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Total volume 10 ml with
Water 36dg
Acetic anhydride 6.84 ¢

10.48 ¢ (10 ml)

g
E Ton _.-/’4-' |

w2t

b

L] 3 L] [ ] w I 15 " n
Time (min)

Figure E9-3.1 Temperature-time trajectory for hydrolysis of acetic anhydride.

Solution

Because we are taking our system as the contents inside the bomb as well as the
bomb itself, the term Z¥,C, needs to be modified to account for the heat absorbed
by the bomb calorimeter that holds the reactants, Thus, we include terms for the
mass of the calorimeter, m,, and the heat capacity of the calorimeter, C p » I the
sum EN,Cp , that is, "

3 N,Cp, = NyCp, + NyCp, + NcCp_+NiCp +m,C,,

However, for this example: N; = 0 and we neglect ACp and m, C 5 40 obtain
L]

2 NCp = NpgZ0,Cp, (E9-3.1)
We now apply our algorithm to analyzing the ARSST for the reaction

A+B—— 2C
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TasLE E9-3.1.  BALANCE EQUATIONS

Mole balance: gg:—“ =rV (E9-3.2)
Rate law: ra= ~CuC (E9-3.3)
K =A™ (E9-3.4)

Stoichiometry: V=V,
Ca=Cyu(l=X (E9-3.5)
Cp = Cpho(®p—X) (E9-3.6)
Ce=2CX (E9-3.7)

For ©g = 3, as a first approximation we take
Ca=CyOp = Cyy

(Note: In Problem P9-10- we do not assume Cpgg is constant.)

ra = =k'CgyCy = kC, (E9-3.8)
Combine:
" k= k'CBg
dC
Y, S S = —kc, (E9-3.9)
i Al
Following the Algorithm Energy balance: ; (E9-3.10)
=T
5 Te+Ts
(9-19)
Te= L
. N:2O.C;

Recalling N, = VC, we can substitute Equations (E9-3.5) and (E9-3.6) into
Equation (E9-3.1) and then

f\f,.“,):@,C,,r - acCPﬁNBnCpA* TEr; p, (E9-3.11)

Neglect

= ¥ao(Cp, +©5C;,) (E9-3.12)

Usually Ny = 0, ACp = 0, and m;,CP are negligible with respect to the
other terms. .
The self-heating rate is

F = (CAHRN=rY) _ (—AH,X(Cpode ¥ C, 1)
NAUZ@,-CP‘ Ny20,C P,

(9-20)

]
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Calculating the Heat of Reaction

The heat of reaction for adiabatic operation can be found from the adiabatic temper-
ature rise for complete conversion X = 1. The onset temperature is taken as the point
at which the self-heating rate is greater than the electrical heating rate. From Figure
E9-3.] we see the onset temperature is 55°C and the maximum temperature is
165°C.

Recalling Equation (8-29) with ACp = 0

X =30,Cp (T~ T)/(~AHw)]
ForX=1T=T,
~BHw = (Cp, +OgCp )(T;=Ty)

J

30,Cp = [189.7+3(754)] =4
Cr, = 1189.7+3(75.4)) = 415 ——

Nifiw (415—-1—-)( 165 — 55)°C = 45,650 J/mol
mol-°C

AH e = —(45,650)=—
mol

Determining the Activation Energy

The self-heating rate 75 is shown as a function of temperature in Figure (E9-3.2),
The ARSST software will differentiate the data shown in Figure E9-3.1 directly to
give Ts or (dT/d1) can be found from T versus 1 data using any of the differentia-
tional techniques discussed in Chapter 5. One notes that the self-heating rate goes to
zero at T = 138°C as a result of the reactants ha\'mg been consumed at this point.

The electrical heating rate, 7t . either is shut off or becomes negligible wrt
Ts after the onset temperature T, is reached. Applying Equation (9-20) to our
reaction, we obtain

dT _ —AH;u VCeo |, -ent
O P S .3-
i =7 [ N.SOC, e Ca (E9.3-13)

We now take the log of the self-heating rate, T, using Equation (E9.3-13) to obtain

(=AH R )CyoV

In Ts = 1 -
o N\26,.Cp

+InA +|nc,\—% (E9.3-14)

After the onset temperature is reached, we can obtain the activation energy from the
slope of a plot of [In(dT/dr)] as a function of (1/7), neglecting changes in In C,. The
slope of the line will be (~E/R). as shown in Figure E9-3.3.

From the slope of the plot we find the activation to be

E = —R-Slope = 1.987—3_ x (~7,750 K)
mol - K !

