PFR with

heat exchange
variable ambient
temperature T,

For reversible
reactions, the
equilibrium
‘onversion, X, , is
usually calculated
first.
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The Polymath code is modified by replacing 7, = 1150K in Tables E8-5.3 and E8-5.4
by Equation (E8-5.7), and adding the numerical values for ni_ and Co.

TabLE E8-5.5.  SUMMARY HEAT EXCHANGE WITH VARIABLE T,

|
Example 8-5 Production of Acetlc Anhydride with Heat Exchange (Variable Ta) 05.16.2004, Rev5 1332

Ditterential equations as entered by the user
(1} d{X)d(V) = -ra/Fao
2] d(TyVd(V}) = (Ue*(Ta-T)+ra*deltaH)/(Fao*(Cpe+X"delCp))
{3) d(TeVd(V) = Ua*(T-Tayme/Cpc

Explicht equations as entered by the user
{1) Fao=.0376

(2] Cpa=163

(3] deiCp=-9

|4] Cao=18.8

[4) To=1035

|6] deltaH = BO770+delCp*(T-208)
171 ra=-Cao*3.58"exp({34222"(1/To- 1/T))*(1-X) (To/TH(1+X)
i8] Ua= 16500

(2] me=.111

[10) Cpc=345

The temperature and conversion profiles are shown in Figure E8-5.4.

1250 ~ Q48
041 L
037 +
032 +

005

L L i

L

980 T o000 . y , ?
00 10 20 30 40 50 60 7.0 80 90100 00 1.0 20 30 4.0 50 60 7.0 B.0 9.0 10.0
vV x 104m?) Vx 104m%)

Figure EB-5.4 (a) Temperature and (b) conversion profiles in PFR with a variable
heating medium temperature, T,

8.5 Equilibrium Conversion

The highest conversion that can be achieved in reversible reactions is the equi-
librium conversion. For endothermic reactions, the equilibrium conversion
increases with increasing temperature up to a maximum of 1.0. For exothermic
reactions, the equilibrium conversion decreases with increasing temperature.



First-order reversible
reaction

For exothermic
reactions,
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8.5.1 Adiabatic Temperature and Equilibrium Conversion

Exothermic Reactions. Figure 8-4(a) shows the variation of the concen
tion equilibrium constant as a function of temperature for an exothermic re
tion (see Appendix C), and Figure 8-4(b) shows the corresponding equilibri
conversion X, as a function of temperature. In Example 8-3, we saw that fi
first-order reaction the equilibrium conversion could be calculated using Eg
tion (E8-3.13)

K¢

= (E8-3.
Consequently, X, can be calculated directly using Figure 8-4(a).
1.0
/ Equilbrium - Equilbrium
K Xe
T T

(a) (b)

Figure 8-4 Variation of equilibrium constant and conversion with temperature for
an exothermic reaction.

To determine the maximum conversion that can be achieved in an exother
reaction carried out adiabatically, we find the intersection of the equilibrium «
version as a function of temperature [Figure 8-4(b)] with temperature—conver
relationships from the energy balance (Figure 8-2) as shown in Figure 8-5

_20,G,(T-Ty)

Xgp =
B8 T T AHg, (T) @
If the entering temperature is increased from T, to T}, the energy
ance line will be shifted to the right and will be parallel to the original linc
shown by the dashed line. Note that as the inlet temperature increases, the
abatic equilibrium conversion decreases.
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Equilibrium

i .
‘ »"‘Tm >Tg

4
| Adiabatic
/ ® _~ temperature

Ty Tas

T

Figure 8-5 Graphical solution of equilibrium and energy balance equations to
obtain the adiabatic temperature and the adiabatic equilibrium conversion X,.

Example 8-6 Calculating the Adiabatic Equilibrium Temperature
For the elementary solid-catayzed liquid-phase reaction

AEe=2B

make a plot of equilibrium conversion as a function of temperature. Determine the
adiabatic equilibrium temperature and conversion when pure A is fed to the reactor at
a temperature of 300 K.

