xl} = if (P(x1) < Pstar,P(x1}),Pstar)
Define pressures for liquid phases above Pstar:
Pliq := Pstar.. Pstar + [0
x1:=0,001..1
200
175 . . Pstar
_l-)- ]:g-)_(l) 150 - -/,;_’.' _‘.".‘ -
PV (x1) g
125
Plig
Plig 100
75
50 0 0.2 0.4 0.6 0.8

x1,yl(xl},xla,x1p
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x1:=0,0.05..0.2

14.27 Temperatures in deg. C; pressures in kPa.

3799.89
Water: Plsat(T) := exp[l 6.2620 — ——)
T +226.35
2477.07
n-Pentane: P2sat(T) := exp: 13.8183 - ————
T +233.21
2991.32
n-Heptane: P3sat(T) := exp| 13.8587 — ———J
T+216.64

P:=101.33  z1:=045 22:= 030 23i=1-721-22

(a) Calculate dew point T and liquid composition
assurning the hydrocarbon layer forms first:

Guess: Tdewl = 100 x20 =22 3o =1~-x2a
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Given P = x2a.-P2sat(Tdewl) + x3a-P3sat(Tdewl)
z3-P = x3a-P3sat(Tdewl)

2o+ x3ce=1

X20
3o | = Find(xZa,xBon,TdewI)

Calculate dew point temperature assuming the water layer forms first;
xIp:=1  Guess: Tdew?2 = 100
Given x1B-Plsat(Tdew2) = z1-P Tdew?2 = Find(Tdew2)

Since Tdew2 > Tdewl, the water layer forms first
(b} Calculate the temperature at which the second layer forms:
Guess: Tdew3 := 100 o = z2 3o =1-x2a
yl ==zl y2 = 22 y3 =273
Given P = Plsat(Tdew3) + x2e-P2sat(Tdew3) + x3a-P3sat(Tdew3)
y1-P = Plsat(Tdew3)

y2 _ z2
E=g yl+y2+y3=]
y2-P = x20-P2sat(Tdew3) Xa+x3a=1
yi
y2
y3
Tdews | = Find(y1,y2,y3, Tdew3, x2a,x30t)
X2q
x3a

504




14.28

(¢) Calculate the bubble point given the total molar composition of the

two phases
Thubble := Tdew3 X2a = 22 X3 = 23
72 +73 72 + 73
X2a = 0.545 3o = 0.455
Given

P = Plsat(Tbubble) + x2c- P2sat(Thubble) + x3a-P3sat(Tbubble)
Thubble := Find(Tbubble)

Plsat(Thubble)

yl =
P

x20- P2sat(Thubble)

y2 1=
P

x3a-P3sat(Thubble)

y3 = 5

Temperatures in deg. C; pressures in kPa.

3799.89
Water: Plsat(T) := exp} 16.2620 - ——
T +226.35
2477.07
n-Pentane: P2sat(T) := exp| 13.8183 - ————
T+233.21
2991.32
n-Heptane: P3sat(T) := exp| 13.8587 - ———
T +216.64
P:=101.33 2] := 0.32 72 = 0.45 3=l-zl-22
(a) Calculate dew point T and liquid composition

assuming the hydrocarbon layer forms first:
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Guess: Tdewl := 70 xX2q = z2 o =1-x2a

Given P = x2a-P2sat(Tdewl) + x3a-P3sat(Tdewl)

z3-P = x3o-P3sat(Tdewl) X2o+x3a =1
2o
x3a | = F'md(x2a ,x3a,Tdewl)
Tdewl

Calculate dew point temperature assuming the water layer forms first:
xIB:=1  Guess: Tdew2 = 70
Given x1B-Plsat(Tdew2) = z1.P Tdew2 := Find(Tdew?)

Since Tdew1>Tdew2, a hydrocarbon layer forms first

{b) Calculate the temperature at which the second layer forms:
Guess: Tdew3 = 1060 X220 =22 o = 1-x2a
yl =zl y2 =72 y3 =123

Given P = Pisat(Tdew3) + x2a-P2sat{Tdew3) + x3a-P3sat{Tdew3)

y1-P = Plsat(Tdew3) X—z- = = yl+y2+y3=1
v3 z3
y2.P = x20-P2sat(Tdew3) Xa+x3u =1
yl
y2
y3
dews | = Find(y1,y2,y3, Tdew3,x20,x3c.)
x2a
X3
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14.32

(¢) Calculate the bubble point given the total
molar composition of the two phases

Thubble := Tdew3 20 = 22 B = 2
72+ 23 72 +73
x20 = (0.662 x3a = 0,338

Given  p = pjgar(Thubble) + x2a-P2sat (Tbubble) + x3a-P3sat (Thubble)

Tbubble := Find{Tbubble)

Plsat(Tbubble)
yl —

P
x2a-P2sat(Thubble)
y2 =
p
x3a-P3sat{Tbubble)
v3 = P

~ (0302 - 7484  [40.51
=] Te:= Pgo=1 =
10.224 1304.2 T 73.83
P:=10,20..300  (bar)
—
T:=35315 (K Tr:= Tl R := 83.14 (bar cm*3/mol K)
) [}
Use SRK EOS
From Table 3.1, p. 99 of text:
c=1 & =0 Q= 0.08664 ¥ :=0.42748

o =] 1+(0480 - 1.574.0 - 0.176.07)-(1 - Tro's)]z
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—
—_—

2.2
g TaRTTC 0434 b= 2RIC 1435
Pc Pc
{ 7
(6.842 % 10 ) (133-076J
a= =
L3.246 x 10° 29.679
b2-P (14.32) ay
Py = : = (14.36)
B2(P) T @R
7y = 1 (guess)
Given
z2 ~ B2(P)

72 = 1+B(P) ~ qz'Bz(P)-( (14.31)

23+ &-Bo(P)) {22+ o-B(P))
Z5(P) := Find(zy)

Zo(P) + B2(P)

(6.62b)
Z2(P) J

L(P) = ln(

For simplicity, let ¢; represent the infinite-dilution value of the fugacity
coefficient of species 1 in solution.

Eq. (14.99): 112 := 0.088

T -
o1(P) := exp [b—l-(Zz(P) ~ 1) - In{Z5(P) - BQ(P))J
2

a 0.5 by
+—qo- 2-(1 - 112)-[—] - —[-Ia(P)
] a b2 1]

Psat{ := 0.0102  (bar) Vi:=124.5 (em3/mol)

Egs. (14.94) and (14.95), with ¢satl =1 and (P - Psatl) =P, combine to give:

(P) - Psat; (P-V;j
MO = e P RT
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0.1 | E— T 7 ]
001 =
y1(P}
1107 | -
1 _10‘4 1 j i | |
0 50 100 150 200 250 300
P
{0302 (7484 - (4051
1433 o= o Te = o Pci=1{ - '
10038, T 262 ST 3400

P:=10,20..300 (bar)
._>
T
c

T :=308.15 (K) Tr = T R := 83.14 (bar cm3/mol K)

Use SRK EOS
From Table 3.1, p. 99 of text:

c =1 g:=0 Q = 0.08664 Y= 0.42748
2 0.5} 12
o = [1 + (0.480 + 15740~ 0176 )(1 - )]
_.\—,} _H
2.2
ae DORETC 34 b= 2RIC 1435
Pc Pc
7298 x 107 ) [133.076]
a= =
6713% 10° 26.737
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by P ay

P) = — (14.32 = (14.36)
Pa(P) = g (143D) = RT
=1 (guess)
Given
73 - B2(P)

z2= 1+ 52(P) - Cl?.'ﬁ;z(P)'( (14.31)

z2+e-Ba(P) (22 + -2 (P))
Z5(P) := Find(z>)

Z2(P) + B2(P)

6.62b
Z>(P) J ( )

L(P) = ln[

For simplicity, let o, represent the infinite-dilution value of the fugacity
coefficient of species 1 in solution.

hyi=00 Eq. (14.99):

b
¢1(P) = exp [é-(zz(l’) - 1) - In(Za(P) - 132(?))}

ay 0-3 by
+=q2| 2(1 - Ip2) o Bl R0
LL 2 N

Psat; = 29107 (bar) Vi:=125  (em3/mol)

Eqs. (14.94) and (14.95), with ¢satf =1 and (P - Psatl) =P, combine to
give:

) : Psat; [P-V]}
T T e TRURT
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10 l T T T T

5
yi{(P)- 10

] | | 1
0 30 100 150 200 250 300

Note: y axis is log scale.
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Chapter 15 - Section A - Mathcad Solutions

15.1 Initial state: Liquid water at 70 degF.

Hy = 38.05-BTU. S1:= 0.0745-ﬂf— {Table F.3)
: by _ Ibpyrankine
Final state: Ice at 32 degF.
| . B , 1433)  BTU
Hy = (-0.02 — 143.3)--£9- Sy 1= 0.0- - ) .
i : Tom : 491.67 / ‘1byy rankine
Te = (70+ 459,67)-rankine
@ Cooling
‘—-_—‘ _______ N
water @ 70 (F))
Cond
s M — =
w h 4
s Comp. Throttle 69
A ' D
....... ——————
Evap.
lce @ 32 (F) P Water @ 70 (F)
e e e m e e - e

Point A: sat. vapor at 32 degF.

Point C: sat. liquid at 70 degF. P = 85.79%(psia).

Point D: Mix of sat. liq. & sat. vapor at 32 degF with the enthalpy of Point C,
Point B: Superheated vapor at 85.79(psia) and the entropy of Point A.

Data for Points A, C, & D from Table 9.1. Data for Point B from Fig. G.2.
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Wideal = Ho = Hj - Tc'(SE - Sl)

BTU b
mdot = 1 —n

AR 12.466 ——
ideal = .

Wdotjgeat := mdot-Wigeal Ans.

(b) For the Carnot heat pump, heat equal to the enthalpy change of the
water is extracted from a cold reservoeir at 32 degF, with heat
rejection to the surroundings at 70 degF.

. L BTU
Tei=491.67-ranking Ty :=Tg Qc:=Hy-H; Qc = —181. 37b—
m

Th-Tc BTU

Work = IQC" _— Work = 14.018 —~

Tc lom

Wdot ;= mdot- Work

Wdotigeal
Wdot

Ans,

Mt =

The only irreversibility is the transfer of heat from the water as it cools
from 70 to 32 degF to the cold reservoir of the Carnot heat pump at 70
degF.

(c) Conventional refrigeration cycle under ideal conditions of eperation:
Isentropic compression, infinite flow rate of cooling water, &
minimum temp. difference for heat transfer = 0.

For sat. liquid and vapor at 32 degF, by interpolation in the table:

BTU BTU
HA —10760——~— SA —02223—-—--—-U—--
Ibm Ibyy rankine

For sat. liquid at 70 degF:

o TU
Hc = 34. sg.21Y Hp = He
T l.m
For superheated vapor at 85.79(psia) and S = 0.2223:
BT
HB = 114 ——-E
: [bm
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Refrigerent circulation rate:

b
_(H2 _ H;)-l-—m
sec Iom
mdot := mdot = 2.484 —
Ha - Hp sec
Wdot := mdot- (HB -H A) Ans.
Wdotideal
Nt 1= —————— Ans,
Wdot

The irreversibilities are in the throttling process and in heat transfer in
both the condenser and evaporator, where there are finite temperature
differences.

(d)  Practical cycle. n =075

Point A: Sat. vapor at 24 degF.

Point B: Superheated vapor at 134.75(psia).

Point D: Mix of sat. liq. and sat. vapor at 24 degF with H of poeint C,
Point C: Sat. Liquid at 98 degF.

(Note that minimum temp. diff. is not at end of condenser, but it is not
practical to base design on 8-degF temp. diff. at pinch. See sketch.)

N\

For sat, liquid and vapor at 24 degF:

. T BTU
th = 19 58 E"E Hvap S ].06 48 e HA = Hvap
Ibm S
BTU BTU
Shq = 00433"—"‘“‘ Svap = 0 2229 —— A= Svap
: by rankine N rankme
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For sat. liquid at 98 degF, P=134.75(psia):

BT BTU
HC-'4424-——-9 S¢ = 0.0802: ———
b " Ibyyrankine

For isentropic compression, the entropy of Point B is 0.2229 at
P=134.75(psia). From Fig. G.2,

BTU Hp-Ha
HB-118—————— Hp = HpA + ——
o by 1
BTU The entropy at this H is
Hp = 121.84 by, read from Fig. G.2 at
P=134.75(psia)
BTU Hp - Hy;
Sp = 0228 ————— Hp:=H¢ xpi= — 3% xp=0.284
Ib,yrankine Hyap — Hjig
BTU
Sp := Siig + XD (Svap — Sy Sp = 0.094 ——r——
4 ( vep lq) D lbyy rankine

Refrigerent circulation rate:

b
—(Hg - Hl)' P,
sec lom
mdot ;= mdot = 2.914 —
Ha — Hp Sec
Wdot = mdot- (HB -H A) Ans.
Wdotjgeat o
= ——— Ans.
e Wdot 2

THERMODYNAMIC ANALYSIS Ty .:= (70 + 459.67)-rankine
Wdot|ost.compressor = met'TG'(SB - SA)

Qdotcondenser := de't'(HC - HB)
Wdotost.condenser = mdUt‘Tc‘(SC - SB) - Qdotcondenser
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Wdotyogt throttle = mdot'Tc-(SD - SC)

Wdotjost.evaporator = To- met'(SA - SD)

27.85%
17.59%
30.02%
14.02%

10.52%

The percent values above express each guantity as a percentage of the
actual work, to which the quantities sum.
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15.2 Assume ideal gases. Data from Table C.4

AHjgg = —232_98_4'_-__J AGagg = ~257190-]

_ AHpgg = AGgg
T 29815K

ASyog = ~86.513

BASIS: 1 mol CO and 1/2 mol O2 entering with
accompanying N2=(1/2)(79/21)=1.881 mol

nog :=1-mol  ngj = 2.381-mol ncoy = I'mol  'nn2 :='1.88_]-m__('):l

(a) Isothermal process at 298.15 K:

1
]
1
k
]
Ll

2.38 air

Product gases

L)
;
L)
t
t
1
3
1]
:
:
El
: 3 +
! Reaction >

: 1C0O, .
o/

1

DS iy W AH 0 Ay i ASqiy

- AH'AS! s - -

Since the enthalpy change of mixing for ideal gases is zero, the overall
enthalpy change for the process is

AH = AHpog For unmixing the air, define
nN2

y1 = — y1 = 0.79 y2i=1-y]
Nair

By Eq. (12.35) with no minus sign:

ASnmixing *= ngirR-(y1 In{y;) + Yz-ln()fz))

J
ASurixing = ~10.174
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For mixing the products of reaction, define

nCoOz
¥l im ————— y1 = 0.347 y2:=1-y
N2 -+ ACO2

ASmixing = —(ncoz + nNz)-R- (yrin()/l) + yz-!n(yz))

Asmixing = 15.465 % —_

J
AS = Astmmixing + AS298 + ASijing AS = —81.223E

(b) Adiabatic combustion:

T
'
1 mol CO
2
1.88 mol N
2
20815 K
1 mol CO
0.5 mol 02
1.88 mol N o
Heat-capacity data for the product gases from Table C.1:
n -5.457 + nnyo-3.280
A= o2 N2 A = 1,627
mol
n -1.045 + nyp- 0,593 ~
B = 02 N2 1073 B=216x10"°
mol
n ~—1.157 + npyo-0.040
D = 0% N2 10° D =-1.082x10°

mol
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T
Cp S
For the products, AHp = R- Y dT To = 298.15-K
Ty
The integral is given by Eq. (4.7). Moreover, by an energy balance,

AHpgg +AHp = 0

Guess t:=2 A:=11627 Bi= &I-{m“ D = —1.082-10°K
Given

AH,gg = —R-mol-[A-To-(z 1)+ g('ro)Q-(-cz 1) %.(T ;’ IH

1 := Find(x) 1 = 8.796 T =Tyt T = 2622.603K

For the cooling process from this temperature to the final temperature of
298.15 K, the entropy change is calculated by

ICPS(2622.6,298. 15,11.627,2.160-10" 3 ,0.0,-1.082. 105) = -29.701

]
ICPS := —29.701 AS := R-mol-JCPS AS = —246.934E
AH = AHjog Wideal.cooling == AH — T5-AS
AH = —2.83x 10°] Ans.
Mt = ,“MPE Ans,
Wideal

The surroundings increase in entropy in the amount:

%

Qo = —(AH298 - Widealcoo!ing) ASg : T
o

The irreversibility is in the combustion reaction. Ans,
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15.3

1 Saturated vapor >
2,700 kPa
H? = 28m.7 BOX OF 3 Steam / Virual ‘\'\ Saturated liquid -
§, = 62244 TRICKS | 1.000 kPa [\ condenser/ * 179 88 C, 45303 K
N, S H=7828
i SN
2 Saturated vapor » . 8 = 21382
275 kPa v
= 27207 Q
S = 7.0201 ~300 k /'8
2= 7
For the sat. steam at 2700 kPa, Table F.2:
' kJ k]
‘Hy = 2801. 7 — St = 62244 ——
kg :  kg:K
For the sat. steam at 275 kPa, Table F.2:
_ kJ T I
H2 = 2720.7-— 82 = 7.0201 —
kg kg:K
For sat. hqu:d and vapor at 1000 kPa, Table F.2:
k¥ kI
kg L '_._kg-_K-
Hyap == 2-776.2.—.-'— S = 6 5828-——-— Teat := 453.03K
vap T “ " -kg vap kg K .s_a_t_. > s

(a) Assume no heat losses, no shaft work, and negligible changes in kinetic
and potential energy. Then by Eqs. (2.30) and (5.22) for a completely
reversible process:

Ag(H-mdot) = 0 Ag(S'mdot) = 0

We can also write a material balance, a quantity requirement, and relation
between 3 and S3 which assumes wet steam at point 3.
The five equations (in 5 unknowns) are as follows:

k
Guesses: mdot; = 0.1-—g mdoty := mdot; mdotz := mdot; + mdot;
$

Hj+Hz H3z — Hiig
—_ $3 = Slig + ———
2 Teat

sy
W
i
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Given

kJ
Hz-mdotz — Hy-mdot) ~ Hy-mdoty = 0—
$
kJ
S3-mdotz — S1-mdot; — Sy-mdoty = O—K
S-
kJ
mdots = mdot; +mdoty (H3 — Hiig)- mdots = 300-=
H3 — Hiig
83 = Sjig + =
sat
mdotq
mdots

mdotz | := Find(mdot1 ,mdoty ,mdotz, Hz, 83)

Ans.

Steam at Point 3 is indeed wet.

(b) Turbine: Constant-S expansion of steam from Point 1 to 1000 kPa
results in wet steam of quality

S1 - Siig

X'turh = g’"—s H'iub == Hliq + X'turb'(Hvap _ Hliq)
vap — l1q o
J - 3
Xturb = 0.919 Hiyp = 2614 10 k—g
Nturb *= 0.78 Hturb = H] + ‘r‘mrb.(H'mrb__ H])
3 kJ

Hpyr, = 2.655x 10”7 —
kg
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Xturbh += 77— Sturb := Stiq + Xturb{ Svap — Sii
Hyap - Hiig q ( p q)
kJ
Xeurb = 0.94 Strb = 6316070

Compressor: Constant-S compression of steam from Point 2 to 1000 kPa
results in superheated steam. Interpolation in Table F.2 yields

kI

-qu.c,'mp : 2993-.5;;; n comp = 0.75
H -Ha kJ
MNcomp kg
By interpolation: Scomp =7 1803 K
Seomp S TeK

The energy balance, mass balance, and quantity requirement equations of
Part (a) are still valid. In addition, The work output of the turbine equals
the work input of the compressor. Thus we have 4 equations (in 4
unknowns):

Guesses: mdot] = 0.086 <8 mdoty = 0.064 &
S S
k kJ
mdotz := 0.15-2 Hj = 2770.—
8 kg
Given

(Hcomp - Hz)-mdotg = _(Hturb - HI)-mdotl

kJ
H3-mdotz — Hj-mdot; — Hp-mdoty = 0—
s

k
mdotz = mdot; + mdot; (H3 —Hliq)~mdot3 = 300-—'I
s
mdot;
mdoty
= Find(mdot1 ,mdoty , mdotsz, H3)
mdoty
H3 )
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Steam at Point 3 is slightly superheated.

K
By int lation, S3 = 6.5876—
y interpolatio 3 := 6. ek

THERMODYNAMIC ANALYSIS Tg := 300K (assumed)
By Eq. (5.25), with the enthalpy term equal to zero:

Wdotideal = Tc-(mdot3- S3 — mdot-S1 - mdotz-Sg)

Wdotjgeal = 6.014kW

Wdotost turh = Tc-mdotl-(Smrb - 81)

Wdotjost.comp = Tc‘meQ'(Scomp - 82)

Wdotlost_mixing = TG‘L(mth3‘SS - mdot] 'Sturb) - metZ'SCQmpJ

KW 48.2815%

34.1565%

17.5620%

The percent values above express each quantity as a percentage of the
absolute value of the ideal work, to which the quantities sum.
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15.4

Some property values with reference to Fig. 9.1 are given in Example 9.1.
Others come from Table 9.1 or Fig. G.2.

For sat. liquid and vapor at the evaporator temperature of 0 degF:

BTU

= —_— BTU
H]lq 12.090 . Hvap - 103 015 T
1Om
BT .
lbm -rankine _ bm rankme

For sat. liquid at the condenser outlet temperature of 80 degk:

_ BTU : . BTU -
H4':= '37;978‘—f~_~.—-——_— S4 = 0 07892 e
S .__'_;Ebm ; _ lbmrankme
Hi - Hiig
X 1T e S1 = Stiqg + %1 Svap — Sg;
1 Hvap ~ Hliq 1 lig 1 ( vap llq)
BTU
Sy =0.084 ——mM
x1 = 0.285 ! Ibgy rankine

From Example 9.1(b) for the compression step:

BTU BTU

AH : —1748—1—b——- Hj := Hy + AH H; = 120.5——

m m

From Fig. 9.3 at H3 and P = 101.37(psia):

BTU L
33 —0231-——-——_—— o lbm
- Ibyyrankine met-13451— ™

BTU

Wdot := mdot-AH Wdot = 3.225x 107 2=
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The purpose of the condenser is to transfer heat to the surroundings.