154k il
mol
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Figure E9-3.2 Self-heating curve for the Figure E9-3.3 Arrhenius plot of self-hes
hydrolysis of acetic anhydride. rate for acetic anhydride.

Calculating the Frequency Factor, A

We will now make an approximate calculation to determine the frequency f
The intricate details of a more accurate calculation are given in Professional |
ence Shelf R9.1 where the conversion obtained during the electrical heating ph:
taken into account. Neglecting the conversion during electrical heating,
C,=Cxg, and Equation (E9-3.13) can be arranged in the form

= V EG,C i /)
g [ TSLM.{#_HJ”«M -
—AH rx CyoCro¥.

At the onset, Ty, = 55°C; at 10 minutes the self-heat rate can be estimated fror
slope of the plot of 7" versus r shown in Figure E9-3.1 to be Ts gpge = 5.2 K/m:
Evaluating the parameters,

R e e,
NpZ0,Ch [6 72001 dm 415
=28J/K

We now calculate the frequency factor to be

4=32 ‘J 28 J/K - [ 15.400 cal/r
min l_(45,650—J-IG.7@-lI(20.2m—d)'0.01 dm’) (1,987cal/mol)(
mol & i

|A =3.73%10° dm’/mol/minl
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Sec. 9.2 Energy Balance on Batch Reactors

Now that we have the activation energy E and the Arrhenius factor A, we
can use Polymath to simulate the equations in Table E9-3.1 and compare with the
experimental results. The Polymath program is shown in Table E9-3.2, and the cor-

responding output is shown in Figure E9-3.4,

TasLe E9-3.2. POLYMATH PROGRAM

ODE Report (RKF45)

Differential equaticns as entered by the user
{1} d(CA)/d(t) =rA
[2] d(T)/d(t) = Tedot+Tsdot

Explicit equations as entered by the user
CBO = 20.2

V=001

SUMNAQTHEiICpi = 28

dHrx = -45650

A =3.734e7

E = 15400

R =1.987

Tedot = if (T>55+273) then 0 else 2
rA = -A’exp(-E/R/T)*"CA*CB0

D 00 =] T U e L D =

Comments
(1] d(CA)/d(t) = rA
Mole balance on Acetic Anhydride
[2] d(T)/d(t) = Tedot+Tsdot
Energy Balance
[3] rA = -A%exp(-E/R/T)*CA*CB0
Rate of the reaction-mol/l. min
[4]1V=10.01
Volume of the reactive solution-!
{5] SUMNAOTHEICpi = 28
{;‘mol.c
[6] dHrx = -45650
Heat of reaction-[/mol
[7] A= 3.734e7
rate constant- 1/min
[B]E= 15400
calfmol
[9]R= 1.987
cal/mol K
[10] Tedot = if (T>55+273) then 0 else 2

(oK/mnin) After the onset egi}:}t,selcctricné heating is only to compensate for heat loss
UMNAOTHEICpi

[11] Tsdot = (-dHrx)*(-rA
Self-heating rate (0K/min)

Where SUMNAOTHEICpi = N> ©,Cp=28

[10] Tsdot = (-dHrx)*(-rA"V)/SUMNAOTHEiCpi
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Figure E9-3.4 Temperature-time trajectory for hydrolysis of acetic anhydride.

As one can see there is excellent agreement between the simulation and the experi-
ment. The decrease in temperature at 13.5 minutes in the experimental data is a
result of a small heat loss to the surroundings which was not accounted for in the
simulation. The CD-ROM (R9.1) describes how to size the vent size from this data.

When using the ARSST in the laboratory to actually size the relief vent. fol-
low the procedure in the Professional Reference Shelf, which accounts for the con-
version during the electrical heating and also taking the onset temperature at a point

where Ts >> T . Also see the Fauske web site: www.fauske.com.

9.3 Semibatch Reactors with a Heat Exchanger

In our past discussions of reactors with heat exchanges, we assumed that the
ambient temperature 7, was spatially uniform throughout the exchanger. This
assumption is true if the system is a tubular reactor with the external pipe sur-
face exposed to the atmosphere or if the system is a CSTR or batch where the
coolant flow rate through exchanger is so rapid that the coolant temperatures
entering and leaving the exchanger are virtually the same.