Additional information:

H(298 K) = —40,000 cal/mol Hg(298 K) = —60,000 cal/mol
Cp, = 30 cal/mol- K CPB=50caUm0!-K
K, = 100,000 at 298 K

Solution

1. Rate Law:

(E8-6.1)

2. Equilibrium: —r, = 0:s0

3. Stoichiometry: (v = v, ) yields

e o CAOXe
Cra(1=X,) = =2

€
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relationship
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Solving for X, gives

K.(T)

= T H XT) (E8-6.2)

4. Equilibrium Constant: Calculate AC,, then K,(T)
ACp = CPB”' C'F* = 50 —50 = 0 cal/mol-K

For AC, = 0. the equilibrium constant varies with temperature according to

the relation
AHRp (1 _ 1] °
== (E8-6.3
R [T, TJ] )
AHg, = Hg— Hj = =20,000 cal/mol

K,(T) = 100,000 exp[_fg'go_;m [%,8 - %H

K (T) = K (T)) exp

K, = 100,000 exp[~33.'}'8 [T__rmﬂ (E8-6.4)

Substituting Equation (E8-6.4) into (E8-6.2), we can calculate equilibrium conversion
as a function of temperature:

5. Equilibrium Conversion from Thermodynamics

_ 100,000 exp[—33.78(T—298)/T) (E8-6.5)
¢ 1+100,000 exp[—33.78(T— 298)/T]

The calculations are shown in Table E8-6.1.

TasLe ER-6.1.  EQuILIBRIUM CONVERSION
AS A FUuNcTION OF TEMPERATURE

T K 3
208 100,000.00 1.00
350 661.60 1.00
400 18.17 0.95
425 4.14 0.80
450 . 111 0.53
475 0.34 0.25
500 0.12 0.11

6. Energy Balance
lor a reaction carried out adiabatically. the energy balance reduces to

2O,C,(T-T,) B Cp (T—T))

2P,

Xy = (E8-6.6)

_AHR\ _AHR!\
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Conversion i
calculated from Xeg = 30(T—300) 2.5%X1073(T-300) (E8-6.7)
energy balance 20,000

Data from Table E8-6.1 and the following data are plotted in Figure E8-6.1.

T(K) |3oo 400 500 600

Kin | 0 025 050 075

X,=042 T,=465K

For a feed temperature of 300 K, the adiabatic equilibrium temperature is
465 K and the corresponding adiabatic equilibrium conversion is only 0.42.

X 1.0l~—c.\
: Ke (T)

o= ——
]
08 +Ke (T)
Adiabatic
equilibrium i
conversion and Cp (T-T,)
lemperature xﬂ 0.4 = A XEB= _—EW
E
02 |
|
i
0 | t |
300 400 Te 500 600
T

Figure E8-6.1 Finding the adiabatic equilibrium temperature (7,) and
conversion (X, ).

Reactor Staging with Interstate Cooling of Heating
Higher conversions than those shown in Figure E8-6.1 can be achieved for adi-
abatic operations by connecting reactors in series with interstage cooling:

g 560 °C grsoom | 700 °C Qsoo C [

e

The conversion—temperature plot for this scheme is shown in Figure 8-6.
We see that with three interstage coolers 90% conversion can be achieved
compared to an equilibrium conversion of 40% for no interstage cooling.



Interstage cooling
used for exothermic
reversible reactions

Typical values
for gasoline
composition

Gasoline
Cs 10%
(&) 10%
C; 20%
C; 25%
o5 20%
Cio 10%
CiCpp 5%

Spring 2005
$2.20/gal for octane
number (ON)

ON =89
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Figure 8-6 Increasing conversion by interstage cooling.

Endothermic Reactions. Another example of the need for interstage
transfer in a series of reactors can be found when upgrading the octane nu
of gasoline. The more compact the hydrocarbon molecule for a given nu:
of carbon atoms is, the higher the octane rating is. Consequently, it is desi
to convert straight-chain hydrocarbons to branched isomers, naphthenes,
aromatics. The reaction sequence is

ki k2
R —

Cat

Straight Naphthenes Aromatics
Chain

The first reaction step (k, ) is slow compared to the second step, and
step is highly endothermic. The allowable temperature range for which this :
tion can be carried out is quite narrow: Above 530°C undesirable side reac
occur, and below 430°C the reaction virtually does not take place. A typical
stock might consist of 75% straight chains, 15% naphthas, and 10% aromat

One arrangement currently used to carry out these reactions is show
Figure 8-7. Note that the reactors are not all the same size. Typical sizes ar
the order of 10 to 20 m high and 2 to 5 m in diameter. A typical feed ra
gasoline is approximately 200 m*h at 2 atm. Hydrogen is usually sepai
from the product stream and recycled.