Thus the heat transferred in the condenser is Q in the sense of Chapter

15; i.e., it is heat transfer to the SURROUNDINGS, taken here to be at a
temperature of 70 degF.

Internal heat transfer (within the system) is not Q. The heat transferred in
the evaporator comes from a space maintained at 10 degF, which is part of
the system, and is treated as an internal heat reservoir.

The ideal work of the process is that of a Carnot engine operating

between the temperature of the refrigerated space and the temperature of
the surroundings.

Tg = (70 + 459.67)-rankine Ty = Tg
Qdotc = .'—_._1_20000_—.-}1;—{ T := (10 + 459.67)-rankine
Ty-Tc
Wdotjdea = leotc| ——T-—— Wdotigeq = 1.533 x 1048—1;1;E
C

Wdotigst comp = To'mdot-(S3 - S)

Qdot := (H4 - Hg)'mdot Qdot = —1.523 x 105]::%;——{2

Wdotiast.cond = T mdot-(S4 — $3) - Qdot
Wdotjost throttle = Tc'met'(Sl - 84)

Wdotjogt evap = To-mdot:(Sz — S1) ...

H; - Hj
+ Tgr—mdot
Tc

525




The final term accounts for the entropy change of the refrigerated space
(an internal heat reservoir).

47.53%

17.42%

11.24%

14,.67%

9.14%

The percent values above express each quantity as a percentage of the
actual work, to which they sum:

15.5 The discussion at the top of the second page of the solution to the
preceding problem applies equally here. In each case,

Te = (70 + 459.67)-rankine Ty = Tg
The following vectors refer to Parts (a)-(e):
(40) S (600)
R S - BTU
tc = 20 Qdotc =~ 400 |-
M TR ) I -SE€C
- |10 I 1
o - \soo)
Tu-Tc
Tc = (tc+ 459.67)-rankine Wdotigeat = {'Qdotcl —?—J
C

526



For sat. liquid and vapor at the evaporator temperature, Table 9.1:

o f21486) - S (1o7320Y

R BTE TS o |aose0r| -
e 112.0900 C[103.015

o0 ) 7 Lio1.542

loodoss | looasas|

A B BTU - 1 . BTU

Siig = | 0.03408 | ————— Sygp1= '022418 e 82 1= Sygp

e A7 Vbpyrankine < - Tbpyrankine
looozaa ] T omas |

Cloo2073) o loazesr)

For sat. liquid at the condenser temperature:

B Lo
H4 = 37 978 -*EE S4 0. 07892 —-——IEI—J—— H; :=Hy
m N by rankine
—_y
Hj —Hiig 2
Xl = —m S1 =1 S + (S S
1 Hvap ~ Hliq 1 i: lig + X1 ( vap hq):l

From the results of Ph. 9.9, we find:

[ 1177 S From these values we must find the
1189 corresponding entropies from Fig. G.2.
H3: ]201 : @ They are read at the vapor pressure for
S R b, 80 degF of 101.37 kPa. The flow rates
o2 come from Problem 9.9:

oy \123 4). o

Cfo2ry o (ses3)

Coojeme| 7|
Lo o BTU o T
K3i= 023-1 i g | Pm
3= | Toge ki mdot = | 6.016 =
o [0234 o o laes |

o2zt TR )
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i
L

WdOtlost.comp = [Tc'met'(S3 B 82)]

Qdot := |:(H4 - H3)-mdotj

N
>

Wdotjost.cond := | To-mdot-(S4 - S3)] ~ Qdot

Y
>

Wdotast.throttle = [Tc'met‘(Sl - S4)]

LY

Wdotiost.evap = | To-mdot-(S2 — sl)j

H; -H»> ]
J{[TG- )‘mdot:l
Te

The final term accounts for the entropy change of the refrigerated space
{an internal heat reservoir).

N
7

Wdot := [mdot- (Hg - Hz):l
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In each case the ideal work and the lost work terms sum to give the actual
work, and each term may be expressed as a percentage of the actual work.

15.6 The discussion at the top of the second page of the solution to Problem
15.4 applies equally here.

Tg = (70 + 459.67)-rankine Th="Ts

BTU
_Sec.

Te =30+ 459.67) -rankine Qdotc = -2000

BTU

seC

Ty-Tc
Wdotjgeal := [leotCI -—T—C_J Wdotjgea = 163.375

For sat. liquid and vapor at the evaporator temperature, Table 9.1:

BTU TU

lbm . . lbm I'al'lkine
"‘ BTU X
H\,ap _ 105 907 kidhd sVap = 0. 22325 5 BID
. TR _-.ibm _ by rankme
H2 = Hvap 82 = Svap

For sat. liquid at the condenser temperature:

Hyi=37. 978 i S4 == 0.07892- &

From Problem 9.12,

S BTU _BTU
HZA o= 116 SZA = 0 2435 m
m
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BTU
Hy = Hog + 14667 —— Hs = 130.67 502

m l1’1’1

From Fig. G.2 at this enthalpy and 33.11(psia):
$3= 02475 __BIO
o lbm rankme

Energy balance on heat exchanger:

BTU
H; :=Hq4-Hza +H> = 27.885——
b
Hy - Hiig
X} 1= ——— S1 := Siig + X1\ Syap — 8§
Hvap — Fitig q (Svap — Stiq)
BTU
- 0.109 Sy = 0.06] —en—r—
X = lbyy rankine

Upstream from the throttle (Point 4A) the state is subcooled liquid with
the enthalpy:

Haa = Hy

The entropy at this point is essentially that of sat. liquid with this
enthalpy; by interpolation in Table 9.1:

S4a = 0.05986: mﬂm

S by,
From Problem 9.12: mdot = 25.634. ——
' sec

Wdotjest.comp = Tomdot- (S3 - SQA)
Qdot := (H4 - H3)-mdot

Wdotiost.cond = Ts—mdot-(S4 - 83) - Qdot

530



Wdotjost.throttle = Tc‘met'(Sl - S4A)

Wdotjost.evap = To-mdot-(Sz - S1) ...

Hi-Hp
+| Tg————— |-mdot
Tc

The final term accounts for the entropy change of the refrigerated space
(an internal heat reservoir).

Wdotjost.exchanger = Tc'met'(SZA —S2+ 844 - S4)

Wdot = mdot- (H3 - HzA)

43.45%

14.45%

23.16%

2.65%

11.99%

4.30%

The figures on the right are percentages of the
actual work, to which the terms sum.
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15.7

05kg/s
2
W
3
e
1 Feed Slurry
>
100C | \{ T
i4

Compression to a pressure at which condensation in coils occurs at
110 degC. Table F.1 gives this sat. pressure as 143.27 kPa

Neomp = 0.75
Hy = 419.1.— S1 = 1.3069- —— {sat. liquid)
kg - kgK
S k kJ.
Ha = 2676.O-~—_J Sy = 73554 ——— (sat. vapor)
o kg i o kgK

For isentropic compression to 143.27 kPa, we find by double interpolation in

Table F.2:
: kJ H3-Hy kJ
H'3 ;= 2737.0-— H3 =Hp+~—— H3 = 2757.3—
' kg M comp kg
By more double interpolation in Table F.2 at 143.27 kPa,
o kJ
S3 = 7.4048-——
: - kgK
By an energy balance, assuming the slurry passes through unchanged,
kJ
Hq:=H;+H3z;-H> Hy = 500.4-12—
g
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15.8

This enthalpy is a bit larger than that of sat. liquid at 110 degC; find quality
and then the entropy:

Hyjg o= 461.3-— Hjy := 2230.0.— Siig == 14185 ——
Hia =401 =200 e MR
: o k} H4 "‘Hliq
Sy = 5.8203 —— X4 = ——— x4 = 0.018
' lv' - kgK Hiy
kJ : ke

= Sy i~ Sq = 1.5206 —— mdot ;= 0.5 —
Sq = Siig + X4-Spv 4 ke K o e
To = 300-K

Wdotigeql = mdot{ Hg —Hy — To-(Sq ~ S1} ]
Wdotjpst.evap = mdot-TG-(S4 -83+8,-S 1)
Wdot|gst comp = mdot-To+(S3 - S2)

Wdot := mdot-(H3 — Ha)

21.16%

60.62%

18.22%

The figures on the right are percentages of the
actual work, to which the terms sum.

A thermodynamic analysis requires an exact definition of the overall
process considered, and in this case we must therefore specify the source
of the heat transferred fo the boiler.

Since steam leaves the boiler at 900 degF, the heat source may be
considered a heat reservoir at some higher temperature. We assume in
the following that this temperature is 950 degF.

The assumption of a different temperature would provide a variation in
the solution.
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The ideal work of the process in this case is given by a Carnot engine
operating between this temperature and that of the surroundings, here
specified to be 80 degF.

We take as a basis 1 Ibm of H20 passing through the boiler. Required
property values come from Pb. 8.8.

Ty = (459.67 + 950)-rankine ~ T¢ = (459.67 + 80)-rankine  Tg = T

Subscripts below correspond to points on figure of Pb. 8.7.

/ s o
Hi) (o576 S11 (03970
Ha | 14612 824 116671 | i
| H3 12422 | BTU S3| |13 BTU
Hy| {10478 | b Se| | 18748 | Topyrankine
‘Hs| | 697 Ss | 04326 |
3¢ '. 250.2 \‘S,?} 0.4112

Tc
Qy = (Ha - Hj)- 1l Wideal = Qur{ | = 2

For purposes of thermodynamic analysis, we consider the following 4 parts
of the process:

The boiler/heat reservoir combination
The turbine
The condenser and throttle valve

The pump and feedwater heater

Qu
Wiost.boiler.reservoir := Tc*{(sz - SI)‘ l-lbm — T_H

m := 0.18688:Iby, (From Pb. 8.8)

Wiost.turbine = To| m-(S3— S2) + (1-Ibm — m)-(S4 - $2) |

The purpose of the condenser is to transfer heat to the surroundings. The
amount of heat is
Q := 1-IbyyHs — (1-1bm — m)-Ha — m-H7

Q = —-829.045BTU
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15.9

Wiost.cond.valve = TG'D'lbm'SS - (1'lbm— m)-S4 - m-Sﬂ -Q

Wiost.pump.heater = Tcr'[ l‘lbm'(sl - Ss) + m-(S7 — S3):|
The absolute value of the actual work comes from Pb. 8.8:
50.43%

30.24%

13.30%

4.90%

1.13%

The numbers on the right are percentages of the
absolute value of the ideal work, to which they
sum.

{absolute value)

Refer to Figure 9.7, page 322. The analysis presented here is for

the liquefaction section to the right of the dashed line. Enthalpy and
entropy values are those given in Ex. 9.3 plus additional values from
the reference cited on page 323 at conditions given in Ex. 9.3,

Property values:

Hy = 1140 0 ~15-2'-: S i’.="9;35§;_f-345-"4
. kg S kgK
Hs = 1-_0.091-7.-1-*:‘ s5 = 8 894 —kj—
o ke ' kg'K
Hy:=719.8— 8§y = 7_._5445&
Hy = 285.4- 9= 49280
Hm = 796 9= Sqp = 9.521.—1_
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Hg = Hs Se = 85 Hi; == Hs S171:= S5

Hiz == Hip S12:= 510 Hy3 == Hyg 813 := Sy

Ts = 295K

The basis for all calculations is 1 kg of methane entering at point 4. All

work quantities are in kJ. Results given in Ex. 9.3 on this basis are:

Fraction of entering methane that is liquefied:
Fraction of entering methane passing through the expander:

On this basis also Eq. (5.26) for Ideal Work, Eq. (5.33) for Entropy
Generation,and Eq. (5.34) for Lost Work can be written:

z:=0.113 X = 0.25

Q
Wideal = AL m)gs ~ T A(S )y 56 = A(Sm)g =~ == Wiost = TorSG

[}

Wideal 1= [Hi5(1 - 2) + Ho-z — Ha] - To{ S15:(1 - 2) + So-z - 84
kJ
Wideal = —489.001 —
kg

kJ

Wour = (Hiz=Hit)x Wou = —

(a) Heat Exchanger I: Sg 4 :=[ (S5 —S4) +{S15 - Si4)-(1-2) ]

Wiosta = T5'SG.a
(b) Heat Exchanger II: S = [(87 - 86)-(1 —X) + (814 - S13)-(l - z):|

Wiosth = Ta'SG.b
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(¢) Expander: Sg.:= (812 - 811)-x

Wiostc = ToSGe

(d) Throttle:  Sgq:=[ Soz+Sio(1 -z=%x) - S7-(1-%) |

kJ/kg-K Percent of X
e 5.95%
21.18%
10.62%
65.22%
100.00%

kVkg Percent of X
| Wou 10.88%
Wiost.a 2.66%
Wiosth 18.86%
Wiost.c 9.46%
Wiost.d 58.14%
) 100.00%

Note that: ¥ = |Wideal|

537



Chapter 1 - Section B - Non-Numerical Solutions

1.1 This system of units is the English-system equivalent of SI. Thus,
ge = 1(lby)(f)(poundal)~'(s)

1.2 (a) Power is power, electrical included. Thus,

energy N-m kg-m
— [=] — [=] =

time s
() Electric current is by definition the time rate of transtfer of electrical charge. Thus

Power [=]

Charge [=] (electric current){time) [=] A-s
(¢} Since power is given by the product of current and eleciric potential, then

power kg-m?

Electric potential [= —
P =] current A-g

(d) Since (by Ohm’s Law) current is electric potential divided by resistance,

) electric potential kg-m?
Resistance [=] P —1 -8 3
current Al

(e) Since electric potential is electric charge divided by electric capacitance,

h As'
Capacitance [=] i oad — [=] °
electric potential kg-m?

1.3 The following are general;

[nx =In10 x log;;x

100 kPa

P /kPa = P jtorr X —erm ——
750.061 torr

£/°C = T/K —273.15
By Egs. (B) and (4),

In P /kPa = In 10 x log,, P ¥ /torr + In 109
B0 750.061

The given equation for log,q P % /torr is:

b

log, P jtor = a — ——
t/°C+c¢

Combining these last two equations with Eq. (C) gives:

In P /kPa = In 10 (a _ b 4in 10
T/K—2B3.15 4 ¢ 750.061

b
T/K-27315+¢
Comparing this equation with the given equation for In P st /kPa shows that:

A=23026a — 2.0150 B =23026b C=c-273.15

= 2.3026 (a ) ~ 2.0150
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1.9 Reasons result from the fact that a spherical container has the minimum surface area for a given interior
volume. Therefore:

(@) A minimum quantity of metal is required for tank construction.

(b) The tensile stress within the tank wall is everywhere uniform, with no sites of stress concentration.
Moreover, the maximum stress within the tank wall is kept to a minimum.

(¢} The surface area that must be insulated against heat transfer by solar radiation is minimized.
1.17 Kinetic energy as given by Eq. (1.5) has units of mass-velocity?. Its fundamental units are therefore;

£y [=]1kgm?®s ? [<]N-m [=]J

Potential energy as given by Eq. (1.7) has units of mass-length-acceleration. Its fundamental units are
therefore:
Ep [=)kgmm-s 2 [=] Nem [=] J

1.20 See Table A.1, p. 652, of text.
e i{atm) == | bar = 1 /0.986923 = 1.01325 bar
o 1(Btu) 7= 1kJ = 1/0.947831 = 1.05504 kJ
o 1hp) = 0.75kW = 1/1.34102 = 0.745701 kW
e 1(in) = 2.5 cm = 2.54 cm exactly, by definition (see p. 651 of text)
o I(lby )~ 0.5 kg — 0.45359237 kg exactly, by definition (see p. 651 of text)
s l(mile) =+ 1.6 km = 5280/3280.84 = 1.60934 km
e 1(quart) 2= 1 liter = 1000/(264.172 x 4) = 0.94635 liter (1 liter = 1000 cm?)
o I(vard) ~ 1 m = (0.0254)(36) = (.9144 m exactly, by definition of the (in} and the {yard)

An additional item could be:
¢ 1(mile)(hr)~'# 0.5 m s~'= (5280/3.28084)(1/3600) = 0.44704 ms~!
1.21 One procedure here, which gives results that are internally consistent, though not exact, is to assume:
1 Year [=] 1 Yr [=] 364 Days

This makes 1 Year equivalent to exactly 52 7-Day Weeks. Then the average Month contains 30% Days
and 4% Weeks. With this understanding,

I Year {=] 1 Yr [=] 364 Days [=] (364)(24)(3600) = 31,449,600 Seconds

Whence,
e | S¢[=] 31.4496 Second 1 Second [=] 0.031797 S¢
e | Mn [=] 314.496 Second 1 Minute [=] 60 Second [=] 0.19078 Mn
e 1 Hr[=] 3144.96 Second 1 Hour [=] 3600 Second {=] 1.14469 Hr
s 1 Dy [=] 314496 Second 1 Day [=] (24)(3600) Second [=] 2.74725 Dy
o 1 Wk [=1314496. Second 1 Week (=] (7)(24)(3600) Second [=] 1.92308 Wk
+ 1 Mo [=] 3144960 Second 1 Month [=] (4 %)(7)(24)[3600} Second[=) 0.83333 Mo

The final item is obviously also the ratio 10/12.
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2.3

2.6

27

1.8

29

210

2.14

Chapter 2 - Section B - Non-Numerical Solutions

Equation (2.2} is here written: AU+ AEp+ AEg =0+ W

(@) In this equation W does not include work done by the force of gravity on the system, This is
accounted for by the AEg term. Thus, W = 0.

() Since the elevation of the egg decreases, sign(AEp) is (—).
(¢) The egg is at rest both in its initial and final states; whence AEx = 0.
(d) Assuming the egg does not get scrambled, its internal energy does not change; thus AU = 0.

() The given equation, with AU’ = AEg = W = 0, shows that sign(Q) is (). A detailed exam-
ination of the process indicates that the kinetic energy of the egg just before it strikes the surface
appears instantly as internal energy of the egg, thus raising its temperature. Heat transfer to the
surroundings then returns the internal energy of the epg to its initial value.

If the refrigerator is entirely contained within the kitchen, then the elecirical energy entering the re-
frigerator must inevitably appear i the kitchen. The only mechanism i1s by heat transfer (from the
condenser of the refrigerator, usually located behind the unit or in its walls). This raises, rather than
lowers, the temperature of the kitchen. The only way to make the refrigerator double as an air condi-
tioner is to place the condenser of the refrigerator outside the kitchen (outdoors).

According to the phase rule [Eq. (2.7)], F = 2 — 7 + N. According to the laboratory report a pure
material (N = 1) is in 4-phase (z = 4) equilibrium. If this is true, then ¥ =2 — 4 + 1 = —1, This is
not possible; the claim is invalid.

The phase mule [Eq. (2.7)] yields: F =2 -7+ N =2—2+2 = 2. Specification of T and P fixes the
mtensive state, and thus the phase compositions, of the system. Since the liquid phase is pure species
1, addition of species 2 to the system increases its amount in the vapor phase. If the composition of
the vapor phase is to be unchanged, some of species 1 must evaporate from the liquid phase, thus
decreasing the moles of liquid present.

The phase rule [Eq. (2.7)] yields: F =2 -7+ N =2—-2+43 = 3. With only 7 and P fixed,
one degree of freedom remains. Thus changes in the phase compositions are possible for the given
T and P. If ethanol is added in a quantity that allows T and P to be restored to their initial values,
the ethanol distributes itself between the phases so as to form new equilibrium phase compostions and
altered amounts of the vapor and liquid phases. Nothing remains the same except T and P,

{a) Since F' = 3, fixing 7" and P leaves a single additional phase-rule variable to be chosen.

(b) Adding or removing liquid having the composition of the liquid phase or adding or removing
vapor having the composition of the vapor phase does not change the phase compositions, and
does not alter the intensive state of the systern. However, such additions or removals do alter the
overall composition of the system, except for the unusual case where the two phase compositions
are the same. The overall composition, depending on the relative amounts of the two phases, can
range from the composition of the liquid phase to that of the vapor phase.

If the fluid density is constant, then the compression becomes a constant- ¥ process for which the work

is zero. Since the cylinder is insulated, we presume that no heat is transferred. Equation (2.10) then
shows that AU = 0 for the compression process,
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2.16

2.19

Electrical and mechanical irreversibilities cause an increase in the internal energy of the motor, man-
ifested by an elevated temperature of the motor. The temperature of the motor rises until a dynamic
equilibrinm is established such that heat transfer from the motor to the srroundings exactly compen-
sates for the irreversibilities. Insulating the motor does nothing to decrease the irreversibilities in
the motor and merely causes the temperature of the motor to rise unti! heat-transfer equilibrium is
reestablished with the surroundings. The motor temperature could rise to a level high enough to cause
damage.

Let symbols without subscripts refer to the solid and symbols with subscript w refer to the water.
Heat transfer from the solid to the water is manifested by changes in internal energy. Since energy is
conserved, AU’ = —AU!. Tf total heat capacity of the solid is C* (= mC) and total heat capacity of
the water is ! (= m,,C,,), then:

u

CHT = Tp) = —C,, (T — Tup)

i

t

C
or T = Ty — E‘_(T — T (4)

ul

This equation relates instantaneous values of 7y, and 7. It can be written in the alternative form:
TC" — L' =T,,CL, — T,C!,

or Ty, C, + ToC? = T,,C%, + TC' (B)

w
The heat-transfer rate from the solid to the water is given as Q = K (T,, — T). [This equation implies
that the solid is the system.] It may also be written:
dr
' = K(T, - T) ©)
dr

In combination with Eq. (4) this becomes:

dr c
e =K Ty — = (T —T)) =T
dr [0 C{U( U) }
daT Two— T T-T 1 1 T Ty
=K — = -TK{=+—)+K{2+ =
o dt ( o C;) (C'+CL)+ (C' Cy,
1 ! B Tioo To
Define: 'BzK(_CTf+E?Z) QZK(ET+EEU-)

where both @ and § are constants. The preceding equation may now be written:

L —a— 8T
draﬁ

ar___1d@-pT)
o — AT 8 a— BT

Rearrangement yields:

Integration from Tj to T and from 0 to T gives:

—lin(auﬁT)*r
B a— T
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2.20

o — BT
Of—ﬂTo

which may be written: = exp(—f1)

When solved for 7" and rearranged, this becomes:

r==2+ (To - “—’) exp(—B)

p P
o a o Chy + ToC!
where by the definitions of o and 8, ] ==
w

When t = 0, the preceding equation reduces to T = Tq, as it should. When t = o0, it reduces to
T = o/B. Another form of the equation for «/8 is found when the numerator on the right is replaced

by Eq. {B): - Ity T
g CL+C

w

By inspection, T — /8 when T, =T, the expected result.

