24
Y larger volume  Mcreuse the amounk of time the HUid <pendS indne festroe

Miow e ogr P yolume in CSTR

Problers: -
QS:

A —— B

is to be carried out isothermally in a continuous-flow reactor. The entering volumetric flow rate v, is 10
dm’/h. (Note: F,=C,v. For a constant volumetric flow rate v=v,, then F,=C,v,. Also,
Cro = F¢'vy = ([5 mol/h]/[10 dm3/h]) 0.5 mol/dm3.)

Calculate both the CSTR and PFR reactor volumes necessary to consume 99% of A (i.e., Cp =
0.01C,,) when the entering molar flow rate is 5 mol/h, assuming the reaction rate —r, is

@) —ra= k  with k= 0.05 hf‘;‘ﬁl3 [Ans.: Vesrg = 99 dm?]
(b) —ry= kC, with k = 0.0001 s!
(© —ry= kC2 with k =300 r%l [Ans.: Vesrg = 660 dm?]
Vo: 10 dm?/h Cn = 0-00 Cyy
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(d) Repeat (a), (b), and/or (c) to calculate the time necessary to consume 99.9% of species A in a
1000 dm? constant-volume batch reactor with C,, = 0.5 mol/dm?.
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Question 3: [8 points]

Ethylene glycol is produced by hydrolyzing ethylene oxide, according the following equation
O CH,—OH
l

CH,—CH, +H,0 22245 CH,—OH

A . C

This liquid phase reaction is first-order in ethylene oxide and zero order in water, and has a rate

constant of 0.21 min‘! at 50 °C.
(a) What would be the conversion if the reaction is carried out isothermally at 50 °C for 10

minutes in a 1 L batch reactor?
(b) This reaction was carried out in the same reactor isothermally at 45 °C, and 59%
conversion was achieved after 6 minutes. What is the reaction rate constant at 45 °C? and

what is the reaction activation energy in ]/mol?
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Example 5-2 Producing 200 Million Pounds per Year in a CSTR

Close to 16 billion pounds of ethylene glycol (EG) were produced in 2013. It previ-
ously ranked as the twenty-sixth most produced chemical in the nation on a total
pound basis. About one-half of the ethylene glycol is used for antifreeze, while the
other half is used in the manufacture of polyesters. In the polyester category, 88%
was used for fibers and 12% for the manufacture of bottles and films. The 2013 sell-
ing price for ethylene glycol was $0.60 per pound.

FrodoCt .
El> 1x(o” poonds /yedr

Cho= 16| mol /om*
Cg = dilote waler
CHR

It is desired to produce 200 million pounds per year of EG. The reactor is to K - 0,3)| ) iY\_‘
be operated isothermally. A 16.1 mol/dm? solution of ethylene oxide (EO) in water
is mixed (see Figure E5-2.1) with an equal volumetric solution of water containing
0.9 wt % of the catalyst H,SO, and fed to a CSTR. The specific reaction-rate con-
stant is 0.311 min~!, as determined in Example 5-1. Practical guidelines for reactor
scale-up are given by Mukesh.!
(@) If 80% conversion is to be achieved, determine the necessary CSTR
volume.
(b) If two 800-gal reactors were arranged in parallel with the feed equally
divided, what would be the corresponding conversion?
(c) If two 800-gal reactors were arranged in series, what would be the cor-
responding conversion?
A X=0d
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Example 5-3 Producing 300 Million Pounds per Year of Ethylene in a Plug-
Flow Reactor: Design of a Full-Scale Tubular Reactor

Ethylene ranks first in the United States in total pounds of organic chemicals pro-
duced each year, and it is the number-one organic chemical produced each year.
Over 60 billion pounds were produced in 2010, and it sold for $0.37 per pound.
Sixty-five percent of the ethylene produced is used in the manufacture of fabricated
plastics, 20% for ethylene oxide, 16% for ethylene dichloride and ethylene glycol,
5% for fibers, and 5% for solvents.

Determine the plug-flow reactor volume necessary to produce 300 million
pounds of ethylene a year by cracking a feed stream of pure ethane. The reaction
is irreversible and follows an elementary rate law. We want to achieve 80% con-
version of ethane, operating the reactor isothermally at 1100 K and at a pressure
of 6 atm. The specific reaction rate at 1,000 K is 0.072 s! and the activation
energy is 82,000 cal/mol.
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P4-5,

The liquid-phase reaction

A+B —— C
follows an elementary rate law and is carried out isothermally in a flow sy
tem. The concentrations of the A and B feed streams are 2 M before mixin

The volumetric flow rate of each stream is 5 dm%min, and the enteris
temperature is 300 K. The streams are mixed immediately before enterin

Two reactors are available. One is a gray 200.0-dm* CSTR that can be heated
to 77°C or cooled to 0°C. and the other is a white 800.0-dm* PFR operated at
300 K that cannot be heated or cooled but can be painted red or black. Note

(a)

(b)
(c)
(d)

(e)

(0

0.07 dm*/mol -min at 300 K and £ = 20 kcal/mol.

Which reactor and what conditions do you recommend? Explain the rea-
son for your choice (e.g.. color, cost, space available, weather condi-
tions). Back up your reasoning with the appropriate calculations.

How long would it take to achieve 90% conversion in a 200-dm? batch
reactor with C, = Cg, = | M after mixing at a temperature of 77°C?
What would your answer to part (b) be if the reactor were cooled to 0°C?
(Ans. 2.5 days)

What conversion would be obtained if the CSTR and PFR were operated
at 300 K and connected in series? In parallel with 5 mol/min to each?
Keeping Table 4-1 in mind, what batch reactor volume would be neces-
sary to process the same amount of species A per day as the flow reactors
while achieving 90% conversion? Referring to Table 1-1, estimate the
cost of the batch reactor.