Catalyst Catalyst Catalyst

Product
500

S520°

450" 480*

To Catalyst
Regeneration

Figure 8-7 Interstage heating for gasoline production in moving-bed reactors.
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Because the reaction is endothermic, equilibrium conversion increases
with increasing temperature. A typical equilibrium curve and temperature con-
version trajectory for the reactor sequence are shown in Figure 8-8.

1.0+

X
Interstage heating g b ° Q
gon= /xas
520

s

|
0.0 450

Figure 8-8 Temperature—conversion trajectory for interstage heating of an
endothermic reaction analogous to Figure 8-6.

Example 8-7 Interstage Cooling for Highly Exothermic Reactions

What conversion could be achieved in Example 8-6 if two interstage coolers that
had the capacity to cool the exit stream to 350 K were available? Also determine the
heat duty of each exchanger for a molar feed rate of A of 40 mol/s. Assume that
95% of equilibrium conversion is achieved in each reactor. The feed temperature to
the first reactor is 300 K.
Solution
1. Calculate Exit Temperature
We saw in Example 8-6
AZ=—B

that for an entering temperature of 300 K the adiabatic equilibrium conversion was
0.42. For 95% of equilibrium conversion (X, = 0.42), the conversion exiting the first
reactor is 0.4. The exit temperature is found from a rearrangement of Equation
(E8-6.7):

T =300 + 400X = 300 + (400)(0.4) (A)

T, =460 K
We now cool the gas stream exiting the reactor at 460 K down to 350 K in a heat
exchanger (Figure E8-7.2).

v fem
L
A S 1K, M
'D.Sl—
06
o
Ok s R T-300
X
i T
02} 1o
o 1 ] Ly 1
300 350 400 450 500 800
TK)

Figure E8-7.1 Determining exit conversion and temperature in the first stage.
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2. Calculate the Heat Load

There is no work done on the reaction gas mixture in the exchanger, and the reac-
tion does not take place in the exchanger. Under these conditions (F}j;, = £} o), the
energy balance given by Equation (8-10)

Q-W,+X FyHy—% FH =0 (8-10)
for W, = 0 becomes
Energy balance on Q=3 FH =3 FoHy=X Fy(H—Hpy) (E8-7.1)
the reaction gas
mixture in the heat
exchanger =L FCp (T, T)) = (FyCp, + FyCp T, —T)) (E8-7.2)
But Cp, = Cp,
Q= (Fpy+ Fa)(Cp NI~ T)) (E8-7.3)

AISO.FA(]:FJ.\'*FB.

0= FpoCp (T T))
— 40 mol = 50 cal
s mol-K

220 keal
s

——= (350 —-460) K

(EB-74)

That is, 220 kcal/s must be removed to cool the reacting mixture from 460 K to
350 K for a feed rate of 40 mol/s.

3. Calculate the Coolant Flow Rate
We see that 220 kcal/s is removed from the reaction system mixture. The rate at
which energy must be absorbed by the coolant stream in the exchanger is

Q mC ( out — ) {E8'7-5}

We consider the case where the coolant is available at 270 K but cannot be heated
above 400 K and calculate the coolant flow rate necessary to remove 220 kcal/s
from the reaction mixture. Rearranging Equation (E8-7.5) and noting that this cool-
ant has a heat capacity of 18 cal/mol-K gives

Sizing the g 0 220,000 cal/s

e = (E8-7.6)
interstage heat C}, (= &) 3 e O cal (400 270) K
exchanger and 2 mol

coolant flow rate

=94 mol/s = 1692 g/s = 1.69 kg/s
The necessary coolant flow rate is 1.69 kg/s.
4, Calculate the Heat Exchanger Area
Let's next determine the counter current heat exchanger area. The exchanger inlet

and outlet temperatures are shown in Figure E8-7.2. The rate of heat transfer in @
counter current heat exchanger is given by the equation®

% See page 268 of C. J. Geankoplis, Transport Processes and Unit Operations (Upper
Saddle River, N.J.: Prentice Hall, 1993).
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exchanger

Rearranging
Equation (E8-6.7)
for the second
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L=yt M{%%
A

= 350 + 400AX

|
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[(T;.z"rcz)"‘(rm_r.-:)]
T,,a— T‘a
In| —=—
{TM_LJ

Thp 460Kt =itz sy T}, 350K Reaction Mixture

Q=U4

(E8-7.7)

P €—T,, 270K Coolant

Figure E8-7.2 Counter current heat exchanger.