The general equation applicable here is Eq. {2.30):

A [(H—I— %uz + zg) rir]fs =0+ W,

(a)} Write this equation for the single stream flowing within the pipe, neglect potential- and kinetic-
energy changes, and set the work term equal to zero. This yields:

(AH)i = @

(b} The equation is here written for the two streams (I and IT) flowing in the two pipes, again neglecting
any potential- and kinetic-energy changes. There is no work, and the the heat transfer is internal,
between the two streams, making 0 = 0. Thus,

(AH)ImI -+ {AH)I[mI[ =0

(c) Forapump operating on a single liguid stream, the assumption of negligible potential- and kinetic-
energy changes is reasonable, as is the assumption of negligible heat transfer to the surroundings.
Whence, )

(AHYm =W

(d) For a properly designed gas compressor the result is the same as in Part (¢).

{e) For a properly designed turbine the result is the same as in Part (¢).

() The purpose of a throttle is to reduce the pressure on a flowing stream. One usually assumes

adiabatic operation with negligible potential- and kinetic-energy changes. Since there is no work,
the equation is:

AH=(

(g) The sole purpose of the nozzle is to produce a stream of high velocity. The kinetic-energy change
must therefore be taken into account. However, one usually assumes negligible potential-energy
change. Then, for a single stream, adiabatic operation, and no work:

A[(H+ 3% m] =0
The usual case is for a negligible infet velocity. The equation then reduces to:

AH+1ul =0
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2.21

2.24

2.32

2.35

We reformulate the definition of Reynolds number, with mass flowrate m replacing velocity u:
. T 5
m=udp=u ZD fel

Solution for u# gives: u = 4am
7 D%p

o oD .
Whence, RezupD_cl m pD _ 4 m

u  wDpou  mDu

(a) Clearly, an increase in s results in an increase in Re.
(#) Clearly, an increase in D results in a decrease in Re.
With the tank as control volume, Eqs. (2.25) and (2.29) become:

dimU
dm ' —o and @) =0
drt dt

Expanding the derivative in the second equation, and eliminating m’ by the first equation yields:

A R
" dt d
Multiply by @7 and : aw_o_dn
uluply by ana rearrange: i = .

Substitution of H' for H requires the assumption of uniform (though not constant) conditions through-
out the tank. This requires the absence of any pressure or temperature gradients in the gas in the tank.

. . RT

From the given equation: P=—

V—b

72 = RT

By Eq. (1.3), W:uf PdV:—f —d(V —b)

7 vy V—05b
Wh w=RTIn (20

= n
ence, b

Recall: d(PVYy=PdV +VdP and dW = —PdV
Whence, dW =V dP —d(PV) and W= f VdpP — A(PV)

By Eq. (2.4}, dg —dU —dW
ByEq.(2.11), U=H—-PV and dU=dH - PdV -VdP
With dW = —PdV the preceding equation becomes dQ =dH — VdP

Whence, Q=AH- [VdP
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Chapter 3 - Section B - Non-Numerical Solutions

3.2 Differentiate Eq. (3.2) with respect to P and Eq. {3.3) with respectto 7:
3 1 faV v 1 [ 32V 4
DY () () + () e
ar ), vi\apr).\ar /), v \apar aPAT
k\ 1 [favy\ [8F 1 yV‘)__ﬁKmr(an
(aT » V2\OT ), \8P), Vv \arar/ dPYT

Addition of these two equations leads immediately to the given equation.

One could of course start with Eq. (3.4) and apply the condition for an exact differential, but this topic
is not covered until Chapter 6.

Bt P

where V5, A, and B are constants. Application of Eq. (3.3), the definition of «, requires the derivative
of this equation:

G4 A AP AV, P

— ] =h|- + = -1+

aF /), B+P (B+PY B+ P b4+ P
Multiplication by —1/V in accord with Eq. (3.3), followed by substitution for ¥/ ¥ by the Tait equa-
tion leads to:

3.3 The Tait equation is givern as: V="F (1 il )

. AB
T (B4 P)B+(1— A)P]

3.7 {a) For constant T, Eq. (3.4) becomes: EIITV = —kdP
Integration from the initial state (P, ¥|) to an intermediate state (P, V') for constant « gives:
mK:—quﬂ)
4
Whence, V = Viexp[—« (P — P)] = V] exp(—« P) exp(x Py)

If the given equation applies to the process, it must be valid for the initial state; then, A(T) =
Viexp(k Py), and

‘V::A(T)m¢(—xP)

(6} Differentiate the preceding equation: dV = —k A(T)exp(—k P)d P
¥ P
Th 2
erefore, W = —'/; PdV = KA(T)/ Pexp(—«P)dP
i Py
A(T)

p [P+ 1) exp(—«k Py} — (kP + 1) exp(—«x P)]
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With ¥, = A(M) exp(—«P) and V2 = A(T)exp(—« Py, this becomes:

1
W = ;[(KPl + ¥ — (kP + 1Yy
=1
K

or W =PV BB+

3.11 Differentiate Eq. (3.34c) with respect to T

1-83/8
T (1 ~ 3) pla-a/1-1 ‘;i | pa-ays ar _ - (1 = 5) peTHr dp + pa-ye iar _,
4

dz 8 P dz dz

Algebraic reduction and substitution for d P /dz by the given equation yields:

T (1-6 dT
— —_— — —:0
P( 5 )(Mpg)+dz

For anideal gas Tp/P = 1/R. This substitution reduces the preceding equation to:

ar _ Mg fé—1
dz R &

3.12 Example 2.12 shows that U, = H'. If the gas is ideal,

H=U+PV =U +RT and Uy~ U =RT’

Forconstant Oy, {HA—-U'=Cy(l-T") and Cyi(Ty—TH =RT'
Hh=-1T R —
Whence, 2 = — = u
T Cy Cy
When Cp/Cy is set equal to v, this reduces to: L =yT’

This result indicates that the final temperature is independent of the amount of gas admitted to the
tank, a result strongly conditioned by the assumption of no heat transfer between gas and tank.

3.13 Isobaric case (§ = 0). Here, Eqgs. {3.35) and (32.36) reduce to:

RT
W= —RT,(1® — 1) and Q:L—i—(lm—l)
y p—
Both are indeterminate. The easiest resolution is to write Eq. (3.35) and (3.36) in the alternative but
equivalent forms:

RT T — VIR
Wﬁ_‘(_zgl and Q:MI_ E_l

§—1\1 G- bDlr—H\nh
from which we find immediately for § = 0 that:

R
W=-RL=T) and Q= To(Ty=T) = Co(l; ~ T)
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3.14

Isothermal case (§ = 1). Equations (3.35) and (3.36) are both indeterminate of form 0/0. Application
of I'Hépital’s rule yields the appropriate results:

P2 PZ

W =RT|ln—= and =—RNln—

1 nP; o) yin
Py G dy 1 [P\ p
that 1 =[—= then — = ] - In—
Note that if ¥ ( P1) AR AV P

Adiabatic case (§ =— ). In this case simple substitution yields:

RT P (y—1/y
W:y__‘][(ﬁ) ~1 and Q=0

Isochoric case (§ = o¢). Here, simple substitution yields:

RTy /P RNy (T3
W =0 d = —l)=—=—— =1 }=Cv(, ~T,
an g V—I(Pl ) y-—l(Tl v (T 1)

What is needed here is an equation relating the heat transfer to the quantity of air admitted to the tank
and to its temperature change. For an ideal gas in a tank of total volume ¥ at temperature 7,

BV d Pyt
e it an fng
"TURT "7 RT
The quantity of air admitted {0 the tank is therefore:
’ v (PZ - Pl)
N T (4)
The appropriate energy balance is given by Eq. (2.29), which here becomes:
dnlank .0
Ty H =
a =l

where the prime (') identifies the entrance stream of constant properties. Multiplying by d¢ and inte-
grating over the time of the process yields:

ml, —mU —n'H =0
With n’ = ny — iy, (U — HY—m(Uy - H)=Q
Because U; = H» — RT and Uy = H; — RT, this becomes:
ny(Hy— H' — RT)—m(U; — H' — RT) = Q

or Hz[CP(T—T’)—RT]*I‘II[CP(T—T’)—RT}zQ

Because n’' = ny; —n;, this reduces to:

Q = #[Cp(T —T') — RT]

Given: V' =100,000cm® 7 =298.15K T7T'=31815K Py =10133kPa P, = 1500 kPa
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By Eq. (4) with R = 8,314 cm® kPamol™' K71,

. (100, 600)(1500 — 101.33)
H =

= 56.425 mol
(8, 314)(298.1%

With R = 8.314 I mol ! K~ and Cp = (7/2)R, the energy equation gives:

7
0 = (56.425)(8.314) [5(298.15 —318.15) — 298.15} =-172,705.6]

or 0= —172.711(.1‘

3.15 (a) The appropriate energy balance is given by Eq. (2.29), here written:

AU Jank

‘,H’ﬂ -
dt " o

where the prime (') identifies the enfrance stream of constant properties. Multiplying by d¢ and
integrating over the time of the process vields:

H;)_U;)_ —ﬁ‘lUl —IIIH" = Q

Since n’ = ny — 5y, rearrangement gives:

_ ;- H)—mU —HY=0Q

(b} Ifthe gas is ideal, H =U 4PV =U +RT

Whence for an ideal gas with constant heat capacities,
Uy—H =Us—U —RT' =Cyp(T» — T) — RT’

Substitute R = CP — CVZ U2 — H' = CVT2 - C;/T’ - C(j:vTr + CVTJ = CVT2 — CpT’

Similarly, U—H =CpyT1 —CpT’
and n(Cy T — CpT) —m(Cy Ty — CpT") = O
PV PV
Note also: ny = ;;;nk ny = ;;ﬂk
(e} Ifny =0, m(CyTy —CpT")y = O

(d) Ifinaddition 0 =0, CyB=Cpl’ and Th=gT

Whence, H=yT’

(e) 1. Apply the result of Part (d), with v = 1.4 and T’ =298.15K:

T = (1.4)(298.15) = 41741 K
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Then, with R = 83.14 bar cm® mol™' K™

Py Vi (3)(4 x 10%)
Hr = =
2T TR (83.14)(417.41)

= 345.8 mol

2. Heat transfer between gas and tank is: O = —muuC(T2 — T
where C is the specific heat of the tank. The equation of Part (¢) now becomes:

2 (Cyp Ty — CpTH = —myup C (T — T7)

P
Moreover Hy = 2tk
RT,

These two equations combine to give:

Py Viank

iR (CyTy — CpT) = —munC(H — 1)

With Cp = (7/2)R and Cy = Cp — R = (7/2)R — R = (5/2)R, this equation becomes:

Py Vank
RT,

W R /
(5 =77 )E = —maC (2 = T7)
Note: R in the denominator has the units of P¥; R in the numerator has energy units.
Given values in the appropriate units are:

Mg = 400kg € =460 Jmol™! kg™! T'=298.15K
Py =3bar Vi =4 x 10% em?
Appropriate values for R are therefore:
R{denominator) = $3.14 bar cm® mol~! K™ R(numerator) = 8.314 T mol ! K™!

Numerically,

(3)(d x 10%)

8.314
31D (T) ((5) (1) — (7)(298.15)}T = —(400)(460)(T; — 298.15)

Solution for 75 is by trial, by an iteration scherne, or by the solve routine of a software package.
The result is 73 = 304.217 K. Then,

o Pt ()@ x 109
TTRT, T (83.14)(304.217)

=474 .45 mol

3.16 The assumption made in solving this problem is that the gas is ideal with constant heat capacities.

The appropriate energy balance is given by Eq. (2.29), here written:

d (U ank fr
T +H'r = Q
Multiplied by dt it becomes: dnlU)+ H'dn' =dQ
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where # and U refer to the contents of the tank, and A’ and »’ refer to the exit siream. Since the stream
bled from the tank is merely throttled, H' = H, where H is the enthalpy of the contents of the tank.

By material balance, dn’ = —d#n. Thus,

ndli+Udn—Hdn=0Q or ndll —(H—-U)dn=dQ

Also, dU = CypdT H—-U=PV =RT dQ =—-mCdT
where m is the mass of the tank, and C is its specific heat.
Thus, nCydl — RT dn — —mCdT
or dr R . R d@=Cvy R d@mCy +mC)
T~ nCyp+mC  ~ CynCy+mC Cy nCy+mC
Integration yields: In L _ R In mCy +mC
T] CV ?’I1CV +mC
or h _ nCy + mC\
Tl ??1CV +mC
in addition, n = Py Vean and fy = Py Viank
RT RT;

These equations may be solved for 73 and ny. If m(C »>> nCp then o = T1. HmC = 0, then we
recover the isentropic expansion formutas.

3.27 Foran ideal gas, AU = Cp AT PV =RT A(PV)=RAT
C
Whence, AU = %A(P 8]
Cy Cy 1 1
But —_ = = Therefore : AU = ——A(PYV
R CP - CV Yy — 1 Y — 1 ( )

3.28 Since Z = PV /RT the given equation can be written: V = R—; + B'RT

Differentiate at constant 7'; dV = — i—ZdP

¥ P
The isothermal work is then: W = — f PdV =RT f ’ ia’P
Y n P

P
‘Whence, ' W =RTIn-2 Compared with Eq. (3.26)
1
3.29 Solve the gi i : RT 0
. olve the given equation of state for ¥: V= - +bh-—
RT
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av RT
Whence, (m) =

aP/; P?
By definition [Eq. (3.3)}: == (2
v definition [Eq. (3.3}]: “K=-\3p .

Substitution for both ¥ and the derivative yields:

RT
K =
RT e
P l—+b—-—
( P + RT)
|
. . RT

Solve the given equation of state for P: P = —
V—b4+ —
* RT

Differentiate:

8 do
3P R T dT
a7 ), AN o\

4 V—b+— — —
( T RT ) (V bt RT)
By the equation of state, the quantity in parentheses is RT7/P; substitution leads to:
aPy _P (P Pro do
ar ), T RT T dT

3.31 When multiplied by ¥/RT, Eq.(3.41) becomes:

4 a(T)V/RT y a(T)V/RT

Z= — = —
V—5b (FV+ebiy(V+ob) V—b VId4(e+o)bV + cob?

1 amye 1
C1-bp RT 1+ (e +aYbp + eo(bp)?

Substitute ¥ = 1/0: Z

. . 1
Expressed in series form, the first term on the right becomes: T =1+4+8p+ (b,o)2 +
T

The final fraction of the second term becomes:

1

1+ (e + 0)bp + e (bp)2 1 — (e +a)bp +[(e +0) —ecl(bp) +---

Combining the last three equations gives, after reduction:

Z=14 (b_ a(T))p+{b2+ (e-l—a)a(T)b:l e

RT RT

Equation (3.12) may be written: Z=1+4Bp+Cp*+---

a(l) (€ + a)ba(T)
B = b - = 2 _—
RT and C =5+ RT

551

Comparison shows:




3.36

3.56

For the Redlich/Kwong equation, the second equation becomes:

2 ba(T) a(T)
C=5b+ RT _b(b—l- RT)

Values for a(7") and b are found from Eqs. (3.42) and (3.43), with numerical values from Table 3.1:

, _ D0B6G4RT, a(T) _ 0.42748RT.
B P, RT ~—  TISP,

The numerical comparison is an open-ended problem, the scope of which must be decided by the
instructor.

3z
Differentiate Eq. (3.11): ((‘?ﬁ) =B +2C'P+3DP*+...
T

az
Whence, (—) =B
IP Jr peg

Equation (3.12) with ¥ = 1/p: Z=1+Bp+Cp>+Dp>+ -

LA
Difterentiate: (—m) =B+2Cp+3Dp* +---
do /r
A
Whence, (—) =B
30 /1 p=o
The compressibility factor is related to the measured quantities by:
PV MPYV?
~ nRT~ mRT A4)
. i
By Eq. (3.38), B=(Z-1V = EM (B)
m

(G)ByEQ-(A)a —=m_+—+___~_H_ (C)

Thus Max [% 8 Z| 7 (% M|+ |% 8P| + |% 87| + 1% 6m| + (% 8T

Assuming approximately equal error in the five variables, a +1% maximum error in 7 requires
errors in the variables of <0.2%.

' dB Z dZ dV' dM  dm
(#) By Eq. (B), zZ__ 2 4s
y Eq. (B) B Z—12+Vf+M —~

dP  dr
ByBa (€, = (— - »—) .

22-1(dV" dM dm
P T

—_—
Z—1 v M m

Therefore
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Z
Max [% 8 B| ~ "z"mi‘ (%8P +|%38T})

272 -1
, T I(l%SV’hL % M} + (% 8m|)

For Z == 0.9 and for approximately equal error in the five variables, a +1% maximum error in B
requires errors in the variables of less than about 0.02%. This is because the divisor Z — 1 == 0.1,
In the limitas Z — 1, the error in B approaches infinity.

3.57 The Redlich/Kwong equation has the following equivalent forms, where ¢ and & are constants:

4 a p_ _RT a
TV —b  RINV 4+ b) T ¥V b T\VIV(V +b)

Z

From these by differentiation,

az a(V — b)Y — bRTH(V + b)?
(ﬁ)f T T RTIVAV )iV + b)? )
3P aQV + b))V — b)? — RT2yI(V 4+ b)?
(Eﬁ)T - TIZVZ(F — bYX(V + b)? )
In addition, we have the mathematical relation:
(ﬁ) _ 0Z/3¥)r ©)
P ). @POV)r
Combining these three equations gives
9z aV2(V — by — bRT??V2(V 4 b)?
(5?)? T GRTQV + WV — b)E — RETSEVI(V | by D)

For P — 0, ¥ — oo, and Eq. (D) becomes: lim

92\ _ b—a/RT
P—0 T -

aP RT

For P —» oo, ¥ — b, and Eq. (D) becomes: lim % = i
P \3P /. RT
3.60 (a) Differentiation of Eq. (3.11) gives:
YA s 3z
(ﬁ-—) =B 4+2C'P4+3D'P* +. whence lim {-——} =58
oF /; PONOGP /o
If the limiting value of the derivative is zero, then B’ = 0, and B=BRT=0

(6) For simple fluids, @ == 0, and Eq. (3.59) becomes B® = BP,/RT,. If B = 0, then by Eq. (3.61),

0.422
0 __ J—
B0=0.083 - = =0

F
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0.422\ (/1€
and " (0.083)

3.X1 Figure 3.3 suggests that isochores (paths of constant volume) are approximately straight lines on a
PT diagram. Show that the following models imply linear isochores:

(@) Constant-#, k equation for liquids. (b) 1deal-gas equation. (c) Van der Waals equation.

SOLUTION
Linear isochores require that (8P /87)) = Constant.

P

(a) By Eq. (3.4) applied to a constant-V process: (*) = E
v K

aT
. aP R
(b) Foranideal gas PV = RT, and —_ ==
al f, ¥V

P
{c) Because @ and b are coanstants, differentiation of Eq. (3.40) yields: (%f) = Vib
v —

In each case the quantities on the right are constant, and so therefore is the derivative.

554



Chapter 4 - Section B - Non-Numerical Solutions

4.5 For consistency with the problem statement, we rewrite Eq. (4.8) as:
B C
(Cp)=A+ 3Tt + D+ §T12(7:2 +T+1)

where 1 = T2/7;. Define Cp,_ as the value of Cp evaluated at the arithmetic mean temperature T,p,.
Then:

Cpp = A+ BT + CTE
L+Nh N+ TN Ti(r+1 Tt
where Tom = 2 Lot L. 1z ) and Tazljlz—l(r2+2r+l)
2 2 2 4
B €2, 2
Whence, Cpm=A+5Ti(r+I)+ZTI (r°+2t+1)

Define § as the difference between the two heat capacities:

441 r2+2r+1)

Sr—_(Cp)—CpamZCTf"( 3 2

. . CT? ,
This readily reduces to: § = Hﬁ_(r ~- 1
Making the substitution v = 7>/ T yields the required answer.

4.6 For consistency with the problem statement, we rewrite Eq. (4.8) as
B D
(CP)=A+ET1(T+1)+—

T le

where r = 7,/7;. Define Cp,, as the value of Cp evaluated at the arithmetic mean temperature 7.
Then:

D
Cfiam:A+‘BTam+T_2

am
As in the preceding problem,
Ti(z+1 T?
Tam = LZ-J and 2 :_7}(12+2r+ 1)
B 4D
Whence, Ce, =A+=T1(t+1D+ 3
2 Ti(r2+2t+ 1)

Define § as the difference between the two heat capacities:

D1 4
(Cr) = Cra Tﬁ(r r2+21’+1)

2
This readily reduces to: s= L2 (=1
TPt \t+1

Making the substitution T = 73/7) yields the required answer.
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4.8 Except for the noble gases [Fig. (4.1)], Cp increases with increasing T. Therefore, the estimate is
likely to be low.

4.27 (a) When the water formed as the result of combustion is condensed to a liquid product, the resulting
latent-heat release adds to the heat given off as a result of the combustion reaction, thus vielding a
higher heating value than the tower heating value obtained when the water is not condensed,

(F) Combustion of methane(g) with H,O{g) as product (LHV):

C(s) + O4(g) — CO1(g) AHSe = —393,509
2Hy(g) + O0z(g) = 2H20(g) A Hjpg = (2)(—241,818)
CHy(g) — C(s) + 2Ha(g) AHe = 74,520

CHa(g) + 20:(g) = CO.(g) + 2H;0(g) | AHgp = —802,625 ] (LHVﬂ

Combustion of methane(g) with H,O(/) as product (HHV):
CHa(g) -+ 202(g) ~» CO2{g) + 2H20(g) AH;4, = —802,625
2H,O(g) — 2ZH,0() A Hsae =(2)(—44,012)

CHalg) + 202(g) = COx(g) + 2H,0() | AHSys = —890,649 ] (HHV)

(¢) Combustion of n-decane(!) with HzO(g) as product (LHV):

10 C(s) + 10 04(g) — 10C04(g) AHsge = (10)(—393,509)
11 Hx(g) + 5302(g) — 11 H20(g) AHje = (11)(—241,818)

CioHaz(D) = 10C(s) + 11 Ha(g) A HS, = 249,700

CioHaa(l) + 15402(g) > 10C0x(g) + 11 H;0(g) | AHz = —63453881 (LHV) |

Combustion of n-decane(/) with HoO(f) as product (HHV):
CioHaa() + 1520,(g) — 10CO,(g) + 11 HyO(g)  AHz, = —6,345,388
11 H,0(g) — 11 H,O() AHg = (11)(—44,012)

CioHaa () + 15105(2) = 10COx(g) + 11 H,0() | AHge= —6,829,520 7 (HHV)]
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5.1

Chapter 5 - Section B - Non-Numerical Solutions

Shown to the right is a PV diagram with two adi-
abatic lines 1 — 2 and 2 — 3, assumed to inter- 3
sect at point 2. A cycle is formed by an isothermal
line from 3 — 1. An engine traversing this cycle P
would produce work. For the cycle AU = 0, and
therefore by the first law, O + W = 0. Since
W is negative, Q must be positive, indicating that
heat is absorbed by the system. The net result
is therefore a complete conversion of heat taken
in by a cyclic process into work, in violation of
Statement 1a of the second law (Pg, 156). The

Intersecting
adiabatics

assumption of intersecting adiabatic lines is there-
fore false.