Write a couple of sentences describing what you learned from the prob-
lem and what you believe to be the point of the problem.
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Dibutyl phthalate (DBP), a plasticizer, has a potential market of 12 million
Ib/yr (AIChE Student Contest Problem) and is to be produced by reaction of
n-butanol with monobutyl phthatate (MBP). The reaction follows an elemen-
tary rate law and is catalyzed by H,SO, (Figure P4-6). A stream containing
MBP and butanol is to be mixed with the H,SO; catalyst immediately before
the stream enters the reactor. The concentration of MBP in the stream enter-
ing the reactor is 0.2 lb mol/ft*, and the molar feed rate of butanol is five
times that of MBP. The specific reaction rate at 100°F is 1.2 ft¥/lb mol-h.
There is a 1000-gallon CSTR and associated peripheral equipment available
for use on this project for 30 days a year (operating 24 h/day).

P4-6,

0 0

I

C—0—CH, C—0—CHy

H

@ + CHOH = O + KO
NS

l(;—OH C—0—CH,

l

0 0

(MBP) {n-butancl) (DBP)

Figure P4-6

(a) Determine the exit conversion in the available 1000-gallon reactor if you
were to produce 33% of the share (i.e., 4 million Ib/yr) of the predicted
market. (Ans.: X = 0.33)

(b) How might you increase the conversion for the same F,,? For example,
what conversion would be achieved if a second 1000-gal CSTR were
placed either in series or in parallel with the CSTR? [X; = 0.55 (series)]

A+l — L +D

Ay prenall marke b = 12 milon \\,/%{
I mole Zalane  C CSTR)
Fno X

-\(a

7. Rate (oW g~ U CpCa

3 Sroicliom¢iry Ca= Cno Cl=%)

CB: (ao Q5—Y\)

Y (oMmBME N= fro X

(c)

(d)

(e)

(f)

(g)

(h)

For the same temperature as part (a), what CSTR volume would be nec-
essary to achieve a conversion of 85% for a molar feed rate of MBP of 1
Ib mol/min?

If possible, calculate the tubular reactor volume necessary to achieve
85% conversion, when the reactor is oblong rather than cylindrical, with
a major-to-minor axis ratio of 1.3 : 1.0. There are no radial gradients in
either concentration or velocity. If it is not possible to calculate Vpge
explain.

How would your results for parts (a) and (b) change if the temperature
were raised to 150°F where k is now 5.0 ft¥/Ib mol - h but the reaction is
reversible with K= 0.3?

Keeping in mind the times given in Table 4-1 for filling, and other oper-
ations, how many 1000-gallon reactors operated in the batch mode would
be necessary to meet the required production of 4 million pounds in a 30-
day period? Estimate the cost of the reactors in the system. Note: Present
in the feed stream may be some trace impurities, which you may lump as
hexanol. The activation energy is believed to be somewhere around 25
kcal/mol. Hint: Plot number of reactors as a function of conversion. (An
Ans.: 5 reactors)

What generalizations can you make about what you learned in this prob-
lem that would apply to other problems?

Write a question that requires critical thinking and then explain why your
question requires critical thinking. [Hinr: See Preface. Section B.2]

The elementarv cas-phase reaction
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The elementary gas-phase reaction

(CH,),COOC(CH;), = C,H, + 2CH,COCH,

FEMMEARES [FAEFEE. UV B INIEM L, VLIV Rk )

P4-7,

is carried out isothermally in a flow reactor with no pressure drop. The spe-

cific reaction rate at 50°C is 1074 min=! (from pericosity data) and the acti-

vation energy is 85 kl/mol. Pure di-rerr-butyl peroxide enters the reactor at

10 atm and 127°C and a molar flow rate of 2.5 mol/min. Calculate the reactor

volume and space time to achieve 90% conversion in:

(a) a PFR (Ans.: 967 dm?)

(b) a CSTR (Ans.: 4700 dm?)

(¢) Pressure drop. Plot X, v, as a function of the PFR volume when o = 0.001

dm=. What are X, and v at V = 500 dm?*?

Write a question that requires critical thinking. and explain why it involves

critical thinking.

If this reaction is to be carried out isothermally at 127°C and an initial

pressure of 10 atm in a constant-volume batch mode with 90% conver-

sion, what reactor size and cost would be required to process (2.5 mol/min

X 60 min/h X 24 h/day) 3600 mol of di-terr-butyl peroxide per day?

(Hint: Recall Table 4-1.)

(f) Assume that the reaction is reversible with K. = 0,025 mol*/dm®, and
calculate the equilibrium conversion: then redo (a) through (c) to achieve
a conversion that is 90% of the equilibrium conversion,

(d)

(e)

(g) Membrane reactor. Repeat Part (f) for the case when C.H, flows
out through the sides of the reactor and the transport coefficient is
k(' = (].nﬁ S l.
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P4-8; Troubleshooting

(a)

(b)

(c)

(d)

() 1.

1

e

A liquid-phase isomerization A —— B is carried out in a 1000-gal
CSTR that has a single impeller located halfway down the reactor. The
liquid enters at the top of the reactor and exits at the bottom. The reac-
tion is second order. Experimental data taken in a batch reactor predicted
the CSTR conversion should be 50%. However, the conversion measured
in the actual CSTR was 57%. Suggest reasons for the discrepancy and
suggest something that would give closer agreement between the pre-
dicted and measured conversions. Back your suggestions with calcula-
tions. P.S. It was raining that day.