Rearranging Equation (E8-7.7). assuming a value of U of 100 cal/s-m?-K, and then
substituting the appropriate values gives

. Ty — r.-"\ cal 460 — 400}
In| 222 Le 20,000 21 [ 460 = 400
L =T} SR0c e 350-270 |

A

U =T =T =Tl 00—l {1460 400y~ (350 - 270)1K
s m’ K

—~ 2,200 In(0.75) ,
=20
=31.6m*
The heat-exchanger surface area required to accomplish this rate of heat transfer is
3.16 m%,

5. Second Reactor
Now let’s return to determine the conversion in the second reactor. The conditions
entering the second reactor are 7 = 350 K and X = 0.4. The energy balance starting
from this point is shown in Figure E8-7.3. The corresponding adiabatic equilibrium
conversion is 0.63. Ninety-five percent of the equilibrium conversion is 60% and the
corresponding exit temperature is T = 350 + (0.6 — 0.4)400 = 430 K.

The heat-exchange duty to cool the reacting mixture from 430 K back to
350 K can again be calculated from Equation (ER-7.4):

1.0%}-—-0...__\%

08—

06 -

02—

| | | A

0
300 350 400 450 500 800
T

Figure E8-7.3 Three reactors in series with interstage cooling.
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> 3 ”
0 = F\,Cp (350 - 430) = ﬁhﬂﬂ|éﬁﬂi (—80)
A s J{mol-K

= 160 kea!
5
6. Subsequent Reactors
For the final reactor we begin at 7;, = 350 K and X = 0.6 and follow the line
resenting the equation for the energy balance along to the point of intersection
the equilibrium conversion, which is X = 0.8. Consequently. the final conves
achieved with three reactors and two interstage coolers is (0.95)(0.8) = 0.76.

8.5.2 Optimum Feed Temperature

We now consider an adiabatic reactor of fixed size or catalyst weight and in
tigate what happens as the feed temperature is varied. The reaction is revers
and exothermic. At one extreme, using a very high feed temperature, the

cific reaction rate will be large and the reaction will proceed rapidly, but
equilibrium conversion will be close to zero. Consequently, very little pro
will be formed. At the other extreme of low feed temperatures, little pro:
will be formed because the reaction rate is so low. A plot of the equilibr
conversion and the conversion calculated from the adiabatic energy balanc
shown in Figure 8-9. We see that for an entering temperature of 600 K the

abatic equilibrium conversion is 0.15. The corresponding conversion pro
down the length of the reactor are shown in Figure 8-10. The equilibrium «
version, which can be calculated from an equation similar to Equation (E8-t
also varies along the length of the reactor as shown by the dashed line in Fi;
8-10. We also see that because of the high entering temperature, the rate is
rapid and equilibrium is achieved very near the reactor entrance.

_ AHR,

X =T, + 145X

350 400 450 500 550 600
To

Figure 8-9 Equilibrium conversion for different feed temperatures,
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Equilibrium Conversion

065 .. _
X \-\Xc
Ay
\
038 + To2=500K
Bl X
015 T .7 To1 =600K
j / _——— Toa=350K
w
Figure 8-10  Adiabatic conversion profiles for different feed temperatures.