Vv

5.5 The energy balance for the over-all process is written: 0 = AU + AEx + AEp

5.6

5.11

Assuming the egg is not scrambled in the process, its internal-energy change after it returns to its initial
temperature is zero. So too is its change in kinetic energy. The potential-energy change, however, is
negative, and by the preceding equation, so is (). Thus heat is transferred to the surroundings.

The total entropy change of the process is;  ASpm = AS + ASY

surm

Just as AUY for the egg is zero, so is AS’. Therefore,

Gour -0

AStotal:AS;m: T - T

Since ( is negative, ASia 15 positive, and the process is irreversible.

By Eq. (5.8) the thermal efficiency of a Carnot engine is: =1 — %

. . 0 1 a
Differentiate: (_’?) = — and (_.1) - _j:% - Ic 1
o7 Ty Ty 0Ty Te Ty Ty Ty

Since T/Ty is less unity, the efficiency changes more rapidly with T than with Ty. So in theory it is
more effective to decrease 7. In practice, however, T, is fixed by the environment, and is not subject
to control. The practical way to increase # 1s to increase Ty . Of course, there are limits to this too.

For an ideal gas with constant heat capacities, and for the changes T} — T> and P, — P, Eq. (5.14)

can be rewritten as:
T ya)
AS=Cpln{—=)—RIn{ =2
7 P

7, Py n
A If B=P, AS,=Cpln| - If V, =V = ==
() 2 1 P P (Tl) 2 1 Pl T]
Whence, ASy =Cpln (IE) —Rln (E =Cpln E
n T 'a
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Since Cp > Cy, this demonstrates that ASp > ASp.

Py n P
BIf =T, AS;= R I m=v, =22
(b) 2 1 T (PI) f b P
Py Py P
Whence, ASy =Cpln| — Rin Cpl
g Pn(Pl) (Pi) VU(PI)

This demonstrates that the signs for ASy and AS} are opposite.

5.12 Start with the equation at the top of Page 167:

ds CEdT L 4T  dP
——k——dIP_id———
R R T R T P

Foranideal gas PV =RT, and ln P+ In¥V =1nR +1InT. Therefore,

dpP dv dT dar dT dv
P v T P T vV

Whence, —_ = = R

ds _CpFdT dT dV _ CE dT
R R T T ¥V

Because (Ci£/R)—1=C/#/R, this reduces to:

ds  Cifdr
@ _ g amy
- g T tém

AS [ c’ga’:rH v
aS 0 -
R J. R T Vo

Integration yields:

H ok ok kock ok ok ok ok %k osk ok ok ok ok ok ok ok ok ok %k

As an additional part of the problem, one could ask for the following proof, valid for constant heat
capacities. Return to the original equation and substitute d7/7 =dP/P +dV/V:

dS CEdp CEdv dP_c;gdi+c’ng

R R P RV P R P R V

AS CEF P CE_V
= ey ZEln—
R R PO R Vo

Integration yields:

5£.13 Asindicated in the problem statement the

basic differential equations are: Tt Tu
d
AW —dQy —dQc =0 (4) co
d T, Thel,
QH . H (B) dW ——— L -t
dQc  Tc P
where Q¢ and Oy refer to the reservoirs. 4@c

Tc
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(@) With dQgy = CydTy and dQ¢ = CpdTc, Eq.(B)becomes:

ChdTy Ty o dTc Cy, dTy
_ ——— T —_— T e ———
CLdTc Te Te Ce Tu
Cr
Whence, dinfe = —-VdInTy where ¥ = C—?
c

Integration from Ty, and 7¢, to Ty and Ty yields:

T, Ty \ Y Ty \ Y
.‘_Lg.n - (_H) or TC — TCU ( H)
TCo THn THu

(b With dQ0y = CydTy and dQc = CldTc, Eq.(A4)becomes:

dW = C;{dTH + CédTC
Integration yields: W =Cy(Ty — Ty,) + CL{Tc — Te,)

Eliminate T by the boxed equation of Part {g) and rearrange slightly:

1 Tu t Ty -
W = CHTHO E - 1) + CCTCO ('f;) - l
0 0

{(¢) For infinite time, Ty = Te = T, and the boxed equation of Part (a) becomes:

T —y T U
r=re () =7 ()
0

From which: TV = T (T
T = (TCO)I/{\PH)(THD)\P/(WH) and Ti — (TCO)I/(‘I’H)(THD)'J’/(WH)*I
Hy

Because W/(W + 1) - 1 = —1/(¥ + 1), then:

T TCD 170V +1) T - TCO —W 1)
— == and — ==
THo THO THu THn

Because Ty = T, substitution of these quantities in the boxed equation of Part () yields:

T 1/(¥+1) T =W+l
W = C% Ty, [(T—j) — 1|+ CLTe, (T_Co) 1
o Hy

5.14 As indicated in the problem statement the Ty
basic differential equations are: dQy -
dW —dQy —dQc =0 4 gw 7
aQn _ Tu -
=K B e
20¢ T (B) dQc
where Q¢ and O g refer to the reservoirs. T Tc
Co

559




(@) With d(Qp = CLdTe, Eq.(B)becomes:

d0w  Tn Th

S 40y = -CLL4T,
CidTe ~ Te o Qn cT."C

Substitute for 0y and 4 Q¢ in Eq. (A):

dT,
dW = —CLTy—5 + CldTe
Tc
Integrate from T¢, to T

T T
W=—CLTyln =< +ChiTec —Te,)  or W=CL|Tyln=" + 7o — Ty,
Te, Te
{6) For infinite time, Tr. = Ty, and the boxed equation above becomes:
T,
W = Ch (Tﬂlnﬂ + Ty — Tco)
Ty
5.15 Write Egs. (5.8) and (5.1) in rate form and combine to eliminate \Qm:
W T, W , . T,
—-.—L= S or F—L:IWI+\Q1 where r= 25
W+ 1Qci Ty l—r Ty

With |QCJ = kA(Te) = kA(r Ty)*, this becomes:

e T A R N L !
L4 (1 — - 1) = |W| (—1 r) =kAr'(T)t o A= [k(TH)“jl T

Differentiate, noting that the quantity in square brackets is constant:

d4 | |W| [ -3 N 1 ]_ 34 {4r—3]
dr LR | Q= T 0= k@ L = rzs

Equating this equation to zero, leads immediately to: 4r =3  or

5.20 Because # = 0, Eq. (2.3) here becomes:

Q = AU’ = mCV/_\T

A necessary condition for AT to be zero when ( is non-zero is that m = co. This is the reason that
natura} bodies (air and water) that serve as heat reservoirs must be massive {oceans) or continually
renewed (rivers).

5.22 An appropriate energy balance hereis: O =AH' =0

Applied to the process described, with T as the final temperature, this becomes:
mi Ty +my 1

miCp(T — 1Y +maCp(T —T2) =0 whence T = % )
my 4+ my

If miy=my, T =(T1+1)2
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5.23

5.24

5.31

The total entropy change as a result of temperature changes of the two masses of water;

T T
ASf:m1CpInﬂ—+m2CpIn—w (2)
Vi g
Equattons (1) and (2) represent the general case. If m; = my = m,
AS Cpl r AS =2mCpl d
= n or =2m n—
"R SV oy

Because T = (1 + T2)/2 = /1 T3, AS' is positive,

Isentropic processes are not necessarily reversible and adiabatic. The term isenfropic denoies a pro-
cess for which the sysfem does not change in entropy. There are two causes for entropy changes in a
system: The process may be internally irreversible, causing the entropy to increase; heat may be trans-
ferred between system amd surroundings, causing the entropy of the system 1o increase or decrease.
For processes that are internally irreversible, it is possible for heat to be transferred out of the system
in an amount such that the entropy changes from the two causes exactly compensaie each other. One
can imagine irreversible processes for which the staie of the system is the same at the end as at the
beginning of the process. The process is then necessarily isentropic, but neither reversible nor adia-
batic. More generally, the system conditions may change in such a way that entropy changes resulting
from temperature and pressure changes compensate each other. Such a process is isentropic, but not
necessarily reversible. Expansion of gas in a piston/eylinder arrangement is a case in point. It may be
reversible and adiabatic, and hence isentropic. But the same change of state may be irreversible with
heat transfer to the surroundings. The process is still isentropic, but neither reversible nor adiabatic.
An igentropic process must be either reversible and adiabatic or irreversible and non-adiabatic.

T
Jn CodT [ CpdT
Tr—-T hLhw—-T
By inspection, one sees that for both T > Ty and 7y > T the numerators and denominators of the
above fractions have the same sign. Thus, for both cases (Cp),, is positive.
7, o df

r  dT
InCrq _ S Crg

I(T/Ty)  In(fo/7)

By definition, (Cply =

Similarly, (Cplg =

By inspection, one sees that for both T > T and Ty > T the numerators and denominators of the
above fractions have the same sign. Thus, for both cases {Cp)g is positive.

When T' = 7, both the numerators and denominators of the above fractions become zero, and the
fractions are indeterninate. Application of 'Hopital’s rule leads to the result: {Cp)y = {Cp)g = Cp.

The process irvelves three heat reservoirs: the house, a heat sink; the fumace, a heat source; and the
surroundings, a heat source. Notation is as follows:

1O Heat transfer to the house at temperature T
{Qr] Heat transfer from the furnace at 7'
is| Heat transfer from the surroundings at 7,

The first and second laws provide the two equations:

10l [@rl ¢l

|Gl = 10F] -+ Q4] and T—T—F——To—-=0
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5.32

Combine these equations to eliminate | O, 1, and solve for | Q|

T_
IQFI—IQi( T”)Zfil

Tp—~T,] T
With T'=295K T =810K T, =265K and |Q| = 1000 kJ
The result is: ! 1@ = 151.14 k)

Shown to the right is a scheme designed to ac-
complish this result. A Camot heat engine op-
erates with the furnace as heat source and the
house as heat sink. The work produced by the en- | OF|
gine drives a Camnot refrigerator (reverse Carnot
engine) which extracts heat from the surround-
ings and discharges heat to the house. Thus the

FURNACE @ Tr

__Wen gine

\

heat rejected by the Carnot engine (}0:]) and by Q1!
the Carnot refrigerator (| O2]) together provide the |
heat ] Q| for the house. The energy balances for _ HOUSE @ T J
the engine and refrigerator are: i0a]

IW]engine = IQFf - lQl[
| ety = 1921 — 1961
Equation (5.7) may be applied to both the engine

and the refrigerator: SURROUNDINGS @ T,
0+ _ Tr 0.1 _ T,
O T Q0 T
Combine the two pairs of equations:
, Tr Tp—T 7, T-T,
Echine: ——1]= W g = ] ——] =
iW |eng le(T ) @1l — | W | rerig IQzE( T) |22} 7
Since these two quantities are equal,
0T o e 102l = 10112
1 =it T or 2l = e T

Because the total heat transferred to the house is Q] = 10+] + [ Q2l,

T

T Te—T\ . Tr—T,
JQI—!Q1I+!Q11T_TU—IQli(l-z—T_Ta)_}Q”_T__TH

r T (Tr— T,

But |Q11:\QF|T—F whence IQ}:]QFET_F (?7)

Solution for | O | vields the same equation obtained more easily by direct application of the two laws
of thermodynamics to the overall result of the process.

The process involves three heat reservoirs; the house, a heat source; the tank, a heat source; and the
surroundings, a heat sink. Notation is as follows:
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|@1  Heat transfer from the tank at temperature 7
|@']  Heat transfer from the house at 7’
iQ.,| Heat transfer to the surroundings at 7,

The first and second laws provide the two equations:

Igtig_gﬂ_o
T, T T

101+ 0 = Q6] and

Combine these equations to eliminate |, |, and solve for | Q)

|@:@( =

T, —-7T'\T
r—T,

With T =448.15K T'=29715K T, =306.15K and [Q'] = 1500 kJ

The result is: |0 = 14338 k]

Shown to the right 1s a scheme designed to accom-
plish this result. A Carnot heat engine operates
with the tank as heat source and the surroundings
as heat sink. The work produced by the engine
drives a Carnot refrigerator (reverse Carnot en-
gine) which extracts heat | (’| from the house and
discharges heat to the surroundings, The energy
balances for the engine and refrigerator are: SURROUNDINGS @ T,

leengine = |Q| - chrll

|Wrrefr£g = ‘Qazl - !Qll

Equation (5.7) may be applied to both the engine
and the refrigeratos:

Qo _ To 10wl _ T
Q| T T HOUSE @ T'
Combine the two pairs of equations:
T, -1, T T, — ¢t
W |engine = l——=]= g — "M== ’
I ‘ g IQI( T) JQI T EWJrefng |QI(T,) IQi T

Since these two quantities are equal,

T—17, T,-T AT =TT
ol ot e-ie(B)

5.36 For a closed system the first term of Eq. (5.21) is zero, and it becomes:

d(mS)ey Qj .
i + ; E =8 >0
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5.37

5.40

where O ; 1s here redefined to refer to the system rather than to the surroundings. Nevertheless, the sec-
ond term accounts for the entropy changes of the surroundings, and can be writien simply as d8;_/dt: -

dmS)e  dS.. . dsi, dsT. .
dt dt 620 o dt P

Muitiplication by &f and integration over finite time yields:

AS, +AS,_ >0 or ASita = 0

The general equation applicable here is Eq. (5.22):

A(Sm)g — Z TQ’T-' =8>0
P

(a) For a single stream flowing within the pipe and with a single heat source in the surroundings, this
becomes: .
g

(AS)n&ﬁT—:ngo

{(b) The equation is here written for two streams (I and If) flowing in two pipes. Heat transfer is
internal, between the two streams, making 0 = 0. Thus,

(AS)m; + (AS)yrmy = S¢ = 0

(¢) For a pump operatiing on a single stream and with the assumption of negligible heat transfer to
the surroundings:

(AS)m = Sg >0
{d) For an adiabatic gas compressor the result is the same as for Part (¢).
(e) For an adiabatic turbine the result is the same as for Part (¢).
()} For an adiabatic throttle valve the result is the same as for Part (¢).
(2) For an adiabatic nozzle the result is the same as for Part (¢).
The figure on the left below indicates the direct, irreversible transfer of heat | Q| from a reservoir at 7}

to a reservoir at 7. The figure on the right depicts a completely reversible process to accomplish the
same changes in the heat reservoirs at Ty and T;.

T 7 Ip)
Wideal
Q] e 0|
w W
Q! ! o
Iy Ty
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The entropy generation for the direct heat-transfer process is:

So = | 11y T~ T
o= Ql(};n)—lQ!( — )

For the completely reversible process the net work produced 18 Wigea:

-7, T, -7,
IWzI:lQI(l——) and JW2|—|Q|(2T2)

7
=1
Widea = |W1| — |W3| = T,
ideal | l| I 2' O'IQI( TITZ )
This is the work that is lost, Wiy, in the direct, irreversible transfer of heat |(]. Therefore,
-1
Wist = T = T58

lost iQI T] T2 a2G

Note that a Carnot engine operating between 77 and 7> would not give the correct Wiyea or Wigq,
because the heat it transfers to the reservoir at 75 is not (.

5.45 Equation {5.14) can be written for both the reversible and irreversible processes:

T T
AS.HTW = f C,;’g = —1In ) ASrez\«' = f C;’g — —In =
T T P Ty T P
: B dT
By difference, with AS,, = 0: A Sigey = / C Pg i
Trev

Since A Sire, must be greater than zero, T, must be greater than 7,.
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Chapter 6 - Section B - Non-Numerical Solutions

H s
6.1 By Eq. (6.8), (1—5) =T and isobars have positive slope
P

Differentiate th di i - BT)
n: =\ %
ifferentiate the preceding equatio 952 /, 38 /p

3 H T . ..
Combine with Eq. (6.17): —— | = -— | and isobars have positive curvature.
as?2 ), Cp

6.2 (a) Application of Eq. (6.12) to Eq. (6.20) yields:
(BCP) . [B{V — T(BV/BT)F}}
P

P J, aT
. 2 :
or 0CPN _ (37N _p(2F) (3
aP J; aT /p ar: /. aT /»
2
Whence, E—'{ =-T ﬂ
aP J; aT? Jp
2
For an ideal gas: QK = E and ﬂ =0
4T J, P aT? J,

(A) Equations (6.21) and (6.33) are both general expressions for 48, and for a given change of state
both must give the same value of d5. They may therefore be equated to yield:

aT (3P av
@b—ﬁ%——(—)dV+C—)dP
r v P

ar arT
aFr
Restrict to constant P: Cp=Cp+T|— ?K
a7 /. \oT /p
av ar
By Egs. (3.2) and (6.34): W) =gV and — ] = E
aT /p arj, «
Combine with the boxed equation: Cp—Cy =TV (E)
i

6.3 By the definitionof H, U/ = H — PV. Differentiate:

all oH oV aly 14
Ty (=) (2 — Y =Cp-P|
(aT)p (af)p (ar)P o (aT)p cr P(aT)P
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Substitute for the final derivative by Eq. (3.2), the definition of 8:

ali
() -or

Divide Eq. (6.32) by dT and restrict to constant P. The immediate result is:

(5%), ~e [ (37), 7] (),

Solve for the two derivatives by Egs. (6.34) and (3.2); substitution gives:

auvy B _ ~
(ﬁ)‘p =Cy+ - (BT KP)V}

6.4 (a) In general, AU =CypdT + [T (g—?)y — P] av {6.32)
By the equation of state, P = E whence (E) = —R—- = E
V—b orj, ¥v-b T
Substituting this derivative into Eq. (6.32) yields 40/ = C d7, indicating that {7 = f(7T) only.
(b) From the definition of H, dH =dU +d(PV)
From the equation of state, d(PV)=RdT +bdP

Combining these two equations and the definition of part (a) gives:

dH =CydT + RdT +bdP = (Cy + R)dT + bdP
Then, (%) =Cyr+ R
T Jp
By definition, this derivative is Cp. Therefore Cp = Cp + R. Given that Cy is constant, then
soisCpandsois y=Cp/Cy.
(¢) For a mechanically reversible adiabatic process, dU = . Whence, by the equation of state,

RT d(V —b)
2 = — = - — =—-RT ——
CpdT = —PdV —dV —
ar _ Rd! (V —b)
o FT

But from part (), R/Cy =(Cpr —Cy)/Cy =y —1. Then
dInT = —(y — DdIn(V — b) or dinT +dIn(V — by 1 =0

From which: TV — b)Y~ ! = const.

Substitution for T by the equation of state gives

PV = bV — byr!
R

= const, or PV — b)Y =const.
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6.5 It follows immediately from Eq. (6.10) that:

: 3G
ar /. o7 /p

Differentation of the given equation of state yields:

dar(r
P dar

Once V and § (as well as (7} are known, we can apply the equations:

V

H=G+TS and U=H PV =H—RT
These become:
dar{r dar(m
=N -T d U=0I'(T"Yy—T——— —RT
H=I(T) T an (T) T

By Egs. {2.16) and (2.20),

o al/
= | — Cr = | —
Cr (BT)P and g (aT)V

Because I' is a function of temperature only, these become:

d’T d’r N

E_T—i and CV:ﬁTﬁ—Ricf)_R

The equation for ¥ gives the ideal-gas value. The equations for A and U/ show these properties to be
functions of T only, which conforms to ideal-gas behavior. The equation for S shows its relation to
P to be that of an ideal gas. The equations for Cp and Cp show these properties to be functions of 7
only, which conforms to ideal-gas behavior, as does the result, Cp = € + R. We conclude that the

given equation of state is consistent with the model of ideal-gas behavior.

Cp=-T

6.6 It follows immediately from Eq, (6.10) that:

G
V=|— and S= — 92
P, ar /,

Differentation of the given equation of state yields:

dF(T)
4T

Once V and § (as well as G) are known, we can apply the equations:

H=G+TS and U=H-PV=H-PK

These become:

dET) and U =1y — 74D

H=FIT)+KP-T
() + =T 7

By Eqgs. (2,16} and (2.20),

8H U
Cp= {2 = (22
P (aT)P and Cv (BT)V
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Because F is a function of temperature only, these become:

B d&F B d*F
Cp———Tﬁ and CV—— ZJ—TEZCP
The equation for ¥ shows it to be constant, independent of both 7 and P. This is the definition of
an incompressible fluid. H is seen to be a function of both T and P, whereas U, S, Cp, and Cp are
functions of 7 only. We also have the result that Cp = Cp. All of this is consistent with the model of

an incompressible fluid, as discussed in Ex. 6.2.

6.11 Results for this problem are given in the text on page 213 by Egs. (6.59) and (6.60) for GR and H¥.
Eq. (6.45), page 206, then yields S¥.