The first-order gas-phase isomerization reaction

A —— B withk=35min!

is 1o be carried out in a tubular reactor. For a feed of pure A of 5
dm*/min, the expected conversion in a PFR is 63.2%. However, when the
reactor was put in operation, the conversion was only 58.6%. We should
note that the straight tubular reactor would not fit in the available space.
One engineer suggested that the reactor be cut in half and the two reac-
tors be put side by side with equal feed to each. However. the chief engi-
neer overrode this suggestion saying the tubular reactor had to be one
piece so he bent the reactor in a U shape. The bend was not a good one.
Brainstorm and make a list of things that could cause this off-design
specification. Choose the most logical explanation/model, and carry out a
calculation to show quantitatively that with your model the conversion is
58.6%. (An Ans: 57% of the total)

The liquid-phase reaction

A—— B

was carried out in a CSTR. For an entering concentration of 2 mol/dm’.
the conversion was 40%. For the same reactor volume and entering con-
ditions as the CSTR, the expected PFR conversion is 48.6%. However.
the PFR conversion was amazingly 50% exactly. Brainstorm reasons for
the disparity. Quantitatively show how these conversions came about
(i.e., the expected conversion and the actual conversion).

The gas-phase reaction

A+B —— C+D

is carried out in a packed bed reactor. When the particle size was
decreased by 15%. the conversion remained unchanged. When the parti-
cle size was decreased by 20%. the conversion decreased. When the orig-
inal particle size was increased by 15%, the conversion also decreased. In
all cases. the temperature, the total catalyst weight. and all other condi-
tions remained unchanged. What's going on here?
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P4-9; A reversible liquid-phase isomerization A T B is carried out isother-
mally in a 1000-gal CSTR. The reaction is second order in both the forward
and reverse directions. The liquid enters at the top of the reactor and exits at
the bottom. Experimental data taken in a batch reactor shows the CSTR con-
version 1o be 40%. The reaction is reversible with Ke = 3.0 at 300 K. and

AHg, = =25,000 cal/mol. Assuming that the batch data taken at 300 F
accurate and that £ = 15,000 cal/mol, what CSTR temperature do you re
mend to obtain maximum conversion? Hint: Read Appendix C
assume ACp = 0 in the appendix Equation (C-8):

; ; FrAHg /1 1
Ke(T) = K¢( Tn)e’(p!h—&'(?"’ o -f)}
Use Polymath to make a plot of X versus 7. Does it go through a maxin
If so, explain why.
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P4-11y The gaseous reaction A —— B has a unimolecular reaction rate constant
of 0.0015 min~" at 80°F. This reaction is to be carried out in parallel tubes
10 ft long and | in. inside diameter under a pressure of 132 psig at 260°F. A
production rate of 1000 Ib/h of B is required. Assuming an activation energy
of 25,000 cal/mol, how many tubes are needed if the conversion of A is to be

90%? Assume perfect gas laws. A and B each have molecular weights of 58.
(From California Professional Engineers Exam.)
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P4-12, (a)

(b)

The irreversible elementary reaction 2A —— B takes place in the
gas phase in an isothermal tubular (plug-flow) reactor. Reactant A and a
diluent C are fed in equimolar ratio, and conversion of A is 80%. If the
molar feed rate of A is cut in half, what is the conversion of A assuming
that the feed rate of C is left unchanged? Assume ideal behavior and that
the reactor temperature remains unchanged. What was the point of this
problem? (From California Professional Engineers Exam.)

Write a question that requires critical thinking, and explain why it
involves critical thinking.



P4-17y The gas-phase dimerization

2A —— B

follows an elementary rate law and takes place isothermally in a PBR charged

with 1.0 kg of catalyst. The feed, consisting of pure A, enters the PBR at a

pressure of 20 atm. The conversion exiting the PBR is (0.3, and the pressure at the exit

of the PBR is 5 atm.

(a) If the PBR were replaced by a “fluidized” CSTR with 1 kg of catalyst.
what will be the conversion at the exit of the CSTR? You may assume that
there is no pressure drop in the CSTR. (Ans.: X = 0.4.)

(b) What would be the conversion in the PBR if the mass flow rate were
decreased by a factor of 4 and particle size were doubled? Assume turbu-
lent flow. (Final exam)

(¢) Discuss what you learned from this problem as well as the strengths and
weaknesses of using this as a final exam problem.

(d) Write a question on critical thinking and explain why it involves critical
thinking.
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A—B

1s carried out isothermally in a “fluidized” catalyic CSTR containing 50 kg of

catalyst (Figure in margin). -

Currently 50% conversion is realized for pure A entering at pressure of

20 atm. There is virtually no pressure drop in the CSTR.

It is proposed

toput a PBR containing the same catalyst weight in series with the
CSTR. The pressure drop parameter for the PBR ¢. given by Eguation (4-33)
is oo = 0.018 kg='. The particle size is 0.2 mm. the bed porosity is 40%, and

the viscosity is the same as that of air at 200°C.

(a) Should the PBR be placed upstream or downstream of the CSTR in order
to achieve the highest conversion? Explain qualitatively using concepts

you learned in Chapter 2.

(b) What is the conversion exiting the last reactor?

(¢c) What is the pressure at the exit of the packed bed?
(d) How would your answers change if the catalyst diameter were decreased
by a factor of 2 and the PBR diameter were increased by 50% assuming

turbulent flow?
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Question 4: [12 points]

The irreversible elementary gas phase reaction A + B = 2C is carried out isothermally in a PBI

The feed is equal molar in A and B. The pressure at the entrance is 10 atm and the pressure at the
exit is 6 atm.

Po =10 atm P =6 atm
( )02686908)—»X=7
W=60kg
Additional Information
Fro = 5022 k= 1“’/" Cpo = 172

a) What s the value of pressure drop parameter a?
b) Find the conversion exiting the PBR.

c) Ifthe flow were turbulent, what would be the exit pressure if the reactor cross sectional area
was increased by a factor of 2 and the particle size decreased by a factor of 37 All other
conditions remain the same.