We notice that the conversion and temperature increase very rapidly over
a short distance (i.e., a small amount of catalyst). This sharp increase is some-
times referred to as the “point™ or temperature at which the reaction ignites. If
the inlet temperature were lowered to 500 K, the corresponding equilibrium
conversion is increased to 0.38; however, the reaction rate is slower at this
lower temperature so that this conversion is not achieved until closer to the end
of the reactor. If the entering temperature were lowered further to 350 K, the
corresponding equilibrium conversion is 0.75, but the rate is so slow that a
conversion of 0.05 is achieved for the specified catalyst weight in the reactor.
At a very low feed temperature. the specific reaction rate will be so small that
virtually all of the reactant will pass through the reactor without reacting. [t is
apparent that with conversions close to zero for both high and low feed tem-
peratures there must be an optimum feed temperature that maximizes conver-
sion. As the feed temperature is increased from a very low value, the specific
reaction rate will increase, as will the conversion. The conversion will continue
to increase with increasing feed temperature until the equilibrium conversion is
approached in the reaction. Further increases in feed temperature for this exo-
thermic reaction will only decrease the conversion due to the decreasing equi-
librium conversion. This optimum inlet temperature is shown in Figure 8-11.

2
X
1
3
!
350 500 600
To(K)

Figure 8-11 Finding the optimum feed temperature.
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8.6 CSTR with Heat Effects

In this section we apply the general energy balance [Equation (8-22)] to the
CSTR at steady state. We then present example problems showing how the
mole and energy balances are combined to size reactors operating adiabatically
and non-adiabatically.

Substituting Equation (8-26) into Equation (8-22), the steady-state
energy balance becomes

Q= W= F4030,Cp(T— Tyo) = [AHZ, (Tp) + ACHT~ Tp)IF X = 0 | (8:27)

[Note: In many calculations the CSTR mole balance (Fy,X = —r,V) will
be used to replace the term following the brackets in Equation (8-27), that is,
(F4uX) will be replaced by (-r,V).] Rearranging vields the steady-state balance

0—W,— F1020,Cp(T—T,) + (r,V)(AHg,) = 0 (8-42)

Although the CSTR is well mixed and the temperature is uniform
throughout the reaction vessel, these conditions do not mean that the reaction
is carried out isothermally. Isothermal operation occurs when the feed temper-
ature is identical to the temperature of the fluid inside the CSTR.

The Q Term in the CSTR

8.6.1 Heat Added to the Reactor, @

Figure 8-12 shows schematics of a CSTR with a heat exchanger. The heat
transfer fluid enters the exchanger at a mass flow rate i, (e.g.. kg/s) at a tem-
perature T,; and leaves at a temperature T,,. The rate of heat transfer from the
exchanger fo the reactor is®

UA(TuI = TaE} (8-43)

Q:

In[(T—T,)/(T—T,5)]

Figure 8-12  CSTR tank reactor with heat exchanger. [(b) Courtesy of Pfaudler. Inc.]

" Information on the overall heat-transfer coefficient may be found in C. J. Geankoplis-
Transport Processes and Unit Operations, 3rd ed, Englewood Cliffs, N.J., Prentice
Hall (2003), p. 268.
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The following derivations, based on a coolant (exothermic reaction) apply also
to heating mediums (endothermic reaction). As a first approximation, we
assume a quasi-steady state for the coolant flow and neglect the accumulation
term (i.e., dT,/dtr = (). An energy balance on the coolant fluid entering and
leaving the exchanger is

Rate of Rate of Rate of
energy — energy _ heat transfer =0 (8-44)
in out from exchanger
by flow by flow 1o reactor
UA ( Tﬂ] it Tazl

1., (T =Ta) = WG, (To—Tp) = (8-45)

=0
(7= T,)/(T-T,,)

where C},Ir is the heat capacity of the coolant fluid and Ty is the reference
temperature. Simplifying gives us

0 =1i.C, (T = Tp0) = UA(Ty— L)

T In(T-T)/(T-T,) el

Solving Equation (8-46) for the exit temperature of the coolant fluid yields

Too=T—(T- T,,}exp[_u“t} (8-47)

mept
From Equation (8-46)
0 =nmC, (T, = T,) (8-48)

Substituting for T, in Equation (8-48), we obtain

Q=mccp_{(r‘,}—r)[| ~exp(‘U” H} (8-49)
‘ m"CPr

For large values of the coolant flow rate, the exponent will be small and
can be expanded in a Taylor series (¢* = | — x + - - -) where second-order
terms are neglected in order to give

0 = 1iC, (T,y - r)[l ~[1 = ﬂ_]}

m.C, ».