We now consider the case where the coolant temperature varies along the
length of the exchanger while the temperature in the reactor is spatially uniform.
The coolant enters the exchanger at a mass flow rate m, at a temperature T,
and leaves at a temperature T, (See Figure 9-3). As a first approximation, we
assume a quasi-steady state for the coolant flow and neglect the accumulation
term (i.e., dT,/dt = 0). As a result, Equation (8-49) will give the rate of heat
transfer from the exchanger to the reactor:

0 =mCp (T, —T)[1 —exp—UA/(m.Cp)) (8-49)

Using Equation (8-49) to substitute for O in Equation (9-9), we obtain
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dr _ "eCp (Toy = )1 = exp(=UA/mc Cp )} + (raV)(AHp,) = T FyCp (T~ T)
dr " ING,

(9-21)

Heat Exchanger
Coiled Tubing

Figure 9-3 Tank reactor with heat exchanger.

Al steady state (dT/dr = 0) Equation (9-21) can be solved for the conversion
X as a function of reaction temperature by recalling that

FAOX - -—rAV
and
z FIOCP‘(T-' To} - F,\o E @,—CP!(T_ Tn)

and neglecting ACp and then rearranging Equation (9-21) to obtain

¥= mrcpc(ral o e eKP{*UA”"’CCPr)] ~Fys 2 GECP‘ (T-T,)
Fro(AHrs)

Steady-state energy
balance

(9-22)

We are assuming that there is virtually no accumulation of energy in the cool-
ant fluid, that is,

—==)

dt
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Example 9-4 Heat Effects in a Semibatch Reactor

The second-order saponification of ethyl acetate is to be carried out in a semib
reactor shown schematically in Figure E9-4.1.
C,Hs(CH;CO0)(ag) + NaOH(ag) ——— Na(CH;COO)(aq) + C,H:OH(aq

A + B o C + D

Aqueous sodium hydroxide is to be fed at a concentration of | kmol/m?, a temperatun
300 K, and a rate of 0.004 m¥s to an initial volume of 0.2 m* of water and ethyl acel
The initial concentrations of ethyl acetate and water are 5 kmol/m* and 3
kmol/m?, respectively. The reaction is exothermic, and it is necessary to add a I
exchanger to keep its temperature below 315 K. A heat exchanger with UA = 3(
Jis+K is available for use. The coolant enters at a rate of 100 kg/s and a tempe
ture of 285 K.

Is the heat exchanger and coolant flow rate adequate to keep the reactor te
perature below 315 K? Plot temperature, C,, Cg. and C¢ as a function of time,

Additional information:?
1 1
= (). 472, p— R 2 3 ]
k =0.39175 exp[s 2.7 [273 T]] m?/kmol *s

K(.‘ = |()3885.44/T
AH%, = =79,076 kJ/ kmol
Cp. = 170.7 J/mol/K

A

Ce, = C-"c = Cp,=Cp, = Cp=75.24 J/mol-K
Feed: Cwo = 55 kmol/m? Cgo = 1.0 kmol/m?
Initially:  Cy; = 30.7 kmol/m*  Cy = 5kmol/m*  Cg =0

Cwo

Cao

Figure E9-4.1 Semibatch reactor with heat exchange.

*k from J. M. Smith, Chemical Engineering Kinetics, 3rd ed. (New York: McGra:

Hill, 1981), p. 205. AHy, and K calculated from values given in Perry’s Chemic
Engineers’ Handbook, 6th ed. (New York: McGraw-Hill, 1984), pp. 3-147.
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Solution
Mole Balances: (See Section 4.10.2.)

dcy voCy
T O
dt ’ J
d__c-:g =7y + Un[Cm)"' CB)
dt V
dC(_‘ ‘_ = C(“L.u
dt ¢ vV
Cp =Ce¢
dN,
-(E\E = Cwinly
Initially,
Ny, = V,Cy; = (0.2)(30.7) = 6.14 kmol
Rate Law:
CeC,
—Tp = k [C,\CB == ;,ca]
Stoichiometry:
o i 1 R Iei=rn
Nr\ = CAV
V=V, + vyt

i=]
and water continually flow into the reactor

F,

i=1

However, Cp,=Co, ¢

E: FIQCPJ- = FBDCFB(I + Bw]

i=1
where

By =40 o S _ 55 _ g

F Bo CBD 1

dT _ o- FoCp, (1 + OWNT—Ty) + (r V) AHy,
df N,\Cp“"'l\{ac.pa +NCCPC+NDCPD+NWCP“,4

F,
.'S——- F,-oc‘at_ = FB“CPB + F“'QCW = FBO(CPB + %‘CP“.)
0

617

(E9-4.1)

(E9-4.2)

(E9-4.3)