Without doing the calculations, would you expect the conversion under the conditions
specified in (c) to be higher or lower than the value you found in (b)? Why?
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P6-8- The production of ethylene glycol from ethylene chlorohydrin and sodium bicarbonate

CH,OHCH,Cl + NaHCO, — (CH,0H), + NaCl + CO, T

is carried out in a[semibatch reactor] A 1.5-molar solution of ethylene chlorohydrin is fed at a rate of

0.1 mole/minute to 1500 dm? of a 0.75-molar solution of sodium bicarbonate. The reaction is elemen-

tary and carried out isothermally at 30°C where the specific reaction rate is 5.1 dm*mol/h. Higher

temperatures produce unwanted side reactions. The reactor can hold a maximum of 2500 dm? of liquid.

Assume constant density.

(a) Plot and analyze the conversion, reaction rate, concentration of reactants and products, and num-
ber of moles of glycol formed as a function of time.

(b) Suppose you could vary the flow rate between 0.01 and 200 mol/min. What flow rate and holding
time would you choose to make the greatest number of moles of ethylene glycol in 24 hours,
keeping in mind the downtimes for cleaning, filling, etc., shown in Table 5-37

(¢) Suppose the ethylene chlorohydrin is fed at a rate of 0.15 mol/min until the reactor is full and then
shut in. Plot the conversion as a function of time.

(d) Discuss what you learned from this problem and what you believe to be the point of this problem.
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Reactant A decomposes by three simultaneous reactions to form three products,
one that is desired, B, and two that are undesired, X and Y. These gas-phase
reactions, along with the appropriate rate laws, are called the Trambouze reac-
tions (AIChE J., 5, 384).

k
D A X —ra= ek = 0.0001-29L

%) (zero order)
dm-s

8
2) A ——B  =r=k,C,=(00015 5)Cy (first order)

ky 3

) A Y m=r=kCis (o.oos dm
mol

)C?‘A ) (second order)
.S

The specific reaction rates are given at 300 K and the activation energies for reactions
(1), (2), and (3) are E; = 10,000 kcal/mole, E, = 15,000 kcal/mole, and E; = 20,000
kcal/mole.

(a) How, and under what conditions (e.g., reactor type(s), temperature, concen-
trations), should the reaction be carried out to maximize the selectivity of
species B for an entering concentration of species A of 0.4 M and a volumet-
ric flow rate of 2.0 dm?/s?

(b) How could the conversion of B be increased and still keep selectivity rela-
tively high?
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Example 8-3 Series Reactions in a Batch Reactor

The elementary liquid-phase series reaction A-=B 1/\l

K k

A B C R—( ke

is carried out in a batch reactor. The reaction is heated very rapidly to the reaction
temperature, where it is held at this temperature until the time it is quenched.

(a) Plot and analyze the concentrations of species A, B, and C as a function of time.

(b) Calculate the time to quench the reaction when the concentration of B will
be a maximum.

(c) What are the overall selectivity and yields at this quench time?
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5. Evaluate: Substituting for C,, = 2 mol/dm?, k; = 0.5h7!, and k, = 0.2h"!

in Equations (E8-3.5), (E8-3.14), and (E8-3.18), the concentrations as a
function of time are
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Example 8—4 Series Reaction in a CSTR

The reactions discussed in Example 8-3 are now to be carried out in a CSTR.

ki

A——>B
B—2 C
(a) Determine the exit concentrations from the CSTR.
(b) Find the value of the space time T that will maximize the concentration of B.
N mole \%an{, ;\ FP\Q - FH ) V=0
ChoVo — (a1, ArpV =0
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%) - CBVO_T RV =0
— (/% by r% \/C/ -0
(_, - [/[/ + r[,/C - 0
L) Rares
tate, Law ~ s Ky Ca
- F@; = V\'L L&
Relarive. Ratel P = Ry fg, = ~Ta
= |
Nek Rales fa = My = KiCh

B ot My = K~ KO



2) Lombine ko Oy - o
1+ kL
B -(R -f(K\Cﬁ ~ Y\LCQT’— o
Cg - V\] Cﬂ [, - k\ CHQE
Lo (K TR T)
1+ WT + KT + KKy T
(- -, 4+ Ky T =0

bY Oprimum Conwenrration o

0CB =0 =

Le= koW G
QT ) QAT

Ko Cho L1t K0T 4401 ki T8 ) = VataoT (gt hat Tz T

oL

KaCag H’\@f@ T KMLGE Tt UKy Caol” — \/\\Z%b/—b - K\

(" WT kT + LK KRt Y

o — LAk Cp TS =0

Ky Cho - W\ %Ky CroT" =0

K o = K"Ky Cho U

K G
k/\LkL %0

L= |1

WX |'(\Vl'l,

L -




(- K CﬂDJ_ﬂll(:
e F2— ) (1 K J—HT)

\\ \7/

Fvaluation
’[/MO\)( s : - \}_la h
J YAGHS
(he _lho = 2 = 0% o\ Jhm3
l+X, T )+ 0% Vo
Cg: b~£3 (_7/3 \]I) -~ p-tb wo | /&m3
[\402U0 ) (%050 )
(e = Go- Ll - (s
L~ 0F -0 TS L0 YEmol [Jwm
(ROVErsion
Y= Go— G = 1-01 - 0l
CAo 2
overdl. SLlecinly S = Lo . oTh - b
Cc 6-Y?
prerdl| e 8 Vo - CLe S A

tao ~ Cp 1-0-786



Example 8-5 Multiple Gas-Phase Reactions in a PBR

The following complex gas-phase reactions follow elementary rate laws
() A+2B-C —1{y =kioACACh
(2) 2A+3C—D 1o = kycCACo

and take place isothermally in a PBR. The feed is equimolar in A and B with
Fo = 10 mol/min and the volumetric flow rate is 100 dm?/min. The catalyst weight