Then

Q= UAT,~T) (8-50)

where T, =7, =T,
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With the exception of processes involving highly viscous materials s
as Problem P8-4, the California P.E exam problem, the work done by the :
rer can usually be neglected. Setting W, in (8-27) to zero, neglecting ACp, s
stituting for Q' and rearranging, we have the following relationship betw

conversion and temperature in a CSTR.

UA

(T,—N—-20,C(T-Ty)) —AHz X =0 (8-
Fyo
Solving for X
Ydir-ry+30,0(T=1Tp)
X= Fao ! (8-
[—AHI‘:!:( TR)]
Equation (8-52) is coupled with the mole balance equation
_ _Fuk i@
-r_nI(Xl T]

to size CSTRs.
We now will further rearrange Equation (8-51) after letting ZG‘CP, =C

UA U4 _
CP"[F.—!UCPU T:r + CPnTU i CP"{‘FJUCP” +1 ]T_ &}f;x‘r =0
Let
k=-Y4_ and .= vt
Aa0bpy I+«

Then
—XAHG, = C,-.u(l +k)NT-T.) (8-

The parameters k and T, are used to simplify the equations for non-adiab:
operation. Solving Equation (8-54) for conversion

Cp (1 +k)T—-T.)
X= P"( (8-
—Ar,
Solving Equation (8-54) for the reactor temperature
T=T.+ (ZAHRIX) (8-
Cpn(l +k)

Figure 8-13 and Table 8-4 show three ways to specify the sizing o
CSTR. This procedure for nonisothermal CSTR design can be illustrated
considering a first-order irreversible liquid-phase reaction. The algorithm
working through either case A (X specified), B (T specified), or C (V specified
shown in Table 8-4. Its application is illustrated in the following example.
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Algorithm
Example: Elementary irreversible liquid-phase reaction
A——B
Given F.AO- Cm, ko, E. CPA'ﬁHﬁx, ACP=G, 9|=0
CSTR
Design equation  V =55.Q§
~Ta
Rate law —5 =kCy
- S I
k=Ae AT =k oxp = = -
TR\, T
Stoichiometry Ca =Cao(1-X)
Combining v =—rfaocX _
kC&o(‘l -X)

v

v

X specified:
Calculate Vand T

v

&

V specified:
Calculate X and T

v

Need k(T) Two equations and two unknowns
X = -_E_k— T= VC = l
A B ek Fao Vo
|
Calculate T TASERT
Te FaoX(~AHry) + UAT, +FyoCp, Ty M8 tAGT
UA +F40C <
AP, UA(T To)‘pr‘(T—Ta)
Xgp = =
t "[AHRx]
Calculate k
- ASERAT _ 1 [ . A
L e 4 ext{ﬁ[f X ?]J PlotXvs. T

v

Calculate V

__ FagX
kCao(1-X)

Figure 8-13  Algorithm for adiabatic CSTR design.
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TaBLE 8-4.  WAYS TO SPECIFY THE S1ZING A CSTR
A B C
Specify X Specify T Specify V
S i =t
Calculate T Caleulate X Use Eqgn. (8-55)

From Eqn. (8-56)
{

From Eqn. (8-55)
i

to plot Xgz vs. T

Calculate k Calculate k Solve Egn. (8-53)
k= Ae BT k= Ae-ERT for Xyy = A7)
to find Xyp vs. T
(e.g.. XMB =

(e.g., =ra = kCxpl) = X)) (e.g., —ra = kCyoll = X))

TA exp[—E/(RT))
1+ TA exp[—E/(RT)]
d 4 i

i S e

Calculate —r (X,

1 l 1
Calculate V Calculate V
.V = F A'OX V - F AU’X
e —ra

Xpmgs = conversion calculated from the mole balance
Xgn = conversion calculated from the energy balance

Example 8-8 Production of Propylene Glycol in an Adiabatic CSTR
Propylene glycol is produced by the hydrolysis of propylene oxide:

CH,—CH—CH, +H,0 2%, CH,—CH—CH,
N

0 OH OH

Over 800 million pounds of propylene glycol were produced in 2004 and the selling price
was approximately $0.68 per pound. Propylene glycol makes up about 25% of the major
derivatives of propylene oxide. The reaction takes place readily at room temperature when
catalyzed by sulfuric acid.