(E9-4.4)

(E9-4.5)

(E9-4.6)
(E9-4.7)
(E9-4.8)

Energy Balance: Next we replace > FioCp, in Equation (9-9). Because only B

(E9-4.9)
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Q0 = 1 Cr (Toy = D1 = exp(~UA/iCp)) (8-49)
daT ":'rCPr(T‘ﬂ = n[l e cxp(""UAhﬁ,CPt)] o= FBUCP{l + ew){r_ Ta) + (rAV] AHR:I
dt Cp(Ng + Nc+ Ny + Ny )+ Cp Ny

(E9-4.10)
Recalling Equation (8-47) for the outlet temperature of the fluid in the heat
exchanger
T, =T=(T~- r,,j)exp[— U4 ] (8-47)
mrc."’f

The Polymath program is given in Table E9-4.1. The solution results are shown in
Figures E9-4.2 and E9-4.3.

TasLE E9-4.1. POLYMATH PROGRAM FOR SEMIBATCH REACTOR

ODE Report (RKF45)

Differential equations as entered by the user
(1) d{Ca)d(t) = ra-{v0"Ca)V
[2) d{Cb)d(t) = rb+(v0"(CbO-Cb)/V)
(3] d(Ce)dit) = re-(Ce"vOyv
[4] d{TH(t) = (Qr-FbO"cp*(1+58)* (T-TO)+ra"V*dh)/NCp
15] d{Nw)d(t) = vO*CwO

Explicht equations as sntered by the user
1] vO=0.004
[2) ChOm1
[3) UA=3000
[4) Ta=280
15) cp= 75240
(6] TO=300
(7] dh=-7.9076e7 )
(8] CwO=BS
(9] k=0.39176"axp(5472.7"((1/273)-{1/T)))
(10] Cd=Cec
[11) Vi=0D2
[12] Kcw 1043885.44/T)
[13] cpa= 170700
[14] V=VievD"t
[15) FbO = Cb0*v0

[16] ra=-k*{(Ca"Cb)-{(Cc"Cd)/Kc))
{ B\ {17) Na=V'Ca

{18] Nb=V'Cb
Living Example Problem) 119] Ne=V'Ce
[20] D=m
[21] =2
[22) Nd=V'Cd
[23) rate = -ra
{24) NCp = cp"(Nb+Nc+Nd+Nw)+cpa'Na
{25) Cpc=18
126) Tal =285
[27] me =100 :
(28] Qr=mc*Cpc*(Tai-T)"(1-exp{-UA/me/Cpc))
[29) Ta2 = T(T-Ta1) sxp{-UA/me/Cpc)

A
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Figure E9-4.2 Temperature—time Figure E9-4.3 Concentration—lime
trajectory in a semibatch reactor trajectories in a semibatch reactor.

9.4 Unsteady Operation of a CSTR
9.4.1 Startup

In reactor startup it is often very important how temperature and concentra-
tions approach their steady-state values. For example, a significant overshoot
in temperature may cause a reactant or product to degrade, or the overshoot
may be unacceptable for safe operation. If either case were to occur, we would
say that the system exceeded its practical stability limit. Although we can
solve the unsteady temperature-time and concentration-time equations numer-
ically to see if such a limit is exceeded, it is often more insightful to study the
approach to steady state by using the temperature—concentration phase plane.
To illustrate these concepts we shall confine our analysis to a liquid-phase
reaction carried out in a CSTR.

A qualitative discussion of how a CSTR approaches steady state is given
in PRS R9.4. This analysis, summarized in Figure S-1 in the Summary for this
chapter. is developed to show the four different regions into which the phase
plane is divided and how they allow one to sketch the approach to the steady
state.

Example 9-5 Startup of a CSTR

Again we consider the production of propylene glycol (C) in a CSTR with a heat
exchanger in Example 8-8. Initially there is only water at 75°F and 0.1 wt % H,SO,
in the 500-gallon reactor. The feed stream consists of 80 Ib mol/h of propylene
oxide (A), 1000 Ib mol/h of water (B) containing 0.1 wt % H,SO;, and 100 Ib
mol/h of methanol (M), Plot the temperature and concentration of propylene oxide
as a function of time, and a concentration vs. temperature graph for different enter-
ing temperatures and initial concentrations of A in the reactor.
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The water coolant flows through the heat exchanger at a rate of 5 1b/s (1(
Ib mol/h). The molar densities of pure propylene oxide (A), water (B), and met
nol (M) are pyo = 0.932 Ib mol/ft’, pg, = 3.45 Ib mol/ft’, and pyo = 1.54
mol/ft?, respectively.