6.12 Parameter values for the van der Waals equation are given by the first line of Table 3.1, page 99. At
the bottom of page 214, it is shown that 7 = 8/Z. Equation (6.63b) therefore becomes:

G* g
= Z=1-InZ —p) -

For given T and P, Z is found by solution of Eq. (3.49) for a vapor phase or Eq. (3.53) for a liquid
phase with ¢ = € = 0. Equations (3.50} and (3.51) for the van der Waals equation are:

i ; Y
T RT an 7737,

B

With appropriate substitutions, Eqs. (6.64) and (6.65) become:

H’R qﬁ S-R
Z 7112 d 1 _
Z an n(Z — B)

6.13 This equation does not fall within the compass of the generic cubic, Eq. (3.41); so we start anew. First,
multiply the given equgation of state by V/RT:

Py ¥ ( a
RT V=05 P\VrT

Substitute: z=27 y = ?_
ubstitute: =z7 =5 PRT = q
Then, Z = exp(—gqbp)
1—5bp
With the definition, £ = bp, this becomes:
1
L= exp(—gq§) (4)
1-£
B P/ZRT £ = i
gcausec p = P/ . = 7RT

Given T and P, these two equations may be solved iteratively for Z and &,

Because b 1s a constant, Egs. (6.57) and (6.58) may be rewritten as:
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6.18

6.19

GR 3 d‘g;:
ﬁ:fo(z_l)?Jer—lnz (B)

HE 8037\ ds
=l ()52 ©

In these equations, Z is given by Eq. (4), from which is alsc obtained:

A . (% L E——Ts
nZ =—In(l — &) —gé& a BT)Eﬂmexp 4

The integrals in Egs. (B) and (C) must be evaluated through the exponential integral, E{x), a special

function whose values are tabulated in handbooks and are also found from such software packages as
MAPLE®. The necessary equations, as found from MAPLE®, are:

§ d
fo (Z - l)f = exp(—gH{E[—q(1 = £)] — E(—q)} — E(g§) — In(g&) — ¥

where y is Euler’s constant, equal to 0.57721566. ...

£ raz
and 7 fo (ﬁ)‘f%=qexp(rq){E[fq(1—5)]—E(—q>}

Once values for GR/RT and H®/RT are known, values for S¥/R come from Eq. (6.45). The diffi-
culties of integration here are one reason that cubic equations have found greater favor.

Assume the validity for purposes of interpolation of Eq. (6.70), and write it for T3, T, and T:

B
hl stat — A _ E (A}
B
l Psat - 4 - _
n T (8)
B
A =d-x (©)
7
sat
Subtract (C) from (A4): ln el ] (i - i) =B (T - T)
P n I T
sat
Subtract (C) from (B): In P =B 11 _ B (T -1
P noT T

The ratio of these two equations, upon rearrangement, yields the required result,

Write Eq. (6.70) in log,, form: log Pt = 4 2 A
r
.. . B
Apply at the critical point: logP, = A— — (B)
T,

B
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(&)

11 7, -1
log P =B | —— =} =B[—
o =s(z 7)o ()

By difference,
If P is in {atm), then application of (4) at the normat boiling point yields

B
fogl =4 - — or
T, 7,

n

With ¢ = T,/ T, Eq. (B) can now be written:

1 1 r.— T, 1—-4
logP.=B|———=—1=8 % =B
TH TC T)’ITC Tn

Whence,
Equation (C) then becomes:

T, T -1 e 7 —1

log Pt — i r 1 P=f— 4 1 P.

et C—e)(r")Og h_e)(zp)°g
3

Apply at T, = 0.7: log(P*") 207 = — 7 (I 8) log P,

= —1.0 — log(P.*™) 07

_3(f Niogr, -1
P=a\1-4) %"

The slopes of isobars and isochores on a 7.5 diagram are given by Egs. (6.17) and (6.30)

ar T aT T
— and — = —
as/, Cy

By Eq. (3.45),

Whence,

6.83
3 /), Cp
Both slopes are necessarily positive. With Cp > Cy, isochores are steeper.
An expression for the curvature of isobars results from differentiation of the first equation above
T [ T ( aC p) :|

82T) 1 74t T [aCp\ T T [3Cp arTy
382 Jp  Cp\3S/)p CE\03S /), C: CL\3T /p\85/) C3 Cp \ 8T
r

f’i(—:i =5 and 1-— BCP =
aT CP

B bT _ a
a+bT  a+bT

With Cp =a -+ bT,

Because this quantity is positive, so then is the curvature of an isobar.

6.84 Division of Eq. (6.8) by 45 and restriction to constant T yields
ary -1
S )y BV

(8H S i By Eq. (6.25)
as ), = 38 yEL e

@£)~T l—le—n
s/, T B B

Therefore,
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6.85

Ao, (%j)fﬁ (gﬁ) # (%) (as) Zﬁi(a_ﬁ) (‘ﬁ__;)

Wh 9*H 1 aﬁ
1 — = . — | =
o a2 ), BV
By Egs. 3.2)and (337 f= = (L d y="L . 5
. . . : = — | — dan e
y Egs. (3.2) am v\ar)/, P
Wh av R dB ; g | (R+dB)
—_— ] =4 — an = —| -4+ —
enee, oT ), P dT VAP ar

Differentiation of the second preceding equation yields:

8y R £+dB)l Q/_) R -6 (dV)
(ﬁ)r“_ﬁ"(f) dT W(aPT“ V P2 3P

. aV RT
From the equation of state, —_— ===
3P ), Pz
3p R  BRT _
enee, (BP)T TR VP2 BT -1

Clearly, the signs of quantity (8T — 1} and the derivative on the left are the same. The sign is deter-
mined from the relation of f and V to B and 4B /dT:

RT—%—TdB TdB B
ﬁT1=£(£+‘_”£)_1_L_i§I_ dr
~ RT ~ RT

yi\p dT c B +B

In this equation 4B /dT is positive and B is negative. Because RY /P is greater than | B/, the quantity
BT — 1 is positive. This makes the derivative in the first boxed equation positive, and the second
derivative in the second boxed equation negative.

Since a reduced temperature of 7. = 2.7 is well above "normal” temperatures for most gases, we
expect on the basis of Fig. 3.11 that B is (—) and that dB/dT is (+). Moreover, &*B /dT? is (—).

By Egs. (6.53) and (6.55), G =BP and SR = —~P(dB/dT)

Whence, both G¥ and 8% are (—). From the definition of G¥, H® = G¥ 4+ TS%, and H?is(-).
By Eqgs. {3.37) and (6.40), VR =B, and V% is(—).

Combine the equations above for G*, §%, and H%:

dB AHR dB _dB dB B
HY~PlB-T— Wh = - rlZ _prd 2
( dT) e, ( aT ) P (dT d7? a’T) PT

aHk
aT

Therefore, CE& = ( ) is (-++). (See Fig. 6.5.)
P

572




Chapter 7 - Section B - Non-Numerical Solutions

7.2 (a) Apply the general equation given in the footnote on page 260 to the particular derivative of interest
here:
o7y aT a8
3P ), \as/.\ar/,
The two partial derivatives on the right are found from Eqs. (6.17) and (6.16); thus,
ery T [V
aP /),  Cp\3T/p

For gases, this derivative is positive. It applies to reversible adiabatic expansions and compressions
in turbines and compressors.

(b) Application of the same general relation (page 260} yields:

(), (), 7).

The two partial derivatives on the right are found from Egs. (2.16) and (6.3 1); thus,

(7))

For gases, this may be positive or negative, depending on conditions. Note that it is zero for an
tdeal gas. Tt applies directly to the Joule expansion, an adiabatic expansion of gas confined in a
portion of a container to fill the entire container.

7.3 The equation giving the thermodynamic sound speed appears in the middle of page 250. At written,
it implicitly requires that ¥ represent specific volume. This is easily confirmed by a dimensional
analysis. If ¥ is o be molar volume, then the right side must be divided by molar mass:

2__V7' ar y
= ﬂ‘ﬁs ()

Applying the equation given in the footnote on page 260 to the derivative yields:

BP) _ oP a5
av /)~ \as/ \av /),
This can also be written:

&) 1), GG, 7)) G), G )G, (7))

Division of Eq. (6.17) by Eq. (6.30) shows that the first product in square brackets on the far right is
the ratio Cp /Cy. Reference again to the equation of the footnote on page 260 shows that the second
product in square brackets on the far right is —(3 2/d V)7, which is given by Eq. (3.3).

Therefore, (g) = Cr (Eﬁ) = Crf-1
v ), -, \av ). T 6 v
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7.6

N

7.8

Substitute into Eq, { 4): ct = or c=

(a) For an ideal gas, V' = RT/P and k = 1/P. Therefore, ' = %%
V v

{£) For an incompressible liquid, ¥ is constant, and « = 0, leading to the result: ¢ = co. This of
course leads to the conciusion that the sound speed in liquids is much greater than in gases.

| i
| m 2
{\: l
L]
/l
|
| | Critical-pressure
ratio
Py P
0 A
0 1.0
Paj Py

As P> decreases from an initial value of P, = Py, both u, and m steadily increase until the critical-
pressure ratio is reached. At this value of P;, u; equals the speed of sound in the gas, and turther
reduction in P; does not affect u, or m.

The mass-flow rate mz is of course constant throughout the nozzie from entrance to exit.

The velocity » rises monotonically from nozzle entrance (P/P; = 1) to nozzle exit as P and P/ Py
decrease.

The area ratio decreases from 4/A4, — 1 at the nozzle entrance to a mimimum vaiue at the throat and
thereafter increases to the nozzle exit.

Substitution of Eq. (7.12) into (7.11), with u; = 0 gives:

2y PV 2 2
utzhmat: ¥l 1(1 ):}’PI 4] (—)
y—1 Y+ 1 y+1

where ¥ is specific volume in m*-kg~! and Py is in Pa. The units of 3, are then:

N
P;:-l-m3-kg_1=—2-m3-kg_':N-m'kgfl=kg-m-s”2-m-kg*l:mz-sf2
m

With respect to the final term in the preceding equation, note that P /| has the units of energy per unit
mass. Because 1 N - m = 1 J, equivalent units are J-kg~'. Moreover, P\ V; = RT,/M; whence

r
2 o }/RTI 2
throat ~ M v+ 1

With R in units of J-(kg mol) "' K™!, RT;/M has units of J')kg~! or m?-s 2.
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7.16 It is shown at the end of Ex. 7.5 that the Joule/Thomson inversion curve is the locus of states for which

(82/8T)p = 0. We apply the following general equation of differential calculus:
()= (). ()

ay /. ay /., dw v dy /,

aZy  (dZ n 3z ap

3T ), \oT ), \8o /), \3T/p

(7),- (7).~ (), (&)

ar ), \oT /), \op/p \0T /p

Whence,
P ap P —1 9z
= = S5r d - == Z+T|—
Because P =pZRT, Jol ZRT an (BT)P R {(ZT)Z [ + (BT
Setting (8Z/0T)p = 0 in each of the two preceding equations reduces them to:

9z BZ) ( dp ) dp P o

—} == — and el B ==

ol /, o Jr \3T /p 0T J» ZRT? T

Combining these two equations yields:

(82) (82)
T|l—1} =p| —
el /, dp Jr

(@) Equation (3.41) with van der Waals parameters becomes:
RT o

P_

)

Multiply through by V/RT, substitute Z = PV /RT, V = 1/p, and rearrange:
z— L @
l—-bp RT

In accord with Eq. (3.48), define ¢ = a/bRT. In addition, define £ = bp. Then,

=17f " g&
az 3z
Differentiate; — === = —Ed—q
8T )~ \oT ), ~dT
By Eq. (3.43) with a(7}) = 1 for the van der Waals equation, g = ¥/ QT,.. Whence,
dg W /-1\dl, ¥ 1 ¥ | g
dr ~ Q\72/dr = QT?1T., QTrI, T
Then, E)—Z- = (—¥§) (—— —q—) = ﬁ
8T /, T A
In addition, (%) — (a_g) -t
op Jy 3 Jr (1-§)
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Substitute for the two partial derivatives in the hoxed equation:

g5 b _ ¢
T 0 g

—gé

Whence, Eelm (8

Vg
By Eq. (3.43), P. = QRT./b. Moreover, P = ZpRT. Division of the second equation by the
first gives P, = ZpbT/2T,. Whence

_ZET
P= (©)

These equations allow construction of a 7, vs. P, inversion curve as in Fig. 7.2. For a given value
of T;, calculate q. Equation (8) then gives &, Eq. (4) gives Z, and Eq. (C) gives P,.

(b) Proceed exactly as in Part (a), with exactly the same definitions. This leads to a new Eq. (4):
! 9§

zZ——_ 9 A
1-& 1+4¢ 4
By Eq. (3.43) with a(T,) = 7,7% for the Redlich/Kwong equation, ¢ = W/ QT'5. This leads to:
dq 15 3z 1.5g¢
G R and 2y = 29
dT T aT ), = TU+E)
¥/ b by
Moreover, — = 7 - 3
doJp (—8¥ (A+85)

Substitution of the two derivatives info the boxed equation leads to a new Eq. (B):

IAETAS i
g_(l—é) (2.5+1.5é) *)

As in Part (a), for a given T,, calculate g, and solve Eq. (B) for &, by trial or a by a computer
routing. As before, Eq. (A4) then gives Z, and Eq. (C) of Part (a} gives P,.

7.17 (a) Equalto. (&) Lessthan. (c)Lessthan. (d) Equalio. (e) Equalto.

7.28

7.33

When a saturated liquid is expanded in a turbine some of the ligunid vaporizes. A turbine properly
designed for expansien of liquids cannot handle the much larger volumes resulting from the formation
of vapor. For example, if saturated liquid at 5 bar expands isentropically to 1 bar, the fraction of the
original liquid that vaporizes is found as follows:

Sy =S+ xSy —8H =35

s S8 1.8604 —1.3027
XA\ = =
TSyl 73598 — 1.3027

Were the expansion irreversible, the fraction of liquid vaporized would be even greater.

=0.0921

or

Apply Eq. (2.29) to this non-steady-state process, with » replacing m, with the tank as control volume,
and with a single inlet stream. Since the process is adiabatic and the only work is shaft work, this
equation may be multiplied by 4 to give:

dnum — Hdn = dW,
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7.40

Because the inlet stream has constant properties, integration from beginning to end of the process

yields:
WS = anz - n1U1 —nH

where the subscripted quantities refer to the contents of the tank and » and /7 refer to the inlet stream.
Substitute n =my —myand H = U+ PV =U+ RT:

W5=n2U2-—n1U] —(Hz—-nl)(UJrRT)—_—Hz(UZMU—RT)—H](UI —U—RT)
With AU = €' AT for an ideal gas with constant heat capacities, this becomes:
W =m[Cp(l; —T) = RT]—m[Cy(T1 — Ty — RT|]

However, T = T;, and therefore:

WS = ?’Ez{CV{Tz - Tl) - RT;] +H]RTI

P2 (y—1/y)
By Eq. (3.29b), = (-—)
Py
Moreover ny = Pt Vi and iy = P2 Viank
’ 'Y TRT T Rn

With ¥ = 1.4, T» = 573.47 K. Then, with R = 8.314 m® kPa kmol™!' K7,
_(101.33)(20) o — (1000)(20)
T (8.314)(298.15) T (8.314)(573.47)

Substitution of numerical values into the boxed equation, with R = 8.314 kJ kmol™! K1, gives:

= 0.8176 kmol and = 4.1948 kmol

)

W, =15 633kl
Combine Eqgs. (7.13) and (7.17):
. A
W, = i AH = ;&( s
7
By Eq. (6.8), (AH)s = [V dP = (VAP

Assume now that AP is small enough that {V}, an average value, can be approximated by V; =
RTy/P;. Then

. . RT,
Wy =hn——AP
np

RT,
(AH)ST- TAP and
i

Equation (7.22) is the usual equation for isentropic compression of an ideal gas with constant heat
capacities. For irreversible compression it can be rewritten:

. ACHT | fB\Cr
W, = =2 —1
7 P

Far A P sufficiently small, the quantity in square brackets becoines:

(Pg Ricr AP\ R/Ce R AP
= —1= 1+—) —1@(1 — )
Pl) ( Pl +C_P P])

The boxed equation is immediately recovered from this result.
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7.41

7.43

7.45

7.46

The equation at the bottom of page 270 gives 7, = Tyw. With this substifution, Eq. (7.23) becomes:

Tﬂf—T] 7 —1
L=TT+—="01{1+
n n

The entropy generation S is simply AS for the compression process, for which Eq. (5.14) may be

rewritten:
AS Cp. T P Cp T Cp. (PN
— =—h=-h—=—h=——In}{ —
R R T P R T, R Py

l+n—1
AS —
_zgﬁm 1o 1 —Inzx :Eiln___n_
R R 7 R T
S, —1
Whence, _G:Eh-l l
R R nT

The relevant fact here is that Cp increases with increasing molecular complexity. Isentropic compres-
sion work on a mole basis is given by Eq. (7.22), which can be written:

P, R/Cp
W,=CpTi(mr—1) where = (F)
1

This equation is a proper basis, because compressor efficiency »n and flowrate # are fixed. With all
other variables constant, differentiation yields:

dW, dm
=T —1 Cp——m
7C» 1[(7I )+ Pde:|

From the definition of 7,

R P dinm 1 dn R P,
nm = —In— whence = — =— 5=
Cp P] dCP J'Tde Cp P[
dn R P
Then, =———In—
dCp Cp? P
dw, R P
and L= TE—I—LIH—2 =T(x—1—-minm)
dCp Cp P

When r = 1, the derivative is zero; for > 1, the derivative is negative (try some values). Thus, the
work of compression decreases as Cp increases and as the molecular complexity of the gas increases.

The appropriate energy balance can be written: W = AH — (). Since { is negative (heat transfer is
out of the system), the work of non-adiabatic compression is greater than for adiabatic compression.
Note that in order to have the same change in state of the air, i.e., the same A H , the irreversibilities of
operation would have to be quite different for the two cases.

There is in fact no cause for concern, as adiabatic compression sends the steam further into the super-
heat region.
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Chapter 8 - Section B - Non-Numerical Solutions

8.12 (a) Because Eq. (8.7} for the efficiency nniese includes the expansion ratio, r. = Va/ V4, we relate
this quantity to the compression ratio, r = V¢ / Vp, and the Diesel cutoff ratio, v, = V,/ Vp. Since
VC = VB, Fo — chVA. Whence,

Fo Ve/Vp Py or 1 re
= = — =7 —_—==
re  Ve/Vs Vo ° Fe T

Equation (8.7) can therefore be written:

1 [(rc/rw—(l/r)}’]_l_1(1/r>}' (rz'—l
vl rir—1/r 1 v 1r rc—l)

) (] oy -1
Q iesel — 1 — | — —
TIDiesel ; Ve — 1)

(») We wish to show that:

NDiesel = 1 —

rl—1 . x7—1
> 1 or more simply

- - _ =]
yi{re—1) a(x — 1)

Taylor’s theorem with remainder, taken to the 1st derivative, is written:

g=gh+g M- x-DH+R

L 6 — 1
where, ng[Jrz'(x Doy ©<o<1

Then, x=1+4a-(x—D+ia-(@a=1-[1+0x-DF? -1

Note that the final term is ®. Fora > 1 and x > 1, R > 0. Therefore:

x*>14a-(x—1) —1l>=a-(x—-1D

d S B
an —_— >
}’(rc_l)

(¢) Ify = 1.4 and r = 8, then by Eq. (8.6):

1 04
Nowe = 1 — (g) and Nowe = 0.5647

1N 2141
o ro=2 NDesicl = 1 — (—) —_— and NDicsel = 049%]

8 142 -1)
1\%4 314
e r.=3 MDesiel = 1 — (g) '1'”4(_3__1)— and NDieset = 0.4317 '
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8.15 See the figure below. In the regenerative heat exchanger, the air temperature is raised in step B — B,
while the air temperature decreases in step D — D*. Heat addition (replacing combustion} is in step

B* — C.
W s — W
By definition, n= A8 7D
Osc
where, Wap = (Hp —~ Hq) = Cp(Tg — T4)
Wep = (Hp — He) = Cp(Ip — It}
Qpc=Cp(Tc — Tg=) = Cp(Tc — Tp)
T —Tg+Tc—Tp T — T,
Wh - I I
ence, 7 T, T,

By Eq. (3.29b),

PB {y—1)/y Py (y=D/y PA -7y
Tp =Ty — = - =Tc| 5"
7 A(PA) and Tp TC(PC C(PB)
P (y—1/y
T, [(—‘i) —1
Py
[ (PA)(}’I)/T}
Tell—{=2
Py

Multiplication of numerator and denominator by (Pp/P4)¥ 17 gives:

TA PB r=U/v
)
Tc \ Py

Then, p=1-—
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9.1

9.3

9.5

9.6

Chapter 9 - Section B - Non-Numerical Solutions

Since the object of doing work [#| op a heat pump is to transfer heat | Q| to a heat sink, then:

What you get = |Qy|
What you pay for = ||

Whence ¢ = QHJ
||
For a Carnot heat pump,
| Ol Ty

¢

T 10H - 10c! T Ty - Ic

Because the temperature of the finite cold reservoir (contents of the refrigerator) is a variable, use
differential forms of Carnot’s equations, Egs. (5.7) and (5.8):

dQn Ty Ic
=t d dw =(1- 54
dQc Tc " ( TH) Qu

In these equations Q¢ and Qy refer to the reservoirs. With dQy = C'dTc, the first of Camot’s
equations becomes:

dQy = —C'Ty—
Combine this equation with the second of Carnot’s equations:

dT,
dW = —C'Ty—S &+ ' dTe
Ic

Integration from T = Ty to To = T yields:

'y
W=—CTyln-2+C'(Te—~Ty) or W=C'Ty ln—Tﬁ—l-ngl
TH : TC TH

Differentiation of Eq. (9.3) yields:

( dew ) | L Te To d ( dew ) T
—_— frd == —— a1 _ —_———
3Mc/r, Tu—Tc (Tu—Tc)* Ty —Te)? 8TH /7, (Ty — Tc)?
Because Ty > T, the more effective procedure is to increase T¢.

For a real refrigeration system, increasing T 18 hardly an option if refrigeration is required at a partic-
ular value of Tr-. Decreasing Ty is no more realistic, because for all practical purposes, Ty is fixed by
environmental conditions, and not subject to control.

For a Carnot refrigerator, « is given by Eq. (9.3). Write this equation for the two cases:

T T
¢ and Wy = £

W= ———— —_—
TH_TC TUH_TO'C

Because the directions of heat transfer require that Ty > T, and Te < T,., a comparison shows that
@ < o, and therefore that w is the mote conservative value.
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10.5

10.6

10.12

Chapter 10 - Section B - Non-Numerical Solutions

For a binary system, the next equation following Eq. (10.2) shows that P is linear in xy. Thus no
maximum or minimum can exist in this relation. Since such an extremurmn is required for the existence
of an azeotrope, no azeotrope is possible.

() Because benzene and toluene are chemically similar and the pressure is only l(atm), this system
can be modeled by Raoult’s law to a good approximation.

(B) Although »n-hexane and n-heptane are chemically similar, a pressure of 25 bar is too high for
modeling this system by Raoult’s law.