You are the engineer in charge of ap adiabatic CSTR producing propylene glycol by
this method. Unfortunately, the reactor is beginning to leak, and you must replace it. (You
told your boss several times that sulfuric acid was corrosive and that mild steel was a poor
material for construction.) There is a nice-looking overflow CSTR of 300-gal capacity stand-
ing idle; it is glass-lined, and you would like to use it.

You are feeding 2500 Ib/h (43.04 1b mol/h) of propylene oxide (P.O.) to the reactor.
The feed stream consists of (1) an equivolumetric mixture of propylene oxide (46.62 ft/h)
and methanol (46.62 ft¥/h), and (2) water containing 0.1 wt % H,SO,. The volumetric flow
rate of water is 233.1 f¥/h, which is 2.5 times the methanol-P.O. flow rate. The corresponding
molar feed rates of methanol and water are 71.87 and 802.8 Ib mol/h, respectively. The
water—propylene oxide—methanol mixture undergoes a slight decrease in volume upon mixing
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(approximately 3%), but you neglect this decrease in your calculations, The temper-
ature of both feed streams is 58°F prior to mixing, but there is an immediate 17°F
temperature rise upon mixing of the two feed streams caused by the heat of mixing.
The entering temperature of all feed streams is thus taken to be 75°F (Figure E8-8.1).

Prapylene oxide Fpq T Too=58°F Too=58F
Methanol Fuo |

Fao Water

To=75°F

Figure E8-8.1

Furusawa et al.” state that under conditions similar to those at which you are
operating, the reaction is first-order in propylene oxide concentration and apparent
zero-order in excess of water with the specific reaction rate

k= Ae~E/RT = 16,96 X 1012 (e=32400AT) =1

The units of E are Btu/Ib mol.

There is an important constraint on your operation. Propylene oxide is a
rather low-boiling substance. With the mixture you are using, you feel that you can-
not exceed an operating temperature of 125°F. or you will lose too much oxide by
vaporization through the vent system.

Can you use the idle CSTR as a replacement for the leaking one if it will be
operated adiabatically? If so. what will be the conversion of oxide to glycol?

Solution

(All data used in this problem were obtained from the Handbook of Chemisiry and
Physics unless otherwise noted.) Let the reaction be represented by

A+B — C
where

A is propylene oxide (Cp, = 35 Btu/Ib mol - °F) *
B is water (C‘PB= 18 Btu/lb mol - °F)

" T. Furusawa, H. Nishimura, and T. Miyauchi. /. Chem. Eng. Jpn., 2, 95 (1969).

#Cp, and Cp_ are estimated from the observation that the great majority of
low- molccular—werghl oxygen-containing organic liquids have a mass heat capacity
of 0.6 cal/g-°C *15%.
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C is propylene glycol (Cp_= 46 Btu/lb mol - °F)

M is methanol (Cp = 19.5 Btu/Ib mol - °F)

In this problem neither the exit conversion nor the temperature of the a
batic reactor is given. By application of the material and energy balances we
solve two equations with two unknowns (X and T). Solving these coupled equatic

we determine the exit conversion and temperature for the glass-lined reactor to
if it can be used to replace the present reactor.

1. Mole Balance and design equation:
FAn_FA"‘rAy: 0

The design equation in terms of X is

V= FaoX (E8-i
=
2. Rate Law:
—r, =kC, (E8-!
3. Stoichiometry (liquid phase, v = vy ):
Ca=Cxp(l—-% (E8-:
4. Combining yields
FaoX Uy X
V= kc,w?i—)o = k“"_X} (ES-
Solving for X as a function of T and recalling that 7= V/v, gives
X Tk tde ¥R (E8-

1+ |+ gqe &8

This equation relates temperature and conversion through the mole balan

5. The energy balance for this adiabatic reaction in which there is neglig
energy input provided by the stirrer is

B 2 6,C,(T-T)
—[AHR(Tp) + ACH(T—Ty)]

Xen (8-

This equation relates X and T through the energy balance. We see that |
equations [Equations (E8-8.5) and (E8-8.6)] must be solved with Xy =
for the two unknowns, X and T

Calculations:
a. Heat of reaction at temperature T:°

(=
v

AHp, (T) = AHZ, (Ty) + AC,(T— Tp) (8-

H?3 (68°F) : —66,600 Btu/lb mol

?Hj; and HZ are calculated from heat-of-combustion data,
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parameter values
AHg,
ACP
v,