UA = 16,000 hB_‘:‘F with T, = 60°F, sy, = 1000 Ib mol/h with Cp =18 Btw/lb mol -

Cp, =35 Br/lbmol-°F, Cp = 18 Btu/Ib mol-°F,
Cp. =46 Br/Ibmol -°F, C, = 19.5 Btu/Ib mol-°F

Solution
A+B—— C

Mole Balances:

Initial Conditions

dC Cog= GO
A: d—;‘ =r, + M 0 (E9-5
! dCy _ (Cgo— Calvy _ b mol
B: ? =in + T CB‘: = 345 _f'[]_ (E9~5
B IR 29 0 (E9-S
dt
dCM UD{CMU i C“}
: e SO M 0 E9-5
M dt v =
Rate Law: —ra =kCy (E9-5
Stoichiometry: —ry=—rg="rc (E9-5

Energy Balance:

dr 9~ Fao T ©,Cp(T—Ty) + (AH, )\ V)

E9-5
dr NGy, (

with

o : I
Q= my, Cp (T —Ta2) = my, Cp (Tsy = 1) [] "“P[_ fit H (E9-5

My Crw

and

T,z=r—(r—n.1exp[— L ]
"}wcpw
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Evaluation of parameters:

z AN"‘- Cp: - CP"'V.-\ + Cpn;‘\ra + CPCNC + CPM‘N.M

=35(C,V) + 18(CaV) + 46(CcV) + 19.5(CyV)

F B0 F Mo

I.@':Cpr =CP!\+F-M| CPB“'F‘; C'PM
F,
=35+ 18 04195 Fme
Fao Fro
vy = 20 4 Foo  Fwo | Fro , Fio
Pao  Peo  Pmo 0.923 345

+FM0

1.54

i
h

621

Neglecting AC, because it changes the heat of reaction insignificantly over the

temperature range of the reaction, the heat of reaction is assumed constant at

AHg, = ~36.000

]A

The Polymath program is shown in Table E9-5.1.

TABLE E9-5.1.

PoLyMATH ProGRAM FOR CSTR STARTUP

ODE Report (RKF45)

Ditfarential equations as entered by the user
[1] d{Cayd(t) = 1tau"(Cald-Ca)+ra
[2] d(CbYd(t) = 1tau”(CbO-Cb)+rb
(3] d{CeNdll) = 1/tau®(0-Cej+rc
(4] d(Cm)id(t) = 1tau*{CmO-Cm)
151 d(Tyd(t) = (Q-Fa0*ThetaCp"(T-T0)+{-36000)"ra*V}INCp

Explici i as d by the user
(1] Fa0=80

(2] TO=75

131 V=(1/7.484)'500

[41 UA = 16000

(5] Tal =860

i8] k=16.96a12"exp(-32400/1.987/(T +480))
{71 FbO=1000

18] Fm0 =100

{91 mc=1000

{10) rma=-k"Ca

(11} b=-k'Ca

[L12] re=kCa

113] NmaCm'V

{14] Na=Ca'V

[15] Nb=Cb'V

[16] Ne=CeV

(17] ThetaCp = 35+Fb0/Fa0"18+FmO/Fa0*19.5
(18] vO = Fa0/0.923+Fb(/3.45+Fm0/1.54
[19] Ta2= T-(T-Ta1)"axp(-UA/(18"mc))
- [20) Ga0=FaQ\v0

[21] CbO = Fa0onv0

{22) Cm0 = FmONvD

[23] Q=mc"18°(Ta1-Ta2)

[24] tau=VA0

[25] NCp =Na'35+Nb*18+Nc'48+Nm*19.5
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Figures (E9-5.1) and (E9-5.2) show the reactor concentration and temperature
of propylene oxide as a function of time, respectively, for an initial temperature of
75°F and only water in the tank (i.e, C4; = 0). One observes, both the temperature
and concentration oscillate around their steady-state values (T = 138°F, C, = 0.039
b mol/ft?). Figure (E9-5.3) shows the phase plane of temperature and propylene
oxide concentration for three different sets of initial conditions (T; = 75°F, Cy; = 0;
T; = 150°F, Cy; = O: and T; = 160°F, Cy; = 0.14 1b mol/ft*), keeping T, constant.