(¢) At 200K, hydrogen is supercritical, and modeling the hydrogen/propane system at this tempera-
ture by Raoult’s law is out of the question, because no value of P *** for hydrogen is known.

{d) Because isooctane and n-octane are chemically similar and at a temperature (373.15 K) close to
their normal boiling points, this system can be modeled by Raoult’s law to a good approximation.

(e} Water and n-decane are much too dissimilar to be modeled by Raoult’s law, and are in fact only
slightly soluble in one another at 300 K.

For a total volume ¥* of an idea! gas, PV"' = nRT. Multiply both sides by y;, the mole fraction of
species i in the mixture:

WPV =mRT o piV' = —LRT
M;
where m; is the mass of species {, M; is its moelar mass, and p; is its partial pressure, defined as
p; = v; P. Solve for m;:
M;pi V!
RT

Applied to moist air, considered a binary mixture of air and water vapor, this gives:

m; =

M pi Mo Pain V'
M0 = M—Hz(;p; 20 and  mrg = ——RPT
() By definition,
p = 20 or b= Miu,o Pmo
1 air Mair Pair

Since the partial pressures must sum to the total pressure, pu; = P — pu,0; whence,

b= Mo pPuo
Mair P_pHZO

(b) If air is in equilibrium with liquid water, then the partial pressure of water vapor in the air equals
the vapor pressure of the water, and the preceding equation becomes:

sat

B — MHzO PHzO
] __ posat
My P PHZO
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10.14

10.15

10.21

1.23

10.24

(c) Percentage humidity and relative humidity are defined as follows:

sat

L Puy0 Pio PH:0
h ¢ E — = A L — 2
p peat PHS:IO P~ pro (100} and Bl = Pi_f:(t) (100)

Combining these two definitions to eliminate py,o gives:

\ P — P
P~ P (e /100)

hoe =

Because the vapor space above the liquid phase is nearly pure gas, Eq. (10.4) becomes P = x;H;.
For the same moie fraction of gas dissolved in the liquid phase, P is then proportional to H,. Values
given in Table 10.1 indicate that were air used rather than CO,, P would be about 44 times greater,
much too high a pressure to be practical.

Because Henry’s constant for helinm is very high, very little of this gas dissolves in the blood streams
of divers at approximately atmospheric pressure.

By Eq. (10.05) and the given equations for In y; and ln 4,
P = x, exp(dxd) P and 32 P = xy exp(Ax]) P,
These equations sum to give:
P =x exp(Ax%)Plsa’ + x5 {3)(13(/4):{1)PZS"’t
Dividing the equation for ¥, P by the preceding equation yields:

_ X1 exp(Ax%) P;Sat
1= X1 E‘,Xp(Ax%) P}sat + x exp(AxIZ)stal

For x|, = x, this equation obviously reduces to:

p_ Plsat
t t
Plsa + sta

A lHittie reflection should convince anyone that there is no other way that BOTH the liquid-phase and
vapor-phase mole fractions can sum to unity.

By the definition of 2 K -value, y; = K\x; and y; = Kyx,. Moreover, ¥ 4+ y» = 1. These equations
combine to yield:

Kixi +Kxp;=1 or Kixi+K(1l—x)=1

1-K,

Solve for xq: Xy = m

Substitute for x; in the equation ¥, = Kx;:

_ K- Ky)
g K, — K,
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Note that when two phases exist both x; and y, are independent of z;.
By a material balance on the basis of 1 mole of feed,
nl+nV=z or x{l =Vy+3nV =z

Substitute for both x| and y, by the equations derived above:

I—Kz (1 V)+KI(1'“K2)V_
K- X, K —K,
. . zi(K) — K2)— (1 — K3)
Solve this equation for V: V=
d (K — D1 — Ky)

Note that the relative amounts of liquid and vapor phases do depend on zy.
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Chapter 11 - Section B - Non-Numerical Solutions

11.6 Apply Eq. (11.7):

N Y
i lpra, ;i /1. pon; I an; P.T.ny

11.7 (a) Let m be the mass of the solution, and define the partial molar mass by:

_ (Bm)
m; = o
Bni T.P.n;

Let M, be the molar mass of species k. Then

m= EnkM](:anf+ Eanj (J#16)
k J
d 3{(n; M;
and (—E) = [—(n M’)] =M,
on; T.P.n; an; T.P.n;
Whence, mip = M,
{(b) Define a partial specific property as:
- (aM’) (OM’) (an)
M= S ={5— o
dnm; TPm; on; T.Pomj am; T,P.m;
If M; is the molar mass of species 7,
m; d (a?’li) 1
g an — =
i M; am; T,P,m, M;

Since constant m1; implies constant »;, the initial equation may be written:

>
=
11.8 By Eqgs. (10.15) and (10.16),
- av - dv
Vi V +x2dx1 an ) x]dx|
B V 1 th av._—lde
ecause =p en A~ o dn
_ I x;dp 1 X2 dp)
Whence, Vi = ; pEp p ( > dn
- 1 d, 1 x1 d,
oL i‘iz_p__(1+_li)
p pdx p g dx

(

dn
an

b
T,P,nj



11.9 For application of Eq. {11.7) all mole fractions must be eliminated from the given equation by the
relation x; = n; /n:

HiRkaN;
nM = n1M1+n2M2+n3M3+ n2 C
- d 1 Zn an
it [ e[ L2 ()
9 17 ponyny h n on, TPy
an
Because n = ny + na + n3, —_— =1
anl T.P.?’lj_,?h
Whence, M; = M| + n:z?z?z [1 — 211»] C and My = M) + xox3[1 — 2x]1C
7 b
Similarly, | M = M, + x1x3[1 — 2x,]C and My = My + x1x5[1 — 2x3]C

One can readily show that application of Eq. (11.11) regenerates the original equation for M. The
infinite dilution values are given by:

MP =M +x0C (k #0)

Here x; and x; are mole fractions on an i-free basis.

11,10 With the given equation and the Dalton’s-law requirement that P = 3, p;, then:
RT
P=— 2z
i
For the mixture, P = ZRT/V. These two equations combine to give Z = Y ., y; Z;.

11.11 The general principle is simple enough:

Given equations that represent partial properties M;, M,.R ., Or Mf as fimctions of com-
position, one may combine them by the summability relation to yield a nixture property.
Application of the defining (or equivalent) equations for partial propertics then regenerates
the given equations if and only if the given equations obey the Gibbs/Duhen equation.
11.12 (@) Multiply Eq. (4) of Ex. 11.4 by » (= n| + ;) and eliminate x, by x; = n,/(n; + ny):
m
(n + n)?

Form the partial derivative of n 4 with respect to »#, at constant n,:

nH = 600(n; +ny) — 180n; — 20

2 3
:|:420—60 il e

3n% 211'? + 40
(ny + n3)? (7 + n3)?

(ny + 1) () + ma)

H, :600»-180—20[

Whence, ' Hy =420 ~ 60x} + 40 x}

Form the partial derivative of # / with respect to n; at constant

_ 2n3 _
H =600+20—""1 _ 3
2 + - or Hy = 600 + 40 x;
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(&) Inaccord with Eq. (11.11),
H = x1(420 — 60 x{ + 40x3) + (1 — x,)(600 + 40 x3)

Whence, H =600 — 180 x; - 20 x}
: , dH 7
(c) Write Eq. (11.14) for a binary system and divide by dx;: x; ?dﬂ + xz?—z =0
X1 X1
Differentiate the the boxed equations of part (a):
dH, dH
—— =120+ 120x} = —120x1x,  and 2 (2047
dx dx)

Multiply each derivative by the appropriate mole fraction and add:

7120x12x2 + 120xfx2 =0

(d) Substitute x; = 1 and x; = 0 in the first derivative expression of part (¢) and substitute x =0
in the second derivative expression of part (¢). The results are:

(), (), o
dx) x,=1_ dxi /1 w0

(e) I t I I

11.13 (a) Substitute x» = 1 — x; in the given equation for ¥ and reduce:
V=70+58x —x;—Tx}
Apply Egs. (11.15) and (11.16) to find expressions for ¥} and V,. First,

dv
S =58 - 2x; —21at
X1
Then, Vi =128 — 2x; — 20x} + 14x]} and Vo=70+x%+ 14x}
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{b) In accord with Eq. (11.11),

V=x(128 = 2x; — 20x] + 14 x) + (1 —x)(70 + xi + 14x3)

Whence, V=70+538x; — x12 — 7x13

which is the first equation developed in part (a).

dv dv.
(¢) Write Eq. (11.14) for a binary system and divide by dx;: x; L4 x2—2 =0
dx1 dx1
Differentiate the the boxed equations of part (a):
av av.
— = 2 40x 4 42x) and ——2 = 2x +42x2
dx; dx,

Multiply each derivative by the appropriate mole fraction and add:
x1(=2 —40x +42x7) + (1 —x1)(2x; +42x5) =0

The validity of this equation is readily confirmed.

(d) Substitute x; = 1 in the first denvative expression of part (¢} and substituie x; =  in the second
derivative expression of part (c). The results are;

(f”_ﬁ) =(d_'}2) ~0
dx| Y= dx; =0

140 T I I

v

120

100

80
Va

11.14 By Egs. (11.15) and (11.16):

H=H+ af d H=H
] = X7 an. - — X1 —
dx : Yax,
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11.15

11.20

Given that: H =x(ai+ bix)) 4+ x2{ay + bzxy)

. . dH
Then, after simplificatiomn, s ay + 2bix; — (a3 + 2b2x7)
X1

Combining these equations gives after reduction:
ﬁl =al+blx1 —i—xz(xlbl —Izbl) and ﬁ2=a2+b2x2—x1(x1b1 *ngz)

These clearly are not the same as the suggested expressions, which are therefore not correct. Note
that application of the summability equation to the derived partial-property expressions reproduces
the original equation for /. Note further that differentiation of these same expressions yields results
that satisfy the Gibbs/Duhem equation, Eq. (11.14), written:
dH, dH;
X)) ——— +

— =0
dxl 2 dx;

The suggested expresions do not obey this equation, further evidence that they cannot be valid.

Apply the following general equation of differential calculus:

5. (5. (5,6

][] o] (@)
i l7.p, LTI P @V dpa N1 7 p
Whence,

- - aM av - - aM aV
M =M+n{— — or M:M—n(—) ( )
OV )yn N0 [ 7y, OF Jrw \80: )1 p0,

_ av ayv _
I B O W
0ni 1rpa i) o, i /1 e,
. _ - faM
Therefore, M,o=M+V -
av Tx

Equation (11.55) demonstrates that In é: is a partial property with respect to G®/RT. Thus In b =
G;/RT. The partial-property analogs of Egs. (11.53) and (11.54) are:

n 7% iy TR

3ineg; _ VR and ‘ 9 In¢; . H,
aP RT g RT?
T.x | Px

The summability and Gibbs/Duhem equations take on the following forms:

p -
% = 3 x lngf;l- and r Yoxidlng; =0 (const T, P)J
l i

i
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11.26 For a pressure low enough that Z and In ¢ are given approximately by Eqs. (3.37) and (11,35);

BP BP

= . Iné = —

VA 1+RT and neg RT

them;

Ing=27Z-—1

11.28 (a) Because Eq. (11.92) shows that In y; is a partial property with respect to G*/RT, Egs. (11.15)
and (11.16) may be written for M = G%/RT:

| GE N d(GE/RT) : GE d(GE/RT)
n = — _— 1 = —_— — X —
TR T ax TR YT am
Substitute x; = 1 — x; in the given equaiton for G%/R T and reduce:

GE d(GE/RT

T = -1.8x +xf +0.8x] whence %2:1.84-2x1+2.4x12
Then, [Iny =—1.8+2x +14x} —1.6x3 and Iny, = —x¥ —1.6x3

(6) In accord with Eq. (11.11),

GE
=7 =xilny; +xalnys = x(—=1.8 4+ 2x1 + L4xi — 1.6x]) + (1 — x)(—x? — 1.6x3)
GE
Whence,

ﬁ = —1.8x +x12 +0.8x]3

which is the first equation developed in part {a).

(c) Write Eq. (11.14) for a binary system with M; = Iny; and divide by dx;:

dln dl
X1 y1+x2 172

=0
dx1 dJC]
Ditferentiate the the boxed equations of part {a):
dl dl
nn =2+28x *4.8)(% and 1y
dx 1

=-2x;—48x
dx; ! 1
Multiply each derivative by the appropriate mole fraction and add:

(2 +28x —48x()+ (1 - x))(~2x; —4.8x) =0
The validity of this equation is readily confirmed.

(d) Substitute x; = | in the first derivative expression of part (c) and substitute x; = 0 in the second
derivative expression of part (¢). The results are:

(dlnyl) _(dlnyg) —0
dX] xp=1 dxl x =0
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(e)
1] =T T T T —
-.\\ ///
g RT
P \\ G fR
- ~
-~
-7 ’6\
//'/\S‘:{\' J?\\
Iyl \\
...2 - \ —]
N\
\
Y Iny°
-3 I | I T A
0 0.2 0.4 0.6 0.8 1
Xy

11.29 Combine definitions of the activity coeflficient and the fugacity coefficients:

_

- Ji/xiP .
"

nETLP

Note: See Eq. (14.54).

11.30 For Cf; = const., the following equations are readily developed from thase given it the last column
of Table 11.1 {page 404):

aGE AT
AHE = CEAT and ASE = —A (—) =CE—
0T Jp. (T
Working equations are then:

Hf — G AT

Sf =1 ——1L and SF=8F+CE—

1 TI 2 1 P (T)

Hy = Hf +CE AT and GE — HF — 1ySF

For 77 = 298.15, T = 328.15, (T} = 313.15 and AT = 30, results for all parts of the problem are
given in the following table:

1 M. For C& =0

GE HE St CE | S¥ HE GE SE HY G
(@) | —622 —1920 —4354 42| —3.951 -—1794 —497.4 | 4354 —1920 —491.4
(b) | 1095 1595  1.677 33| 1.993 1694 1039.9 | 1.677 1595 10447
(c) | 407 984 1935 27 1677 903 3528 | 1935 984 3489
(d | 632 —208 -2817 23.0| -0614 482 6835 —-2.817 208 7165
(e) | 1445 605 —2.817 110 -1.764 935 15137 | —2.817 605  1529.5
| 734 416 3857 110 -2803 -8 8339 | —3.857 —416 8497
(@[ 759 1465 2368 —8.0| 1602 1225 6995 | 2368 1465  683.0
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11.31 (a) Multiply the given equation by 1 (= 71 -+ ny), and convert remaining mole fractions to ratios of

mole numbers: P
nG LAY s H2F3
= Ap + 413 + Az
RT R .

Differentiation with respect to #; in accord with Eq. (11.92) yields [(2n/3R1)n, ., = L]

1 =n 1 m 213
Iny; = Ay (—“—;)+A13n3 (*——2)“1423 7
noon n n

n
= Apxa(1 —xp) + Azxs(l — x1) — Aazxox;
Similarly, Inys = Apxi(1 = x2) — Apxixs + Azx;(l — x2)
Iny; = —Auxixe + Apx(l — x3) + Aznxa (1 — x3)

(5) Each Iny; is multiplied by x;, and the terms are suthmed. Consider the first terms on the right of
each expression for In ;. Multiplying each of these terms by the appropriate x; and adding gives:

Aya(xix; — xix2 + X0 —x2x; — xixx) = dipxoxa(l —x1 + 1 — x2 — x3)
= Apoxa(2 — (o + x2 + x3)] = Appxaxs

An analogous result is obtained for the second and third terms on the right, and adding them
yields the given equation for GZ/RT.

(¢) For infinite difution of species 1, =1 Iny (x; =0) = Ajaxs + Ajaxs — Apxxs
For pure species 1, x =1 Iny{x;=1=0
For infinite dilution of species 2, x3 = 0: lny{x;, =0) = A13x§

For infinite dilution of species 3, x3 =0 Iny(xs = 0) = 4, zxg

11.35 By Eq. (11.84), written with M = G and with x replaced by y:  Gf = G* — ¥ y,GR
i
Equations (11.31) and (11.35) together give G = B;;P. Then for a binary mixture:
G* =BP — y\B1\P — y2Bn P or GF = P(B — y1B11 — y2B2)

Combine this equation with the last equation on Pg. 394: GE = §13Py1y0

E
From the last column of Table 11.1 (page 404): S§% = — (%)
Px

Because & is a function of 7 only: | §% = — %Z-Pylyz

By the definition of G5, H® = G¥ 4 T8%, whence, | HE = (512 - T_d612) Pyiyvy

dT

E
Again from the last column of Table 11.1: C}E = (8;:; )
Px

ds f
E _ 12
Cp = —Tﬁ-f’y}yz

This equation and the preceding one lead directly to:
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Chapter 12 - Section B - Non-Numerical Solutions

12.2 Equation (12.1) may be written: ;P = x; % F;™"

Summing for i = 1,2 gives: P = x131 P + x21, %

dP d o dr
Differentiate at constant T: — = P,™ { x; oy i)+ P a-— -
a dx, dxy

X1

Apply this equation to the limiting conditions:

5 dys
For x, =0: xp=1 Y =¥ =1 E:O
dy
For x;=1: x =10 =1 o= Yre E:O
Then, 4P
dP
e — Psat o Psat or (W) + Psat — Psatyoo
(dxl)xl:(] 1 ¥ 2 dx1 ) 2o 2 1N
dP . dar
- — Psat _ Psat o0 or (___) . Psal = —P sat}/oo
(dxl)x,_1 1 2 Y2 )., 1 )

Since both P,* and ¥ are always positive definite, it follows that:

£ e sat and 91_}2 < Pisat
dx1/ -0 2 ax: ) =

12.4 By Egs. (12.15), Iny) = Ax§ and Iy = Ax}
Therefore, In% = A(x22 — x‘lj') = Alxy —x1) = A{1 — 2x1)
sat sat
By Eq. (2.1 L= () () =
Whence, In(ayzr) = A{1 — 2xy)
If an azeotrope exists, a;; =1 at 0 < x§® < 1. Atthis value of x, Inr = 401 — 2x§"")1

The quantity A(1 — 2x,) is linear in x, and there are two possible relationships, depending on the
sign of 4. An azeotrope exhists whenever | 4| < {Inr|. NO azeotrope can exist when |A]| < |Inr|.

12.5 Perhaps the easiest way to proceed here is to note that an exfremum w In ¥ 8 accampaniad by the
opposite extremum in In ;. Thus the difference Inypy, —Inys  is also an extremum, and Bg. (12.8)

becomes useful: 5
d(G2/RT
ln}/l — ln}/z = h‘]ﬂ = L
¥2 dx)

Thus, given an expression for G¥/RT = g(x1), we locate an extremum through:

F(GT/RTY _ dinvi/ys) _
dle d).T] o

0
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For the van Laar equation, write Eq. (12.16), omitting the primes (/):

SNt h A= Apx; + A
—_—_ = wnere = X X
RT 124121 A 1241 2142
M d4 A A and d*4 0
er, D — 4 —_—
oOreoyv d_X,'1 12 2] dxll
d(GE/RT) X —x1  x1x; dA
Then, 7T 4,4 _nt ga
e dx AUy T A7 dx
P(GE/RT) 2 x-xmdd xndd dA[ Wxdd  xm-x\]

=dndn |-~ 55— " —h o3 dx;
dxi,z 127121 [ A 42 dxl A2 dx:lz dx] \ A3 dxl A2 }-]

2 2xp—x) dA  2xixz fdAN

12 21[ 4 2 o T h (dxl>

24124 dA dAN

_ sArszl [-—Az —{x; —x;)A— + x1x3 (—) }
dx1

241242 dAd dA
= — A+ x— — — 4
A3 ax, ) \Mx,
This equation has a zero value if either 4, or 44 is zero. However, this makes GZ/RT everywhere
zero, and no extremum 1s possible. If either quantity in parentheses is zero, substitution for 4 and

d A/dx; reduces the expression to 412 = 0 or Ay; == 0, again making GF/RT everywhere zera. We
conclude that no values of the parameters exist that provide for an extremum v Wiv fwaX.

The Margules equation is given by Eq. (12.9b), here written:

GE d4 d 24
— = Ax1x where A=4 + A4 —— = Ay — A i —
RT 1X2 21X} 12X2 dxy 2i 12 a’xf 0
d(GE/RT dA
Then, (—u-“—A(xz—xl)-Fxlxz—
dxl dxl
d*(G¥/RT) d?4

dA4 dA
= =244+ 0 —x)— + 0 —x)— +xp—5
d)n dxl

dxi dxi

dA4 d4
= 244+20x; —x1})— =2 | (x1—x)— — A4
dxq dx)

This equation has a zero value when the quantity in square brackets is zero. Then:

dA
(x2 _XI)E — A = (xa—x)(Ay — A) — Anxy — Ajpxs = Agxp+ Appxy 2y x) +Apxs) =0
Substituting x; =1 —x; and solving for x; yields:

Ay —24p or = (r —2)
S TP

N
s

X = —
34y — Ap)

|

o
=

594



When » =2, x; =0, and the gxtrema in Iny; and Iny, occur at the left edge of a diagram such
as those of Fig. 12.9. For values of » > 2, the extrema shift to the right, ceaching 4 tmiting vaius fur
r =o¢ at x; = 1/3. For positive values of the parameters, in all of these cases 43, > Az, and the
intercepts of the In y; curves at x; = ! are larger than the intercepts of the In 3 curves at x| = 0.

When r — 1/2, x; = 1, and the extrema in In y; and ln y, occur at the right edge of a diagram
such as those of Fig. 12.9. For values of r < 1/2, the extrema shift to the left, reaching a Limiting
value for » = 0 at xy = 2/3. For positive values of the parameters, in all of these cases 45, < A2,
and the intercepts of the Iny, curves at xy = 0 are larger than the intercepts of the Iny, curves at

xl-'—‘l.