Plot Xy5 as a

function of
temperature.
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Hg(68°F) : —123,000 Bru/Ib mol
HE(68°F) : —226,000 Btu/Ib mol

AHR, (68°F) = —226,000 — (—123,000) — (—66,600) (E8-8.7)
= —36,400 Btu/lb mol propylene oxide
ALy CPC_CPEI_CFa
=46—18—35 = —7 Btu/Ib mol - °F
AHR (D) = —36400—(7)(T—528)  Tisin°R

b. Stoichiometry (C,,. ©,, 7): The total liquid volumetric flow rate entering
the reactor is

Up=Upo FtUy +ug
= 46.62 +46.62 +233.1 = 326.3 ft¥/h (E8-8.8)
V' = 300 gal = 40.] fi?

vo 3263870

C.. = Fao - 43.01bmol/h
AT U 3263 Rh

= 0.132 b mol/ft? (E8-8.9)

For methanol: @, = = = —————— = | 67

Forwater: ~ ©p = -8 = 802.81bmol/h _ ¢
R B BOhnelE

c. Evaluate mole balance terms: The conversion calculated from the mole
balance, Xy, is found from Equation (E8-8.5).

(16.96 X 10" h~!)(0.1229 h) exp(—32,400/1.987T)
1 +(16.96 X 10'> h=')(0.1229 h) exp(—32,400/1.987T)

Xus
(E8-8.10)
(2.084 X 10') exp (— 16,306/ T)

= , TisinR
[+(2.084% 107) exp(~ 16,306/~ "

MB

d. Evaluate energy balance terms:
EBICP' o Cp* + BBCPB 5 @‘“C'P.\I
=35+ (18.65)(18) + (1.67)(19.5)
= 403.3 Btu/Ib mol - °F
Ty = T+ ATy, = 58°F + 17°F = 75°F
= 535°R (E8-8.11)

T, = 68°F = 528°R
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The conversion calculated from the energy balance, Xgg, for an adiabatic
reaction is given by Equation (8-29):

2 e,-Cp'(T_ Tﬂ))
Xeg = 73
AHR, (Tp)+ AC,(T—Ty)

(8-29)

Substituting all the known quantities into the energy balances gives us

(403.3 Btu/lb mol - °F)(T — 535)°F
—[— 36,400 — 7(T— 528)] Btu/Ib mol

_ _ 403.3(T—535)
B ™ 36,400 + 7(T— 528)

XEB=

(E8-8.12)

Solving. There are a number of different ways to solve these two simulta-
neous equations. The easiest way is to use the Polymath nonlinear equation
solver. However. o give insight into the functional relationship between X and
T for the mole and energy balances, we shall obtain a graphical solution, Here
X is plotted as a function of 7 for the mole and energy balances, and the inter-
section of the two curves gives the solution where both the mole and energy
balance solutions are satisfied. In addition, by plotting these two curves we
can learn if there is more than one intersection (i.e., multiple steady states) for
which both the energy balance and mole balance are satisfied. If numerical
root-finding techniques were used to solve for X and 7, it would be quite pos-
sible to obtain only one root when there are actually more than one. If Poly-
math were used, you could learn if multiple roots exist by changing your
initial guesses in the nonlinear equation solver. We shall discuss multiple
steady states further in Section 8.7. We choose T and then calculate X (Table
E8-8.1). The calculations are plotted in Figure E8-8.2. The virtually straight
line corresponds to the energy balance [Equation (E8-8.12)] and the curved
line corresponds to the mole balance [Equation (E8-8.10)]. We observe from
this plot that the only intersection point is at 85% conversion and 613°R. At
this point, both the energy balance and mole balance are satisfied. Because the
temperature must remain below 125°F (585°R), we cannot use the 300-gal
reactor as it is now.

TasLE E8-8.1
T Avs Xen
R) (Eq. (E8-8.10)] (Eq. (ES-8.12)]
535 0.108 0.000
550 0.217 0.166
565 0.379 0.330
575 0.500 0.440
585 0.620 0.550
595 0.723 0.656
605 0.800 0.764
615 0.860 0.872
625 0.900 0.980

Don’t give up! Head back to the storage shed to check out the heat exchange
equipment!