An upper limit of 180°F should not be exceeded in the tank. This temperature
is the practical stability limit. The practical stability limit represent a temperature
above which it is undesirable to operate because of unwanted side reactions, safety
considerations, or damage to equipment. Consequently, we see if we started at an ini-
tial temperature of 160°F and an initial concentration of 0.14 mol/dm?, the practical
stability limit of 180°F would be exceeded as the reactor approached its steady-state
temperature of 138°F. See the concentration—temperature trajectory in Figure E9-5.4.

0.150 152.000
0.120 136.000
Key - TI*F)
0.080 120.000
0.060 104.000
0.030 85.000
0.000 72.000
0.000 0800 1600 2400 3200 4.000 0000 0800 1.600 2400 3.200 4.000
tih) 1{h}
Figure E9-5.1 Propylene oxide Figure E9-5.2 Temperature-time
concentration as a function of time. trajectory for CSTR startup.
0450 018 Practical
016 us"::“\'
0120 o, o }
012
0.000 1o mol| E
T )1 O.IOI
0.060 008 -
0.06 I—
0.030 0.04 -
0.02 -
0.000 a0l Y Al 2 ey
72000 B8.000 104000 120000 136.000 152.000 60 75 90 105 120 135 150 165 180 195 210
T°F) T(*F)

Figure E9-5.3 Concentration-temperawre  Figure E9-54  Concentration-temperature
phase-plane trajectory. phase plane.

After about 1.6 h the reactor is operating at steady state with the following values:

]

Cy
Ca

0.0379 Ib mol/ft* C. = 0.143 Ib mol/ft?
212 1bmol/ftd  Cy = 0.2265 Ib mol/ft?
T = 138.5°F

]
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9.4.2 Falling Off the Steady State

We now consider what can happen to a CSTR operating at an upper steady
state when an upset occurs in either the ambient temperature, the entering tem-
perature, the flow rate, the reactor temperature, or some other variable. To
illustrate, let’s reconsider the production of propylene glycol in a CSTR, which
we just discussed.

Example 9-6 Falling Off the Upper Steady State

In Example 9-5 we saw how a 500-gal CSTR used for the production of propylene
glycol approached steady state. For the flow rates and conditions (e.g., T, = 75°F,
T,; = 60°F), the steady-state temperature was 138°F, and the corresponding conver-
sion was 75.5%. Determine the steady-state temperature and conversion that would
result if the entering temperature were to drop from 75°F 10 70°F, assuming that all
other conditions remain the same. First, sketch the steady-state conversions calcu-
lated from the mole and energy balances as a function of temperature before and
after the drop in entering temperature occurred. Next, plot the “conversion,” concen-
tration of A, and the temperature in the reactor as a function of time after the enter-
ing temperature drops from 75°F to 70°F.

Solution

The steady-state conversions can be calculated from the mole balance,

tAde E'RT

Xup = ']‘:W (E8-5.5)
and from the energy balance,
Y O,C, (T=Ty))+[0Q/F,)
- AN (E8-5.6)

- —[AHg, (T)]

before (T, = 75°F) and after (T, = 70°F) the upset occurred. We shall use the
parameter values given in Example 9-5 (e.g., F,, = 80 Ib mol/h. UA = 16,000
Btu/h - °F) to obtain a sketch of these conversions as a function of temperature, as
shown in Figure E9-6.1.

We see that for T, =70°F the reactor has dropped below the extinction tem-
perature and can no longer operate at the upper steady state. In Problem P9-16, we
will see it is not always necessary for the temperature to drop below the extinction
temperature in order to fall to the lower steady state. The equations describing the
dynamic drop from the upper steady state to the lower steady state are identical to
those given in Example 9-5: only the initial conditions and entering temperature are
different. Consequently, the same Polymath and MATLAB programs can be used
with these modifications. (See Living Example 9-6 on the CD-ROM.)
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Tg=70 To=75

XyB

Xgn To=70

)
Figure E9-6.1 Conversion from mole and energy balances as a function
of temperature.

Initial conditions are taken from the final steady-state values given in Ex
ple 9-5.

C,, = 0.039 b mol/f>  Cg, = 0.143 Ib mol/ft?
Cy = 2.12 Ibmol/ft}  Cy, = 0.226 1b mol/ 3
T, = 138.5°F
Change T}, to 70°F

Because the system is not at steady state, we cannot rigorously define a convers
in terms of the number of moles reacted because of the accumulation within the re
tor. However, we can approximate the conversion by the equation X = (1 — C,/C
This equation is valid after the steady state is reached. Plots of the temperature ;
the conversion as a function of time are shown in Figures E9-6.2 and E9-6.3, resp
tively. The new steady-state temperature and conversion are T = 83.6°Fand X = 0.