No extrema exist for values of » between 1/2 and 2.
12.7 Equations (11.15) and (11.16) here become:

GE d(GE/RT GF GE/R
ID’}/]Z—-i-XQ ( / ) and hl}/z_ —xiu

RT qu - ﬁ dx1

{a} For simplicity of notation, omit the primes that appear on the parameters in Eqgs. (12.16) and
{12.17), and write Eq. (12.16) as:

GE X1Xx2
-ﬁ = A12A21 D where D= A12x1 -+ A21JC2
d{(GE/RT) X2 — X7 X1X3
Then, —_ =4, 4 — {4, — A
n 7 242 | =+ 2 (A zr)i|

and . X)X Xy —X]  X1X2
Iny, = A12A21[ B +xz( D (Aiz—AZI))il

Az A4z x1x2
= lj,) ] [xlxz +x22 — X1X2 — %(AI‘Z - Azl)i|
A Azx; A1 Axx?
= D1 2D — Anxi + Ayx)) = %12D§] 2 (A21x2 + Azix))
Ay A3 x2 4 : D N7 2
_ An ;1362 :Al?_( 21x2) *Alz( = AL Az + A6\
D D A1, Anx; )
4 -2
Iy = Ay (1 i 12x1)
Az21x2
The equation for In y» is derived in analogous fashion.
E
(b) With the understanding that T and P are constant, Iny = [Wﬂ}
My nz
and Eq. (12.16) may be written:
f’ZGE A};)_Az]n]nz
= where nD = Adpny + Azrng

RT nb
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Differentiation in accord with the first equation gives:

1 My a(nD)
1 = A2 4 —_——
ny 124112 |:nD (nIN? ( dn )n2:|

A4 A1 A A
Iy, = Azdan (17n_1A]2): 124212 (1 ux1>

nh nD D D
Aj2 Ao xa Adyx A A2, x2
— H—D?—(D—Auxl):—ED;—l%Azle:lz—D;l—z—

The remainder of the derivation is the same as in Part (a).

12.16 This behavior requires positive deviations from Raoult’s law over part of the composition range and
negative deviations over the remainder. Thus a plot of G vs. x; starts and ends with G¥ = 0 at
x1 = 0 and x; = 1 and shows positive values over part of the composition range and negative vatues
over the remainder, with an intermediate crossing of the x; axis. Because these deviations are usuaily
quite srall, the vapor pressures 2, and P™' must not be too different, otherwise the dewpoint and
bubblepoint curves cannot exhibit extrema.

12,11 Assume the Margules equation, Eq. {12.9b), applies:

ﬁ = xlxg(Az;Jn =+ A12X2) and E(eqmmolar) = g(Au + AZI)
But [see page 424, just below Eq. (12.10b)]: Az = Iny> Az =1ny”

GE 1 GE 1
— (equimolar) = —(ln ™ + In;°) or ——(equimolar) = = In(y )
RT 8 RT g 12

E

G
12.24 (a) By Eq. (12.6): RT xilnyr +x3ln

= x1x5 (0.273 + 0.096 x;) + xx2(0.273 — 0.096 x3)
= x1x2{(0.273x; + 0.096xyx2 + 0.273x; — 0.096x,xy)
= x1%2(0.273) (x) + x2)

GE
ﬁ =0.273 X1X7

(6} The preceding equation is of the form from which Eqs. (12.15) are derived. From these,

Iny = 0273x3

and Iny, =0.273 xlzj

(¢} The equations of part (b} are not the reported expressions, which therefore cannot be correct, See
Problem 11.17,

12.25 Write Eq. (11.96) for a binary system, and divide through by dx,;

dlin dIn
X dxyl + x2 J 2 =0 whence dlny, St dlnp =3 dlnp
1 X1 dx1 B d)C] X2 dxg
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Integrate, recalling that Iny, = 1 forx; = 0:

x|
ﬂdlnyldx]jf ﬂdinyldxl
¢

X
Iy, = 1n(1)+[
0

X2 dxz X2 dx2
din
(@) For Iny = Ax%, LA 2 Ax,
dJCQ
X
Whence iny, =24 ./ x1dx; or Iny, = Axl2
0
G
By Eq. (12.6), RT Ax1xp

(h) For lny; = x;(4 + Bxy),

diny

= = 20(d + Bxo) +x3B =243+ 3Bx? = 24x; +3Bxy(1 — x7)
x

X X) X1
Whence Iny = 2A/ x1dxy + 33[ Xy dx) — SBf Jcl2 dax
0 0 0

3B 3B B
my2=Ax%+7x%fo{’ or lnyzzx]z(A-i-—zvij)zxf[A+§(1+2x2)]|

E

G 5 3 3B
Apply Eq. (12.6): BT = x1x5(A4 + Bxp) +xaxyi (A + 5 Bxy)

Algebraic reduction can lead to various forms of this equation; e.g.,

GE B
®T =xix2 | 4+ -2—(1 + x2)

(¢) For Iny; =x3(4 + Bxy + Cx3),

din Y1

S = 2n(d+ B+ Cx3) 4+ x3(B 4 2Cx3) = 24x: + 3Bx2 + 4Cx3
2

= 2Axs + 3Bx:(1 — x1) + 4Cx2(1 — x1)*

Xy

x] x)
Whence Iny, = ZAf x1dx; + 3Bf x: (1 —x)dx -+—4C[ x1(1 — x1)%dx,
0 0 ¢

Xy X1 X1
or lny2=(2A+3B+4C)/ X1 dxl——(BB—{—SC)[ xlzdx1+4Cf xlsdxl
0 0 0

2A+ 3B +4CN 3BH48CYN 4 4
Iny, = — Xy - 3 x; +Cx

3R 8C o
!j}yz ..._xlz[A +7+2C* (B—!‘ —3“‘))C1 +Cx12J
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or

B C
11’1}/2 =xf' I:A + E(l —|—2x2) + ?(1 +2X2 + 3x§)j|

The result of application of Eq. (12.6) reduces to equations of various forms; e.g.:

G* B C 5
?ﬁ = Xi{X;2 A+ 5(1 +x2) + '5(]. +x2 +x2)

12.40 (a) As shown on page 444,  x; = and  AH = AHQ + )

L+a

Eliminating 1 + # gives: AH = - (4)
1

X1 a’x1 xf j;};—’?

o dANH 1 dAH AHdua (1 dAH  AHY\ dx
Differentiation yields: = =

h d)Cj R -1 . 2
wheTe i (11 r)? ‘
dAH dAH . dHF
= AH — = HE —
Whence, a7 X1 an X1 I
- dHE
Comparison with Eq. (11.16) written with M = H%,  AF = HF — x| -
1
dAH -
shows that - =HF
dn

JKH  KH -1

(b) By geometry, with reference to the following figure,

—~ di A
dAH
Stobe = ~g7-
anl T T T T T & ,
!
i
f i
!
{
|
) n
. L . = AH 1
Combining this with the result of Part (a) gives: HZE =
From which, I = AH— ﬁ}_{f
— E
Substitute: AH = A HT and 5= 22
A1 x1 X
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T E
HE  x; - HE - x;H
2
Whence, I = = —Hzg -
X1 X1 X7

However, by the summability equation, H% —x, fIf = x HE

Then, I=H {E

12.47 Combine the given equation with Eq. (4) of the preceding problem:

AH = x3(A4Anx1 + A12x2)

=

With x,=1—x; and x; =1/(14+7) (pageddd): x» = T

The preceding equations combine to give:

— 7l A Ao
Ag - (A e
1+ \1+n~r 1+ 7

(a) It follows immediately from the preceding equation that: lm}] AH =0
H—r

{p) Because /(1 + i} — 1 for # — o0, it follows that: Fim AH = A

H— 00

{¢) Analogous to Eq. (12.10b), page 424, we write: Hf = xf{Azl + 2(A13 — Aap)xa]

Eliminate the mole fractions in favor of #:

i 1\ .
HY = (m) [Am +2(d1y — Ay)— J

1+n

In the limit as 7 — 0, this reduces to Ay;. From the resuit of Part (a) of the preceding problem,
it follows that
dAH
I lim — = Agl—l
a0 dn

12.42 By Eq. (12.29) with M = H, AH = H ~ Y . x;H;. Differentiate:

JAH aH 0 H;
( at )P,x h (y)f’,x B ;in (?)P,x

. aH . dAH
With (—) = (Cp, this becomes —_— =Cp~ 2, xCp = ACp
8t Jp . 3 Jpx i I
AH !
Therefore, / d(AH) = f ACp dt I AH = AH, + fr; ACp dt
AHy o
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Chapter 13 - Section B - Non-Numerical Solutions

13.1 (a) 4NH; (g) + 50;(g) — 4NO(g) + 6H,0(g)
v=Zv,-:—4—5—i—4—!—6:1 n012:2+5:7
i In
By Eq. (13.5),
2 —4¢ 5 - 53¢ 4g bg
yNH3:7+£ on:?—{-s J/\NOZ7+8 yﬂzoz’/-{-a
(b) 2H,8(g) + 302(g) — 2H,0(g) + 280, (g)
V=) v=-2-3+242=-] mp=) =3+5=8
i iy
By Eq. (13.5),
w3‘»—28 A5v3£ _ 2e _ 2e
s = T s Yo T T Mmoo T Tn Mo T T
(©) 6NO,(g) + 8NH;3(g) — Na(g) + 12H,0(g)
u:Zu,-:—e—8+7+12=5 m=3 =3+4+1=8
H iy
By Eq. (13.5),
3 —6e _4—88 _1+75 B 12¢
o = e, M T ers M TRYE MmMOT RS
13.2 CoHa(g) + 102(8) > ((CH2)2)0(») 1)
C3Hs(g) + 30:(g) — 2C04(g) + 2H,0(g) (2)

The stoichiometric numbers v; ; are as follows:

i= C,Hy Qs {{CH2)2)O CO; H;O
J Vi
1 —1 —i 1 0 -1
2 —1 —3 0 0

np = Z =243=
ip
By Eq. (13.7),
2—g —& 3— 15— 3g s
Yo = /1. Yo =TTy CHy)2)0 =
2Ha 5“%61 2 5—*21-81 y({ 2)2} 5—%81
¥ _ 282 28;_)



13.3

13.7

13.8

CO,(g) + 3H,(g) > CH30H(g) + H,0{g) ()

CO,(g) + Halg) — CO(g) + H20(g) @)

The stoichiometric numbers v; ; are as follows:

i= CO, Ha> CH,OH CO H-O
J Vi
1 -1 -3 I 0 1 -2
2 -1 -1 0 1 1 0

no=3 =2+45+1=8
iy

By Eq.(13.7),

2—8 —& ﬁ5—381—82 _ £1 I+82 1+ &
8—2z, T Tg_2g  TUMOMT e 8 - 261

Yco, =

The equation for AG°, appearing just above Eq. (13.18) is:

T o T o

AG® = AH — E(AHS — AGH + R[ BCF gt RTf ACpdl

T n R Ww R T

To calculate values of AG®°, one combines this equation with Eqgs. (4.19) and (13.19), and evaluates
parameters. In each case the value of AH; = AHJ, is tabulated in the solution to Pb. 4.21. In
addition, the values of A4, AB, AC, and AD are given in the solutions to Ph. 4.22. The required
values of AGy = AG3qq in J mol ™! are:
(@) —32,900; () —2,919,124; (i) 113,245, (n) 173,100; (r) —39,630; () 79,455; () 166,365;
(x) 39,430; (3 83,010

The relation of X, to P and X is given by Eq. (13.28), which may be concisely written:

P -1
K, = (po) K

(o) Differentiate this equation with respect to T and combine with Eq. (13.14):

9K, [P\ VdK K,dK _dihK K,AH°
aT Pe dT ~ K dT ~ Y dT =~ RT?

P

Substitute into the given equation for (ds,/97 ) p:

e, _ K, ds AH®
8T Jp  RT?dK,

(b) The derivative of X, with respect to P is:

9K PN PN /PN —vK
Ed - — K _ K —_— L4
(BP )T ”(Po) po v (PO) (PD) Pe P
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Substitute into the given egquation for (de. /0P )r:

(c)

Because y; =n;/n,

But

Whence,

Therefore,

de,
0P /;

K e
P dK,

Wwith K, = [T0)Y, mK, = Y, vilny;. Differentiation then yields:
i i

1 dK Vi dy,
e Sy (4)
y d€e i Yi dse
dyj _ 1 d!’l,‘ dn _ 1 d!’l,‘ _ d_f’l
de, wnde., n?de, n\de, i de,
By = M+ Vg, and n=Hny+ Ve
dn; d dn
—_— =14 arn — =V
de, de,
dy; v =y

de, my+ve,

Substitution into Eq. (4) gives

I dX, vi fvi— vy 1
K, a Ey; (no+v€e _no+vseZi:

K, de, -

1 o vf m
- —”—+Z(?‘Z)

i=i

— — v
Yi

In this equation, both X, and ¢ + ve. (= #n) are positive. It remains to show that the summation
term is positive. If m = 2, this term becomes

2 2

2
v v b
—1—V1(91+v2)+—2ﬁv2(u1+;;2):£yz_1__i2_)_
Vi 2

Yiyz

where the expression on the right 1s obtained by straight-forward algebraic manipulation. One
can proceed by induction to find the general result, which is

m 2 m m m 2
v} ey — yive) .
- — v = —_— (i < k)
Z(y 2, ) 22,
All quantities in the sum are of course positive,
13.9 3N2(g) -+ 3Hz(g) — NHa(g)
For the given reaction, v = --1, and for the given amounts of reactants, ng = 2.
1 3
(1 — &0} (1 —g.) £
By Eq.(13.3), =2_ 7 -2 T __te
y Eq. (13.5) e = S Y = S Py = 5
YNH; 8:(2 — &) P
By Eq. (13.28), = = - K
w30 - ePE0 )2 PO
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13.10

(2—¢ 1\ /2 3/2
Whence, E—Q--L"’) = (—) (§> Ki = 1.299K¥P_
P P°

(1 — g2 2 2
This may be written: ret —2re, +(r — =9
P
where, Fe=141299K —
PD
: 1 —1/2
The roots of the quadratic are: =1+ = lEr
¥
p N2
Because g, <1, g, =1 —p1/2 e =1~ (I + 1.299KF>

The reactions are written:

Mary: 2NH; +3NO — 3H,0 + 3N, (4)
Paul: 4NH; + 6NO — 6H,0 + 5N, (8)
Peter: 3H;0 + $N; — 2NH; + 3NO (o)

Each applied Eqs. (13.11b) and (13.25), here written:

InK = —AG°/RT and K =(P°}7" H(f:)w

For reaction (4), AGY =3AG%  — IJIAG}W1 —3AGS,

Ju,0

For Mary’s reaction v = %, and:

73 f5/2 _AGe
Ko= @y 3220 and K, = o
ffNH3 ffNo
For Paul’s reaction v = 1, and
8.7 L2AGY
Kp=(P)y ' 220 ang K= =
ffNH3 fﬁqo
For Peter’s reaction v = —3, and:
F2 73
o TR e _AGY,
Kc—(_P )ZW and llch— RT
fuz0- fry
In each case the two equations are combined:
2 2572
frod s —AG?,
Mary: (P°)"% Jugo Ry exp 4

273
g Jnny Y o
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13.24

13.35

13.36

N _AGEN?
. oy—1 _JH07 MM 4
Paul: (P f4 > (exp BT )
Ay o

Taking the square root yields Mary’s equation.

F2 73 PN
Peter- (PG)%jﬁﬁsffNO o ~AGY
eier; 3 2572 RT
0+ Ny

Taking the reciprocal yields Mary’s equation.

Formation reactions: %Nz + %Hz > NH; (1)
iN; + 10, - NO 2
IN; + 0, — NO, 3)
Hy + 302 — 10 4)

Combine Eq. (3} with Eq. (1) and with Eq. (2) to eliminate N»:
NO; + iH; -» NH; 4 O3 (5)
NOz — 30, +NO (6)

The set now comprises Eqgs. (4), (5), and (6); combine Eq. (4) with Eq. (5) to eliminate H:

NO; + $H,0 — NH; + 130, (N
Equations (6) and (7} represent a set of independent reactions for which r = 2. Other equivalent sets
of two reactions may be obtained by different combination procedures. By the phase rule,

F=2—-n7+N—-r—s=2-1+5-2-0 F=4

P 0
(a) Equation {13.28) here becomes: L. ( D) K=K
Ya P
Whence, Bk (1)
t—yn

(b) The preceding equation indicates that the equilibriurn composition depends on temperature only.
However, application of the phase rule, Eq. (13.36), yields:

F=242-1-1=2

This result means in general for single-reaction equilibrium between two species A and B that
two degrees of freedom exist, and that pressure as well as temperature must be specified to fix the
equilibrium state of the system. However, here, the specification that the pases are ideal removes
the pressure dependence, which in the general case appears through the qf),-s.

For the isomerization reaction in the gas phase at low pressure, assume ideal gases. Equation (13.28)
then becomes:

PP 1=y
y—B=( O) K=K whence JVA:K(J‘")
YA £ Ya
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Assume that vapor/liquid phase equilibrium can be represented by Raoult’s law, because of the low
pressure and the similarity of the species:

XA P3(T) = yaP

{a) Application of Eq. (13.36) yields:

and (1

= xA)YPF(T) = (1 — ya)P

F=2-m

FN—r=2-242-1=1

(b) Given T, the reaction-gquilibriuum equation allows solution for y4. The two phase-equilibrium
equations can then be solved for x4 and P. The equilibrium state therefore depends solely on 7.

13.38 {a) For low pressure and a temperature of 500 K, the system is assumed to be a mixture of ideal
gases, for which Eq. (13.28) is appropriate. Therefore,

PO
=2
Yox P

K1

PO

I : P\’
ﬁ( ) Ky = Kn JEB ("j;g) Ky = K

Yox

(b} These equation equations lead to the following set:

ymx = Kiyox

ey

yox = Knoyox

2 yes = Kmyox

The mole fractions rmust sum to unity, and therefore:

yox + Kivox + Kuwvox + Kuyox = yox (1 + K+ Ky + Kipp) = 1

Yox

i

T4 K+ Ky + Kug

(3)

(4)

(¢} With the assumption that ACZ = 0 and therefore that K; = 1, Egs. (13.20), (13.21), and (13.22)

combine to give:

—AGS
K = KoK =exp (—7'9§) ex

Whence,

RT,

AHS g
o[ (7))
0

. 298.15 .
AH298 - 500 - Astas
K =
xp (8.314)(298.15)

The data provided lead to the following property changes of reaction and equilibrium constants

at 500 K

Reaction | AH5, AG g K
I —1,750 3,300 2.8470
I —1,040 —1,000 1.2637
11 16,920 8,690 0.1778

{d) Substitution of numerical values into Egs. (1), (2), (3), and (4) yields the following values for the

mole fractions:

yox = 0.1891

Yy = 0.5383

yex = 0.2390 yes = 0.0336
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Chapter 14 - Section B - Non-Numerical Solutions

14.2 Start with the equation immediately following Eq. (14.49), which can be modified slightly to read;

«  dmGHRTY amnZ) alnZ
— — +rn

In i 1
¢ 87’1,‘ Bn,- 8n,~ *

where the partial derivatives written here and in the following development without subscripts are
understood to be at constant T, n/ ¢ (or p/n), and n;. Equation (6.59) after multiplication by » can
be written:

nGE o 3, o2
= = 2n(nB) (;) + 5ntnC) (;) —ninZ
Differentiate:
dnGR/RT - 3 2 . dmZ
GT/RT) (3) (nB+nB)+5(E) @iPC+ ) =n=t iz
an; 7 2\n n;
3G/ RT) I I . alnzZ
or ———— =2p(B+ Bi)+ —p2C+C))—n —InZ
ani 2 8)’1,‘
- o(nB - 3(nC
By definition, B = [ (n ):l and C; = [ & ):l
on; |, oni 1y,

The equation of state, Eq. {3.39), can be written:
2
Z=1+Bp+Cp? or nZ=n+nnB) (2) + n*(nC) (E)
n n

dn2)
Bn,- -

- 2 -
Differentiate: 1+ (E) (nB+nkB;) + (p) (2n°C + n*Cy)
7

n
d(nZ)

=L+ p(B+ B+ p*2C + Cp)

or

When combined with the two underlined equations, the initial equation reduces to:

Mg =1+ p(B+ B;) +1p2(2C + C))

The two mixing rufes are:
B = y{Biy + 2y1y2B12 + y%Bzz

C = yiCi +3yHmChn + 3p1yiCin + 3, Cam
Application of the definitions of B, and C; to these mixing rules yields:
By = y1(2 = »)Buy + 2y B, — ¥iBn
Cy = yH3 = 29)Cryy + 6103 Criz + 3}%(1 — 2y1)Cizz — 2¥3Can

BZ = —'ylzB]I —+ 2y12B]2 +y2(2 - yZ)B22
Ca = =29 Ciny + 37 (1 = 212)Ciiz + 63173 Crz2 + 233 — 21)Comy
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14.11

In combination with the mixing rules, these give:

B+ By = 2(3n By +y2B11)

2C + €y = 3(7Chi1 + 2y132Ch12 + ¥ Cin)
B+ By = 2(y281 + y1 Bi)

2C + €y = 3(33Cam + 211 Cim + ¥iCiiz)

In combination with the boxed equation these expressions along with Eq. (3.39) allow calculation of
In¢; and In .

sat

For the case described, Eqgs. (14.1) and (14.2) combine to give: P =xP Sa‘?-i——
;

. ¢_sat

If the vapor phase is assumed an ideal solution, ¢; = ¢;, and yiP = x,-Pisatﬂé——
i

When Eq. (3.37) is valid, the fugacity coeflicient of pure species { is given by Eq. (11.35):

B;; P B;; P
;= 7 d sat i
Ing RT an & T
p B, P*™ ByP _ By(P™ —P)
i — 1 'sat o 1 ;= i _ — i
Therefore, In y ng; na¢ 7 T w7
For small values of the final term, this becomes approximately:
sat Bii P_saf P
o _ | BaB® = P)
X RT
B (P™ — P)
Wh 5 ,'Pﬁ ,'P-Sa[ 1+-——I
ence ¥ x; P, [ AT :|
iP‘SatBii P_sat - P
or sz —x,-Pt.sat = Al ( : )

RT

Write this equation for species 1 and 2 of a binary mixture, and sum. This yields on the left the
difference between the actual pressure and the pressure given by Raoult’s law:
JC]B;] P}sat(Pisat - P) =+ .xQngstat(stat - P)

RT

Because deviations from Raoult’s law are presumably small, P on the right side may be replaced by
its Raoult’s-law value. For the two terms,

P PRL) =

P]sar. — P = P}sat —x Plsat _ xg})zsat — Plsat . (1 _ XZ)Pjsat — x2P25a1 = Xy (Plsal - stal)
stat . P — stat — X Plsat . XZPZBM — stal —x P]sat _ (l _ I])stat = xy (stat o Plsat)
Combine the three preceding equations:

¢ .
B -xlszI . (P]sa _ pzsaE)Plsat o xlszzz(PIsat . Pzaﬂt) stat

£—PQRL) RT

I])CQ(P sat Psat)
= IRT Z (B Plsat - Bansat)
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Rearrangement yields the following:

Psat_Psat 2
PPy - 2B = A7)
RT

B“Plsat . Bzzpzsat)
Plsat _ stat

x1x2(PISat _ P2531)2 [B” N (B]l _ Blz)PZSat:I
RT P]sat _ stat

XX ( PIsat _ stat)z Bzz stat
= Bol1+{1-=) —2A—
RT (B11) + Bi; Plsat . stm

Clearly, when B,; = By, the term in square brackets equals 1, and the pressure deviation from the
Raoult’s-law value has the sign of By;; this is normally negative. When the virial coefficients are not
equal, a reasonable assumption is that species 2, taken here as the "heavier” species (the one with
the smaller vapor pressure) has the more negative second virial coefficient. This has the effect of
making the quantity in parentheses negative and the quantity in square brackets < 1. However, if this
fatter quantity remains positive (the most likely case), the sign of B, still determines the sign of the
deviations,

14.13 By Eq. (11.87), the definition of y;, Iny =Inf —Inx; —In f

diny, dinfi 1 _1dfi 1

Whence,

— Ta

d}Cf - dx,- X; ﬁdxf X;

1 df;
Combination of this expression with Eq. (14.67) yields: 7 E’L =0
i 4%

. df
Because f; = 0, d—f >0 (const T, P)
Xi

dinfi RT df:

dpi;
o RT -
dx; dx; fi dx;

By Eq. (11.42), the definition of f},

dp;
e

0 nst 7', P
an (co )

Combination with Eq. (14.68) yields:

14.14 Stability requires that AG < 0 (see Pg. 556). The limiting case obtains when AG = {, inwhich
event Eq. (12.30) becomes:
G* = —RT ¥ x;Inx;
i

For an equimolar solution x; = 1/N where ¥ is the number of species. Therefore,
1 1 1
G* = RT Y, —l—=RTY, = InN=RTh¥N
(max) ; vy IE N

For the special case of a binary solution, ¥ = 2, and G¥(max) = RTIn 2
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14.17

14.19

14.21

14.23

GF P

According to Pb. 11.35,  Gf = §,,P —— =
ccording to 124 Y1)z ar RT RT 712
E
This equation has the form: BT = Axyx)
for which it is shown in Examples 14.5 and 14.6 that phase-splitting occurs for 4 > 2. Thus, the
formation of two immiscible vapor phases requires: 8, P/RT > 2.
Suppose T = 300 K and P = 5 bar. The preceding condition then requires; 813 > 9977 cm’® mol™!
for vapor-phase immiscibility. Such large positive values for é;; are unknown for real mixtures.
(Examples of gas/gas equilibria are known, but at conditions outside the range of applicability of the
two-term virial EOS.)
E
Consider a quadratic mixture, described by: T Ax xz
It is shown in Example 14.5 that phase splitting occurs for such a mixture if 4 > 2; the value of
A = 2 corresponds to a consolute point, at x; = x; = 0.5, Thus, for a quadratic mixture,
phase-splitting obtains if:
11
GEF>2. .- RT =(Q.5RT
R
This is a model-dependent result. Many liquid mixiures are known which are stable as single phases,
even though G = 0.5RT for equimolar composition.
Comparison of the Wilson equation, Eq. (12.18) with the modified Wilson equation shows that
(GP/RT)q = C(GE/RT), where subscript m distinguishes the modified Wilson equation from
the original Wilson equation. To simplify, define g = (G%/RT); then
3(ngm) d(ng)
gm = Cg ngm = Cng En) =22 In(y1)m = Clay
Bm 61?1
where the final equality follows from Eq. (11.92). Addition and subtraction of Inx) on the left side
of this equation and of C Inx; on the right side yields:
In{xy;y)m — Inx; = Cln(x;y,) — Clnx
Vi In(xy)m = Clnx1y1) — (C— Dlinx
I -
Differentiate; d1n(1 ) = Cd]n(:q 7 — ¢!

dx dx, x|

As shown in Example 14.7, the derivative on the right side of this equation is always positive. How-
ever, for C sufficiently greater than unity, the contribution of the second termn on the right can make

dIn(x;yim

e <

over part of the composition range, thus violating the stability condition of Eq. (14.67) and implying
the formation of two liquid phases.

(a) Refer to the stability requirement of Eq. (14.66). For jnstability, i.c., for the formation of two
liguid phases,
d(GE/RT) 1
<

deZ X1X3
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14.29

14.30

14.31

over part of the composition range. The second derivative of G¥ must be sufficiently negative so
as to satisfy this condition for some range of x;. Negative curvature is the norm for mixtures for
which G* is positive; see, e.g., the sketches of GZ vs. x; for systems (a), (8), (¢}, (&), and (/) in
Fig. 11.4. Such systems are candidates for liquid/liquid phase splitting, although it does not in
fact occur for the cases shown. Rather large values of G are usually required.

(b) Nothing in principle preciudes phase-splitting in mixtures for which Gf < 0; one merely re-
quires that the curvature be sufficiently negative over part of the composition range. However,
positive curvature is the norm for such mixtures. We know of no examples of liquid/liquid phase-
splitting in systems exhibiting negative deviations from ideal-solution behavior.

The analogy is Raoult’s law, Eq. (10.1), applied at constant P (see Fig. 10.12): y P = x, P,
If the vapor phase in VLE is ideal and the liquid molar volumes are negligibie (asswnptions inherent
in Raoult’s law), then the Clausius/Clapeyron equation applies (see Ex. 6.5):

din P  AHM

dT ~ RTZ

Integration from the boiling temperature T, at pressure P (where P,** = P) to the actual temperature

T (where P,™ = P*) gives:
psat T AH{'U
In—= [ 4T
T

P RT?

by

Combination with Eq. (10.1) yields:

T v
AH;
yi#xlexpf dT
n, RT

which is an analog of the Case 1 SLE equations,

Consider binary (two-species) equilibrium between rwo phases of the same kind. Equation {14.70)
applies:

xfyf =x,-ﬁyjﬁ i=1.2)
If phase B is pure species 1 and phase « is pure species 2, then xf = ylﬂ =1 and x§ =y = L
Hence, xiyf = x{s ylﬁ =1 and xX5yy = x;f yf w1

The reasoning applies generally to (degenerate) N-phase equilibrium involving N mutually immis-
cible species. Whence the cited result for solids.

The rules of thumb are based on Case II binary SLE behavior. For concreteness, let the solid be pure
species 1 and the solvent be liquid species 2. Then Eqs. (14.89) and (14.88a) apply:

AHS (T - T,
X = y';l = eXp RTi (—T—l)
"y

d AHY
{a) Differentiate: = ¥ - 1
ar RT?

Thus dx;/dT is necessarily positive: the solid solubility x; increases with increasing 7.

(b) Equation (14.88a) contains no information about species 2. Thus, to the extent that Egs. (14.89)
and (14.88a) are valid, the solid solubility x; is independent of the identity of species 2.
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(c) Denote the two solid phases by subscripts 4 and B. Then, by Egs. (14.89) and (14.88a), the
solubilities x 4 and x g are related by:

X4 AHS',(ng — T y)
= =ex
RTy, Ty

Xg

where by assumption, A = AHY = AHY
Accordingly, x,/xz > 1 ifandonly if 74 < Tp, thus validating the rule of thumb.

{d} Identify the solid species as in Part (¢). Then x4 and x5 are related by:

X4 (AHE — AHSY(T, = T)
— = exp
Xg RT.T

where by assumption, Ty = Tng = T

Notice that 7, > T (sec Fig. 14.21b). Then x,/xp > 1 if and only if Aij < AH;”, in
accord with the rule of thumb.

14,34 The shape of the solubility curve is characterized in part by the behavior of the derivative dy; /d P
(constant 7). A general expression is found from Eq. (14.94), 3 = P P/F,, where the enhance-
ment factor F; depends (at constant 7) on P and y,. Thus,

by B IRI(OY L (30) o
dP PN TP \BP ), T\ Sy ap
i 81nF1 BlnFI dy]
_F+y‘[( ap) +(a P
»1 Y1 P

|:(3—1nF1) i

1 - =

an 0P ), P

il

Whence, =
dFP (8 In F ) (4)
1= | —
ayl P
This is a general result. An expression for F) is given by Eq. (14.95);
sat Vs(p — psa
F = ?li— exp ——— 1= ( 1)
o1 RT
From this, after some reduction:
(a;nPFl) _ (a;x;;;l) 7 and (amﬂ) _ [amg
» , BT a1 Jp n /,
dIng el
=i 2 IR
dy dFP RT P
Whence, by Eq. (4), AR o B
JP - (8)
dln ¢1
I+ » 3
Vi »



This too is a general result. If the two-term virial cquation in pressure applies, then In ¢, is given by
Eq.{11.59), from which:

31ng, 1 2 9Ingy 2hn P
— — (B 8 d -
( 8P ) R (Bu +yid) an g RT
¥ r
R (Vf — By —y3dn L)
dy, RT P
Wh Eq. ar
ence, by Eq. (B), ap _ 2yipénl

1
RT

The denominator of this equation is positive at any pressure level for which Eq. (3.37) is likely to be
valid. Hence, the sign of dy| /d P is determined by the sign of the group in parentheses. For very low
pressures the 1/ P term dominates and dy; /d P is negative. For very high pressures, 1/ P is small,
and dy, /d P can be positive. If this is the case, then dv, /d P is zero for some intermediate pressure,
and the solubility y; exhibits a minimum with respect to pressure. Qualitatively, these features are
consistent with the behavior illustrated by Fig. 14.22. However, the two-term virial equation 18 only
valid for low to moderate pressures, and is unable to mimic the change in curvature and “flattening”
of the y; vs. P curve observed for high pressures for the naphthalene/CO; system.

14.35 (a) Rewrite the UNILAN equation:
m
n=— [In(c + Pe®) — In(c + Pe™)] 4
S

As s — 0, this expression becomes indeterminate. Application of 1"Héapital’s rule gives:

i i m Pef + Pe™*
= lim —
sg%n s—0 2 \c-+ Pef ¢+ Pe™s
m P P
= = -
2\¢+P ¢+ P

) mP 1
ilm_g_,o n =

or c+ P

which is the Langmuir isotherm.

dn
b K 1 finition: = lim —
{h) Henry’s constant, by definition k Plino 7P
dn m e e”*
Diffe tiate Eq. (4): _—= —
ifferentiate Bq. (4) dp 2s (C+Pes c+Pe—5>

es —5 § o5
Whence, k:;(———e )=ﬁ(e ¢ ) or k=2 sinhs
5

C c cs

(c) All derivatives of n with respect to P are well-behaved in the zero-pressure limit:

dn m
T
P]iI})dP cs sinh.s
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14.36

14.37

m
im — = — —sinhZs
P0 dP? cls
d’n Im
—— = —sinh3
PH—E) dap3 s s

Etc.

Numerical studies show that the UNILAN equation, although providing excellent overall corre-
lation of adsorption data at low-to-moderate surface coverage, tends to underestimate Henry’s
constant,

Start with Eq. (14.105), written as:
In(P/n)=—Ink+ /On(z — 1)%’1 +z-1
With z=1-+ Bn + Cn® + ---, this becomes:
W(P/n) = —Ink +2Bn + %an e

Thus a plot of In(P/n) vs. n produces —Ilnk as the intercept and 25 as the limiting slope (for
n — (). Alternatively, a polynomial curve fit of In{P/n) innyields —Ink and 2B as the first
two coefficients.

For species ¢ in a real-gas mixture, Eqgs, (11.42) and (11.48) give:

pf =T;(T)+ RT Iny;; P
At constant temperature, du; = RTdn y,-qﬁiP
With dy; = duf, Eq. (14.101) then becomes:

— %dl‘[ +dln P 4 Ex,-dlny,-qﬁ,- =0 (const T')

For pure-gas adsorption, this simplifies to:

%dn —dinP+dlng  (const T) (A)
which is the real-gas analog of Eq. (14.103). On the left side of Eq. (4), introduce the adsorbate
compressibility factor z through z = [1a/RT = T1A/nRT:

a dan
apr) y i
RT M=dz+:z ” (B)
where » is moles adsorbed. On the right side of Eq. (4), make the substitution:
dP
dlnqb:(Z—l)? ()

which follows from Eq. (11.34). Combination of Egs. (A4), (B), and (C) gives on rearrangement (see
Sec. 14.8):

n an dP
dln — = (1 - z2)— — S |
nP (1 Z)n dz +(Z l)p

which yields on integration and rearrangement:

P
dP "
n=kP-epr (Z—I)——-exp[f (lﬁz)d—nﬁ—l—z:,
0 P 0 n

This equation is the real-gas analog of Eq. (14.105).
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14,39 & 14.40 Start with Eq. (14.105). With z = (1 — bm)~', one obtains the isotherm:

14.41

n=kP(l — bryexp | — — " (4)
1 —bn
b
For bn sufficiently small, exp | — " 21— bn
1 bn I —bn
Wh by Eq. (4) kPl —2bn) kP
ence, . s n — A
v " o " T bkp

which is the Langmuir isotherm.
With z =1+ fn, the adsorption isotherm is: n = kP exp(—28n)
from which, for An sufficiently small, the Langmuir isotherm is again recovered.

By Eq. (14.103) with a = A/ Adtt_ 4P
v Eq. (14. with a = A/n, T —nP

The definition of ¢r and its derivative are:

Whence, d'l,{f = n? (A)
By Eq. (14.124), the Raoult’s law analogy, x; = v; P/P,°. Summation for given P yields:

Tu=rY 2 (B)

By general differentiation,

Ji Yi

dX x;=Pd + ~—dPrP C
; ,Z O ©

The equation, »_;x; = 1, is an approximation that becomes increasingly accurate as the solution

procedure converges. Thus, by rearrangement of Eq. (B),

X
Yi _ ; _ _[
~ P° P P

With P fixed, Eq. (C) can now be wriften in the simple but approximate form:
dPpP

deE:——-

P

Equation (A4) then becomes:
dr =nd 3 x; or (SW:H(S(EJC,-)

where we have replaced differentials by deviations. The deviation in ) _, x; is known, since the true
value must be unity. Therefore,
Y xi =P Z
i i

Vi
— 1
Pio
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14.42

1

By Eq. (14.128), = ———
> (xi/nd)
i
Combine the three preceding equations:
i
P -1
kil
Y = ————
3 /)
I3

When x;, =y, P/P°, the Raoult’s law analogy, is substituted the required equation is reproduced:

DPE
i i

W=

d Z Pj:fnf’

Multiply the given equation for G%/RT by n and convert all mole fractions to mole numbers:

nGE YY) nn3 nang
= Ay + A3+ Ay
RT n n f7!

Apply Eq. (11.92) for i == 1:

1 m 1 m n3H3
Iny; = Apm (— - —2) + A3z ("* - —2) — Ap——-
non noon n

= Apxa(l —x1) + Apxa(l —x1) — Axxax;

Introduce solute-free mole fractions:

F X2 X ’ X3
Xy = = and xy =
X2 + x3 1—x I —x
Whence, Iny = Apxi(d — x4+ 413651 — x1)? — dpsxixf (1 — xp)?
Forx; — 0O, Iny™ = Apx; + Aisx) — Anxoxy

Apply this equation to the special case of species 1 infinitely dilute in pure solvent 2. In this case,
x; =1 x;=0, and

Iny5 = A4), Also Inys = 4l
Whence, Iy == x; Inp + x3in s — Azixgx)

In logarithmic form the equation immediately following Eq. (14.24) on page 536 may be applied to
the several infinite-dilution cases:

lHHl = lnﬁ -+ In yloo 1117'{1!2 = lnﬁ -+ lIlle?2 lnHl,j} = lnfl —}—ln}/loz

Whence, InH) —Infy =xi(InH; —In f1) + xy(InHi 3 —In fi) — dasxgxg

or InH; =x;inH 2+ x3InHy 3 — Azxix]
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14.43

14.44

For the situation described, Figure 14.11 would have fwo regions like the one shown from o to 8,
probably cne on either side of the minimum in curve IL

- v
By Eq. (14.123) with ¥, = ¥5: R—Tz = —In(x2y)
Represent Iny4 by a Taylor series:
diny, | 1 d*Inys
Iny: = Inyaly,mp + pr 0x1+5 ax? xpA e
Xyp= x1=0

Butat x; =0 (x, = 1), bothIny, and its first derivative are zero. Therefore,

1 /d%In
111}’2:*( 2Y2) x4
2 dx; =0

Also, Inx;=n(l-x)=—x-——-—————---

| 1 /dny 2
Therefore, In(xyyy) = +x; +ny; =—x — 31~ Xy
x =0

ny, i dzlnyz)
d =14-[1-2 x4
o 1 RT 2[ 2( at ) |

Comparnison with the given equation shows that:

le I_E(dzlnyg
2 2N\ dxp /L
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Chapter 16 - Section B - Non-Numerical Solutions

16.1 The potential is displayed as follows. Note that X is used in place of & as a parameter to avoid
confusion with Boltzmann’s constant.

‘
u

Kd l.d

Combination of the potential with Eq. (16.10) yields on piecewise integration the following expression
for B:

B = %ﬁNAd3 [1+ (K =) (1= Ty — (7 = KP) (e — 1)]

dB 1

9T kT [—(K3 ~ DEe™ T 4 (fF — Ka)ee‘/”]

From this expression,

according to which dB/d7T =0 for T — oc and also for an intermediate temperature 7,

T, = il
ol (7))
e \P-K3

That T, cotresponds to a maximum is readily shown by examination of the second derivative d*B /d T°.

16.2 The table is shown below. Here, contributions to I (long range) are found from Eq. (16.3) [for L{{el}],
Eq. (16.4) [for U{ind)], and Eq. (16.5) ffor Li{disp}]. Note the following:
1. Asalso seen in Table 16.2, the magnitude of the dispersion interaction in all cases 18 substantial.

2. U(el), hence f(el), is identically zero unless both species in a molecular pair have non-zero
permanent dipole montents.

3. As seen for several of the examples, the fractional contribution of induction forces can be sub-
stantial for unlike molecular pairs. Roughly: f(ind) is larger, the greater the difference in polarity
of the interacting species.
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16.3

16.4

16.5

16.6

16.7

Molecular Pair Ce/1078 Jm®  flel) f(ind) f(disp) f(el) f(disp)

CH4/CoHi4 49.8 0 0 1.000 0
CH4/CHCl, 34.3 0 0008 0992 0
CH4/(CH;);CO 249 0 0088 0912 0
CHa/CH;CN 22.1 0  0.188 0812 0
C,H;/CHCly 161.9 0 0.008 0.992 0
C,Hi/(CH3),CO 119.1 0 009 0904 0
C;H;¢/CH;CN 106.1 0 0205 0.795 0
CHCl3/(CH;),CO 95.0 043 0087 0.770 0.186
CHCl3/CH;CN 98.3 0263 0.151  0.586 0.450
(CH3)2CO/CH:CN 270.3 0.806 0.052  0.142 5.680

Water (H;0), a highly polar hydrogen donor and acceptor, is the common species for all four systems;
in all four cases, 1t experiences strong aitractive interactions with the second species. Here, interactions
between unlike molecular pairs are stronger than interactions between pairs of molecules of the same
kind, and therefore A H is negative. (See the discussion of signs for H£ in Sec. 16.7.)

Of the eight potential combinations of signs, two are forbidden by Eq. (16.25). Suppose that £ is
negative and S% is positive. Then, by Eq. (16.25), G¥ must be negative: the sign combination G @,
HE o, and SF & is outlawed. Similar reasoning shows that the combination G2 ©, HZ @, and Sf ©
1s inconsistent with Eq. (16.25). All other combinations are possible in principle.

In Series A, hydrogen bonding occurs between the donor hydrogens of CH2Cly and the electron-rich
benzene molecule. In series B, a charge-transfer complex occurs between acetone and the aromatic
benzene molecule. Neither cyclohexane nor »-hexane offers the opportunity for these special solvation
interactions. Hence the mixtures containing benzene have more negative (smaller positive) values of
HE than those containing cyclohexane and n-hexane. {See Secs. 16.5 and 16.6.)

(@) Acetone/cyclohexane is an NA/NP system; one expects G @, HZ @, and S% @.

(b) Acctone/dichloromethanc is a solvating NA/NA mixture. Here, without question, one will see
Gf e, HE 6, and 5* o.

{c) Aniline/cyclohexane is an AS/NP mixture. Here, we expect either Region I or Region 11 behavior:
Gf @ and HEf @, with S & or&. [At 323 K (50°C), experiment shows that S is @ for this
system. ]

(d) Benzene/carbon disulfide is an NP/NP system. We therefore expect GZ @, HE @, and 5% @.

(¢) Benzene/n-hexane is NP/NP. Hence, GE @, HY @, and §% &.

() Chloroform/1,4-dioxane is a solvating NA/NA mixture. Hence, G ©, H¥ ©, and SE o,

(g) Chloroform/n-hexane is NA/NP. Hence, G* @, HE @, and §% @.

(h) Ethanol/n-nonane is an AS/NP mixture, and ethanol is a very strong associator. Hence, we expect
Region I behavior: G @, HE @, and §F ©.

By definition, §; =12 [ij - % (Bn‘ + Bﬂ)]

At normal temperature levels, intermolecular attractions prevail, and the second virial coefficients are
negative. (See Sec. 16.2 for a discussion of the connection between intermolecular forces and the
second virial coefficient.) If interactions between unlike molecular pairs are weaker than interactions
between pairs of molecules of the same kind,

|Biyl < $1Bis + By
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and hence (since each B is negative) §;; > 0. If unlike interactions are stronger than like interactions,
[Bijl = %lBif + Bl

and hence d; < 0. If interactions are identical for all molecular pairs, Bi; = By = By, and

51']' =0

The rationalizations of signs for H¥ of binary liquid mixtures presented in Sec. 16.7 apply approxi-

mately to the signs of §,; for binary gas mixtures. Thus, positive 412 is the norm for NP/NP, NA/NP, and

AS/NP mixtures, whereas 8,2 is usually negative for NA/NA mixtures comprising solvating species.

One expects 8,5 to be essentially zero for ideal solutions of real gases, e.g., for binary gas mixtures of
the isomeric xylenes.
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