ﬁ*oﬂfomo( /V"lr'y\

Vo= (00 dm> /Mmin

= LbLo Ky
is 1,000 kg, the pressure drop is o = 0.0019 kg~!, and the total entering concentra- .
tion is Cro = 0.2 mol/dm’. k= 60011 ky
dm’ dm"
k,, =100 d k,. =1,500 Cto< o
" [mol2 : kg—cat~min] e e [mol4 : kg—cat~min] To= &
(a) Plot and analyze Fy, Fy, Fe, Fp, ¥, and §C/D as a function of catalyst weight, W.
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Example 8-6 Complex Reactions in a Liquid-Phase CSTR

The complex reactions discussed in Example 8-5 now take place in the liquid phase (1) A+2B—>C
in a 2,500 dm? CSTR. The feed is equimolar in A and B with F4; =200 mol/min
and the volumetric flow rate is 100 dm3/min. The rate constants are (2) 2A+3C—-D

32 3\
N =10[dm j /mjn and ke :15[‘1‘“ j /min
mol mol

Find the concentrations of A, B, C, and D exiting the reactor, along with the exiting
selectivity, Sc/p .
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Wnen fp =10

- Define, paf ametfs
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Example 11-2 Heat of Reaction

Calculate the heat of reaction for the synthesis of ammonia from hydrogen and
nitrogen at 150°C in kcal/mol of N, reacted and also in kJ/mol of H, reacted.

Solution
N, +3H, — 2NH,
- pH° a- 25T  are: Huﬂu; = “Mozo  eA /ol A
\'lom =0
Fy, =0

N*fix (29%8) = ~22,040 Gl /mol Nz eacked
5 Indicates - the remchion s othermic

> Cp oo oD Cpy, = 6992 ol [molBe K
e = 69%M Cnl ol Ny

C/”Nb = 397 ol lmol MYy oK

DCp = L(392) - 3(6492) - (b 934

Nlpz ~0-12 cal nmol Ny readted
Aboxn (1) = Bhgy, (TR) + BG (T -Te)
Dy, (422> = =21,040 + =102 (423- 29D

Dllpn,> - 23,505 al/mil N2



Example 11-3 Adiabatic Liquid-Phase Isomerization of Normal Butane

Normal butane, C,H,, , is to be isomerized to isobutane in a plug-flow reactor. Isobutane

is a valuable product that is used in the manufacture of gasoline additives. For example, PrR / A da hafic
isobutane can be further reacted to form iso-octane. The 2014 selling price of n-butane -
. g pice b -L k=21 b ab T = 3b0K
was $1.5/gal, while the trading price of isobutane was $1.75/gal.’ = 2l a I =
This elementary reversible reaction is to be carried out adiabatically in the liquid _
phase under high pressure using essentially trace amounts of a liquid catalyst that gives | in= 7) 30 K

a specific reaction rate of 31.1 h~! at 360 K. The feed enters at 330 K.

(a) Calculate the PFR volume necessary to process 100,000 gal/day (163 kmol/h)
at 70% conversion of a mixture 90 mol % n-butane and 10 mol % i-pentane,
which is considered an inert.

(b) Plot and analyze X, X,, T, and —r, down the length of the reactor.

(¢) Calculate the CSTR volume for 40% conversion.

Additional information:

AHR, = —6900 J/mol n-butane,
K. = 3.03 at 60°C,

Activation energy = 65.7 kJ/mol
Cao = 9.3 mol/dm?3 = 9.3 kmol/m3

Butane
Cp e 141 J/mol - K

i-Pentane
CP-.p =161 J/mol-K

CP'-B = 141 J/mol - K = 141 kJ/kmol - K

A) X:D‘/'} ﬁ-o—’ H)_%KYV\O)/}') ﬁ ?

do'h n
0 T

N Mole, Bglante V- Fae

X —(n
2) Rate. Law he K [u, i _Cg_]
Kc
5) Shoi hometry Ch= Cap (L -X)
Cg = CAo X
1) €Y\crﬂj Batlgnee
[ Adiabatic ) ~Chek by = HI - Ul =0

U= To+ 2 Mon X
20 i

fAo X
V\ [Cao(_\—)() —

\ !

5) Evalvate \

oKX
LﬁKc E



o= 09 (Fo) Frp = 01163 = [6-3

O‘q (‘63) =) /’-{67 @’I = _@9_ = L‘i_ = ‘/
Fho 1961 9

236 + - (-bgos) X
(41 W%\)“b”

T= 220 + 4a.ux
a X=ot T'=33%0 + 434 (07)
T= 26038 K
65700 o \
- }’\‘- 5|| Lxp [:T?jbi (360 - 36038 B} = 2)-%2

~bqo0 ( 1 _ | -
> K= 3-03 wp [j;‘gﬁ, ( 233 stao&%B\B Lo

- [amao - ]

Th = V\Oﬁo [(I‘X) = K

Ke
4 - K
g = K Cpo [ \*(H‘ KLXYﬁ] Xﬁ‘ _\_;_(‘Kl
Yﬂ‘- ?"6
\+1-5

~fp: 252 (45) {\—(w %) o }

h 2 62
>  ho o= b - 219
~n b1

L fo Find  Volome oIy ovf 4 falle for :&5 é{ Numer s |
(" Il ccion



B)  mole Palance (IR Ve X

Gy = o L1-X)
(p= Cpo X
T= 3301434 X
> T= %04 434 (o4 ) = 247.30b
S k= 3 cxp[bg?;f, ‘60 ] 5%75&\} ~ |Yor

—b900 (_1_ _ 3
> L= 20581 | ¢y 333 3"\?’&6) = 273

-N= /902 (°f~5)I (1-04) — 2| -~ 5902
133
Vo FeX = et (DY) = \m®
e -1



Example 11-4 Calculating the Adiabatic Equilibrium Temperature
For the elementary liquid-phase reaction
AZ—=RB8B
make a plot of equilibrium conversion as a function of temperature.
(a) Combine the rate law and stoichiometric table to write —r, as a function of k,
Cpro» X, and X,.