152 1. )
136 072
1 0.58
Tem'® X
104 0,40
B8 024
T 0.08
0.0 08 16 2.4 a2 40 0.0 (1] 18 24 32 40
Tt t{n}

Figure E9-6.2 Temperature versus time. Figure E9-6.3 Conversion versus time.

We could now see how we can make adjustments for upsets in the reac
operating conditions (such as we just saw in the drop in the entering temperatu
so that we do not fall to the lower steady-state values. We can prevent this drop
Reference Shelf conversion by adding a controller to the reactor. The addition of a controller is d

cussed in the Professional Reference Shelf R9.2 on the CD-ROM.
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9.5 Nonisothermal Multiple Reactions

For multiple reactions occurring in either a semibatch or batch reactor, Equa-
tion (9-21) can be generalized in the same manner as the steady-state energy
balance, to give

]
meCp (Tyy = D1 —exp(=UA/mcCp )] + Z ry V AHp(T) =X FyoCp (T—T))

d._II: = i=1
d INC,
(9-23)
For large coolant rates Equation (9-23) becomes
q
o UA(T,~T)=Z FoCp(T—To)+V ) ry AHy,
—_ = o 9-24)
dt i (
z N‘ CPJ
i=1
Example 9-7 Multiple Reactions in a Semibatch Reactor
The series reactions
2A—23 B—23 3C
(H (2)
are catalyzed by H,SO,. All reactions are first order in the reactant concentration.
L The reaction is to be carried out in a semibatch reactor that has a heat exchanger
2 ‘o inside with A = 35,000 cal/h-K and an exchanger temperature, T,, of 298 K.
€ Pure A enters at a concentration of 4 mol/dm’, a volumetric flow rate of 240 dm®/h,
P\" and a temperature of 305 K. Initially there is a total of 100 dm? in the reactor, which

Living Example Problem| contains 1.0 mol/dm? of A and 1.0 mol/dm’ of the catalyst H,SO,. The reaction
rate is independent of the catalyst concentration. The initial temperature of the reac-
tor is 290 K. Plot the species concentrations and temperature as a function of time.

Cag = 4 mol/dm?®

vg = 240 dm/hr l
To=305K

Ca = 1 molidm?® at 290 K
V= 100 dm?
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Additional information;
kja = 1.25h™" at 320 K with E,, = 9500 cal/mol Cp, = 30 cal/mol-K
kg = 0.08h~" at 300 K with E,z = 7000 cal/mol Cp, = 60 cal/mol-K
AHg, 4 = —6500 cal/mol A Cp. = 20 cal/mol K

AHg,,s = +8000 cal/mol B P, = 35 cal/mol -K
274
Solution
Mole Balances:
dC (Cao—Ci)
TrA = r“+_'__AOV Alvs (E9-7.1)
dC, C
E‘! =rg— Tl} v, (E9-7.2)
dC, C,
-d_.rc = re— 7':00 (E9-7.3)
Rate Laws:
—ria = kaCa (E9-7.4)
—rap = kypCy (E9-7.5)
Stoichiometry (liquid phase): Use C,, Cy, Cc
Relative rates:
TNgp=- %"u (E9-7.6)
e =—3ry (E9-71.7)
Net rates:
TA = Fria = —kjoCy (E9-7.8)
rg=rpgtrg= -——;'—A + rp = k";C“ — kypCy (E9-7.9)
re= 3 kZBCB {Eg-?]ol
N=GV (E9-7.11)
s V=V + vyt (E9-7.12)

Ny,s0, = (Ciys0,,) V0 = ldl:ln?] X 100 dm* = 100 mol

3
Fao= 4 mol 540 9M* _ g6 mol
dm? h h
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5 Energy Balance:

q
UA(T,=T) =X FoCp(T—Ty) + VS AHryry
daT i=1

@ TN (29

dr _ UA(T, = T) = FpoCp, (T—T) + [(AHga1a) (rya) + (AHgypp ) (1)1 V
dt [C“CPA+C8CPn+ CCC-’('] et N“25°4CPH,50,

(E9-7.13)

dT _ 35,000(298 — T') —(4) (240)(30) (T — 305) + [(=6500) (—k),Cy ) + (+8000) (—kyyCy )] ¥

dt

VLe

-lving Example Problem

(30C, + 60Cy + 20C) (100 + 2401) + (100) (35)
(E9-7.14)
Equations (E9-7.1) through (E9-7.3) and (E9-7.8) through (E9-7.12) can be solved
simultaneously with Equation (E9-7.14) using an ODE solver. The Polymath pro-

gram is shown in Table E9-7.1 and the Matlab program is on the CD-ROM. The
time graphs are shown in Figures E9-7.1 and E9-7.2.