(b) Determine the adiabatic equilibrium temperature and conversion when pure A is
fed to the reactor at a temperature of 300 K.

(¢) What is the CSTR volume to achieve 90% of the adiabatic equilibrium conver-
sion for vy = 5 dm*/min?

Additional information:*

H3(298 K) = —40,000 cal/mol HZ(298 K) = —60,000 cal/mol
CPA = 50 cal/mol - K CPB = 50 cal/mol - K

K, = 100,000 at 298 K, k = 10 exp (E(L - l)mi ’l)with E = 10,000 2L
R\298 T mol

D Rate  Law ~la= V\[u - i—ew
\c

@buill‘brl_l)yv\ -(=0 k(/ = E/E\
Ch

2) ﬂbi%’\om{,\rﬁ Ca= Croll-x)
Co-= Cho X

1) (om bine ke = Cro X = Xe
Cho Cl=X) =X
“tn: Klho [ (1=x) - Xxe
( | =Xe
_tw = AL |- X
Th RO Xo J
Xe = V‘L,_
[+ Ko
- Olwlate  Gyilibriom constant ke
- DCp= DD~ DD =0
l- DHW} = «(/70,000 —-—"IO)OOO E ’Z,OIDOO

—Zo,bbb _\’_ \
5. K(,’— (00,000 QKD[ l'%o\ t 9% T)]



- 26,000
Xe . = 100000 txp (L \-9%
(-M¢
T T e = (’,oll(/l)lﬂl'@ Yﬁ at {J\/Ufj T
T(K) K, X, k (min~—!)
298 100,000.00 1.00 0.001
350 661.60 1.00 0.012
400 18.17 0.95 0.074
425 4.14 0.80 0.153
450 111 0.53 0.300
475 0.34 0.25 0.541
500 0.12 0.11 0.919
D) Ev‘ﬂfjlf Brlanut, T:- T t - DMryy Xes
AR
T- 2%+ - C000) Kea
\ (50)
T(K) | 300 400 500 600
Xpp | 0 025 050 075
— Plot
1.OJP—Q\
Q " K, (T)
aiil \ / 1+ K, (T)
0.6 \
Cp (T-T,)
04T — T T T XEB=137|_‘W(
02 |- (°
]
0 | | |
300 400 | 500 600
T
. X : V
\[(%\P\ = ﬁro_, C/Hb (0] X

—

The Infrseckion ol Xg,w, Balancy 7 Xwﬂ\'\bn‘uw\

Me=0-UL = Miahic eyuilibriom  Conversion.

T= 465 = Pliabahic esillstion emp

- KCHD(/‘ ?XJ

X=09(0492) = p.37%

B



T= Tow - DMren X

Z 0% by
T = 4% +~(-20000 ) (0:38) ~ 492 k
ho
- 1 g | 100000 ( i e _ .eu
o 959 29% \-f62/> "3
. R AN I T
k= 100,000 aqp[ T 505 %2}} .ol
Yoo K - Olb — 556
I+ c L +1-0lb
N = 5(6:3%) - = L4
272 [V - 2t
0% ( o'5j



P8‘5"

The endothermic liquid-phase elementary reaction

A+B-2C
proceeds, substantially, to completion in a single steam-jacketed, continu- xc \
ous-stirred reactor (Table P8-5). From the following data, calculate the
steady-state reactor temperature: \/ 2 \16 jq\

Reactor volume: 125 gal

Steam jacket'area: 10 ft* A- o ]C tz
Jacket steam: 150 psig (365.9°F saturation temperature)

Overall heat-transfer coefficient of jacket, U: 150 Bwu/h- ft*-°F

Agitator shaft horsepower: 25 hp P~ %o Pb"‘.')
Heat of reaction, AH}, = +20,000 Bw/lb mol of A (independent of 5
temperature) U= |50 th /MH - ¥
TABLE PS-5 wb = 2(3 lﬁe
Component
o _
A B c DMesn = 00,000
Feed (1bmol/hr) 10.0 10.0 0 )
Feed temperature (°F) 80 80 — (/‘)S = 135 62/6 &}'U /h
Specific heat (Btu/lb mol-°F)" 5L0 440 475
Molecular weight 128 94 222 Or=\
Density (Ib/ft%) 63.0 67.2 65.0
“Independent of temperature. O =\
(Ans: T = 199°F) %

(Courtesy of the California Board of Registration for Profes-
sional & Land Surveyors.)

Enemﬁ Ralance CLSTP\ Wikh et 6\(%(\563

Xes > ( % [T-Ta) )+ S0itei (T-10) - %:—b\

= DU
160 (10) } T 6——%1
_ — (T-~3%359)| + (/(6)\ #1(a)) (T~ 30Y) — )o
—10,000

T- 129°F



P8-6, The elementary irreversible organic liquid-phase reaction.
A+B-C

is carried out adiabatically in a flow reactor. An equal molar feed in A and B

enters at 27°C, and the volumetric flow rate is 2 dm?/s and C,, = 0.1 kmol/m’.

(a) Calculate the PFR and CSTR volumes necessary to achieve 85% conversion. X=o-2%
What are the reasons for the differences?

(b) What is the maximum inlet temperature one could have so that the boiling
point of the liquid (550 K) would not be exceeded even for complete Cho = o -\ Unwl /m?
conversion?

(c) Plot the conversion and temperature as a function of PFR volume (i.e., dis- Vo - 1 dMa / g
tance down the reactor). o—

(d) Calculate the conversion that can be achieved in one 500-dm® CSTR and
in two 250-dm® CSTRs in series.

(e) Ask another question or suggest another calculation for this reaction.

Additional information:

H3(273) = =20 keal/mol, Hg(273) = —15 keal/mol, HZ(273) = —41 kcal/mol

C, =C, =15cal/mol-K C, = 30 cal/mol-K
A B Pc

k= 0.01 n:’:l‘_as at300K £ = 10,000 cal/mol
X
1) PFR Volume CR:) (Ee— V= j Mo 0¥
3\ o o ~Td
E (L - L)}
Z- -m= W e k - V\\QKP(T ax T
Ym sl erp (1B (5{5 —%\\
| (o (1=
5 Up = Cro X ) ‘5_\3 Copor
Cp = CAo (LX)
H4- gv= Frvo
e [§ 05,7 5)) (ro” (1"
5 dheck pop = 307 \9-\S o = Smplie
T =~ Vot - BH()(V\ (XS iojl_C,P'\ = CPP!'+ (-PIS
2 01 O \S11H = Sl faln

> Dy = <Yl - (-15) = (-20) = ~bkeal/mal- k

T2 300 + ~Coed [k sl | 1oga| x
ma| |50({A\\ ]ch;»\\ \

1 : 300 * Lok




o- 35

\ - FP‘O S Ay

GCpt 3 L-00F gpp(loe (L
e ﬂXP( (-2%9 L o 300+7,00K\3

0
\= Cho Ve ( 0\6‘()
Ky cns

2 (olbY) = 295 dm >
b-ol Co-l)

CSTR volyme, * V= Fro X
-\p

\: ol (2)(0%9)

00) ﬁxP(lDwU L - 3 (O'l)l(l—o‘%‘DBL

7 L2000  3p0+20000%9)

V= 142 dm?

L) Tk = 550
Do noy exeed X-=|
T= To+ ooX

%0 = To+ loo(l) To= 550K

D) wf H00dm? (5TR

V= FHOY
K @(P('t(:{& ?iuo B g’\;wzoox3> CHDL(J[‘XJL

50 < | ol (1) ¥
10000 0 L2 o2
00l CXP ( S ( o0 3001 20K )) o\ " (Y =X

X 0.t



71l

-

2504mt (TR : |
I | I
V250 V:Z’;D
- ‘Dr ¥|
150 = 2 (x)
0 \
ool exp [ U5 ( 5, - Zempor)) Len) im0t
X = 0.4
X’or Xx 260 = 10Xy = %)
Poo (L _ _\ . _
ol eip (55 L5 EOOTloOXXB el =605

k2= 0.9q7



Use the data and reaction in Problem 8-6 for the following exercices.

(a) Plot the conversion and temperature of the PFR profiles up to a reactor
volume of 10 dm® for the case when the reaction is reversible with
K¢ = 10 m¥/kmol at 450 K. Plot the equilibrium conversion profile.

(b) Repeat (a) when a heat exchanger is added, Ua = 20 cal/m?/s/K, and the cool-
ant temperature is constant at 7, = 450 K.

(¢) Repeat (b) for a co-current heat exchanger for a coolant flow rate of 50 g/s

8'73

and Cp =1 cal/g K, and in inlet coolant temperature of 7, = 450 K. Vary
the coolant rate (1 <m,_ < 1,000 g/s).

(d) Repeat (¢) for counter current coolant flow.

(e) Compare your answers to (a) through (d) and describe what you find. What
generalizations can you make?

(f) Repeat (c) and (d) when the reaction is irreversible but endothermic with
AHp, = 6,000 cal/mol.

(g) Discuss the application of runaway criteria for the irreversible reaction
occurring in a CSTR. What value of T, would you recommend to prevent
runaway if K =3 and 7, = 450 K?

The elementarv irrevercihle cac.nhace reactinn

" '3 S
oV fpo

2 fa = Kk {Ca(,g -

o]

- +))
Dhrxn ( _ \?Sj

I/\(,: Kc,\ xp ( R

- k. ep [ £ (%

b
T

C,Ao L[\X>
ChoL(- X)
C{\OK

2- Cp =

Cg =
CL’—

Ye = Ke
|+ ke

- Dy X
58

To +

5 K > wngrank Ta

W
(4

= Mryn — Qall = Te )
fo L2867 L +D0pY)

AN = (

l/\\ =0-0)

Ko~ Lo

T < 300 tL00X

> D=0

T|: ;00

T\ = USo



_aj_ z
n Blexn = VA (T -Ta)

fro (201 Cpi)

() Lo-orfenr

BH(XV\ = {00
Un = 10
U = B
To = Y50

/f\L: 50 3

\\

\O



. Mole. Balane dX - -ra

J\ [
1 Rake, Lqw -(,L\ITKC,H CB - _Ck_-x
K=k 6XP(_E(Z (l?\? \?SB Ky=o4  Ty= 3\0

5’- 5 b00

ke = I/\L. Lxp ( D“_é‘"\/ ( \T\ - T\r-\) K= \omo T,-%2
b“{)(y\‘_—ZOOOO

5.61’d()'\'\om‘€/3’fj e boo(1=Xx) T P

(+% x) T bk

S o fee 05 L o\ wol L

CAO Vo 5y /
1: Egm = \’;_\-\ = ;\ \ 9 - n\/g
. Tho = 5
&M fo & 3
Lo Golfz-X) T P Op= Mo -\
- x T L Tho

C/L- LAOLX\ TQ f_
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4. Pressuft A,E_ = - Utax) T %= 00002
) Vo
N (ij \ 3: P
5y
PO - ?—\Q RT. Fl—o-’ 1S V=50
,V‘O
R: 008206 Loafm/m-K
To- 216V,
Y- et T = T M - 9% (7= W)
N R

Fo (20i0p +5Lp X)
Alp= 0-20-% = -70

iz Cpyt Cpg +Lop
20 +20 Yo = Bo

Uﬂ =o~£3 To\: éZ%y\

a]’ W=10 %=8 T= 225 g:l
W)= 1500

L final  condition



P8-8, The elementary irreversible gas-phase reaction

A—-B+C

is carried out adiabatically in a PFR packed with a catalyst. Pure A enters the

reactor at a volumetric flow rate of 20 dm?¥/s at a pressure of 10 atm and a tem-

perature of 450 K.