TaBLE E9-7.1. POLYMATH PROGRAM

ODE Repdrt (REF4S)

Diftorential squations as entered by the user
L1 o(Capdit) = ra+(Cac-Ca) vV
[21 d(Chyat) wr-Ch*vaV
[3] a{Co)o(l) m re-CevolV .
141 o{TVet) = (35000°(206-T)-Cao vo"30°(T-305+((-8500)" (-4 1a"Ca)+{BO00)" (420" Cb}) VI({Ca™30+Ch"B0+Co"20)™V+ 100°35)

Expheil a3 entered by the usar

11] Caom4

[2] vo=240

3] Kia = 1.25"8p((PE00/1.987)"(1/320-V/T))
[4] k2b = D.08"exp{(7000/1.987)(1/200-1/T))
1] m=-kla'Ca

[6] V=100+vo"

[7] rc=320"Co

18] b= k1a"Ca2-k20°Ch

1 435
1
24 |
405
i V1.8 A
!2| 378
'.\mn’)u TIK)
| 5
08 |
o6 | 315 : &
0000 0300 0600 0S00 1200 1500 Key;
thh 285

0000 0300 0600 0800 1200 1.500
h)

Figure E9-7.1 Concentration-time. Figure E9-7.2 Temperature (K)-time (h).
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9.6 Unsteady Operation of Plug-Flow Reactors

In the CD-ROM, the unsteady energy balance is derived for a PFR. Neglec
changes in total pressure and shaft work, the following equation is derivec

Reference Shelf

T . n - il
bl oo s Poag. | Uell~1)= [y F, c,,l] ;_;+{—r,\}[“AHRx(T}l => CCp %—{ ©
i=| =

This equation must be coupled with the mole balances:

Numerical F C
solution required for —aF; aC;
these three T +u,(—r)=— (9-
coupled equations a at
and the rate law,
—ry =k(T)-fn(C) (9-

and solved numerically. A variety of numerical techniques for solving eq
tions of this type can be found in the book Applied Numerical Methods.*
One can use FEMLAB to solve PFR and laminar flow reactors for

r—» lime-dependent temperature and concentration profiles. See the FEML.

'T,wi‘- problems and web module in Chapter 8 and on the FEMLAB CD-R(

Y= enclosed with this book. A simpler approach would be to model the PFR a

number of CSTRs in series and then apply Equation (9-9) to each CSTR.

Closure. After completing this chapter, the reader should be able to appl
the unsteady-state energy balance to CSTRs, semibatch and batch reactor,
The reader should be able to discuss reactor safety using two examples: on
a case study of an explosion and the other the use of the ARSST to hel
prevent explosions. Included in the reader’s discussion should be how t
start up a reactor so as not to exceed the practical stability limit. After reac
ing these examples, the reader should be able to describe how to operat
reactors in a safe manner for both single and multiple reactions.

* B. Carnahan, H. A. Luther, and J. O. Wilkes, Applied Numerical Methods (New Yo
Wiley, 1969).



Chap.9  Summary
SUMMARY

1. Unsteady operation of CSTRs and semibatch reactors

e QW5 3 FoCp(T=Tg) + (=M (DI=r\)
— — ‘=_I_

dt “
- Z .FVI CP‘-

For large heat-exchanger coolant rates (T, = T,)

Q =UA(T,-T)

For moderate to low coolant rates

0 = i, Cp (T~ m[t - exp(- oL H

”}c Cpo

2. Baich reactors
a. Nonadiabatic

dT _ Q= Wi+ (=AHg ) (=r\ )
dt  Nj(X ©,Cp+ACHY)

Where Q is given by either Equation (59-2) or (S9-3).

b. Adiabatic

_ CPS(T_ Ty) — p 2 e:‘CP'(T_ Ty)
T =AHp (T) ~ —AHg (T)

+ L AH (T X _
Cp +XAC,

[—AH (T)IX

Y ©,Cp +XAC,

i=1

629

(89-1)

(59-2)

(59-3)

(59-4)

(89-5)

(89-6)

3. Startup of a CSTR (Figure S-1) and the approach to the steady state
(CD-ROM). By mapping out regions of the concentration-temperature phase
plane, one can view the approach to steady state and learn if the practical sta-

bility limit is exceeded.