(a) Plot the conversion and temperature down the plug-flow reactor until an
80% conversion (if possible) is reached. (The maximum catalyst weight
that can be packed into the PFR is 50 kg.) Assume that AP = 0.0.

(b) What catalyst weight is necessary to achieve 80% conversion in a CSTR?

Additional information:

C,,A=4OJ/mOI'K C”n=25 J/mol K C,,c= 15 J/mol - K

HZ = =70 kJ/mol Hg = =50 kJ/mol Hg = —40 kJ/mol

All heats of formation are referenced to 273 K.

- E(1_1)] _dm o0l
k 0.l33explrk{450 T]tkgwat-sw“hE 31.4 kJ/mol

(¢) Write a question that requires critical thinking and then explain why your Vo= ZOJMZ)S
question requires critical thinking. [Hinr: See Preface Section B.2.] _
(d) Now take the pressure drop into account in the PFR. Po= 10 atm lo= Ubok
dP al|T Pu r
— === | = | ———— (] + &X
aw.. 2 {n,] Prpy T EA)
The reactor can be packed with one of two particle sizes. Choose one.
a = 0.019/kg cat. for particle diameter D,
« = (.0075/kg cat. for particle diameter D,
Plot the temperature, conversion, and pressure along the length of the reactor.
Vary the parameters a and P, 10 learn the ranges of values in which they
dramatically affect the conversion.
AY 1 Mol Balane, it - - Vo= Jodm’) S
oW fao
. g (|
2 Rake Law ~fp - K Ca K= k\EXP(i(?, ’\%3
K, ~0.\33 F-3)400 T =450
2 Dlviaiomes Yj G- (o (1-X) To
Utaxy T
4y (&) = (1) = To-US 0K
ho
Y. Brergy Blanet [ = To + =B (0 584 Lpy= YD

Avabdbc Un: oilg

D=0

T= Y90 + ~(10000) (X)

Yo

T= 4o+ 900X

SEntw b Y:of o-§

= F\\o

J (1+4x) (4o +500% )

Blheyn > ~Uor—50 ~= 10
=10 «©0o

o X

K oo °

)
U_X) {’YPL%(‘L(—‘g) ) ll}So-fQoOXB)
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W= (o Vo (1+ 2k) (450 +500XD a¥%
- R R
Kb T ¥ (=X e (%0~ o))
Q.9
w: W (L +X) (UYHo+500%)
o | - \
\33 (490y o (1=%) €xp ( %:TO( U5y0 Y50 +HOX 3)

we o3y (129083

= M. 12 Ky < %0 [ crysk e in PR

b) Wegn
W= Fro X
—rﬁ'

W= (po Vo X () (YSo +BooX )

_ \ }
(o LX) To K, @w(% (-%;, T ysprooox >

W= 2000:%) (1+0%) (U0 +5%00 (03 )

(L=08> (99 B) o For ( d5 7 Towme )

W= 30-29 Kj
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P8-9y Use the data in Problem 8-8 for the case when heat is removed by a
heat exchanger jacketing the reactor. The flow rate of coolant through the
Jjacket is sufficiently high that the ambient exchanger temperature is contant at
T,=50°C.
(a) Plot the temperature and conversion profiles for a PBR with
Py s-kgcat. K
where
p, = bulk density of the catalyst (kg/m?)
a = heat-exchange area per unit volume of reactor (m%/m?)
U = overall heat-transfer coefficient (I/s-m?-K)
How would the profiles change if Ua/p, were increased by a factor of
30007
(b) Repeat part (a) for both co-current and counter current flow with
m.= 0.2 kg/s, Cp = 5,000 J/kg K and an entering coolant temperature
of 50°C.
Find X and T for a “fluidized” CSTR [see margin] with 80 kg of catalyst.
]
UA = 500 —, = ] kg/m?
s K Py g/m
' (d) Repeat parts (a) and (b) for W = 80.0 kg assuming a reversible reaction
g with a reverse specific reaction rate of

1 ( dms \‘
: \kg cat.-mol s |

E, = 51.4 kl/mol

Vary the entering temperature, T, and describe what you find.

k! Wt O R SRR Ty RN W O .

Ua
A T - i (D) - T (T=7a)

a o (791 Cpi + BLpX)

’TD\'_ C')bet/

T sanme. 2gationy a5 %-%

3 o~ wirenk
Vo _ '
M—O\ = M mc= 0.1 C/V: < 6000 ’\q; 5o
o Mc Cpe
Te Aae
TU\'L(’_I_, e
Countes ~ G
W o
Ok&'— =B (T ) Tog 2 Tq a% Bxib w=50
e MC (/(c Ta=212
Tao: W3-
L) W%W\
. W ¢
Y = LK - W
" 1 +TK /2
Fpo
Ua | )
XEB—— [( m>(T—T0\)j1‘ iazl(’f\_ (—l_—‘o\\ XMQ: X[’.R

= DY\(yn



P8-10g The irreversible endothermic vapor-phase reaction follows an elementary rate law
CH,COCH,— CH,CO + CH,
A-B+C

and is carried out adiabatically in a 500-dm* PFR. Species A is fed to the reac-
tor at a rate of 10 mol/min and a pressure of 2 atm. An inert stream is also fed

to the reactor at 2 atm, as shown in Figure P8-10. The entrance temperatu
both streams is 100 K.

F,o = 10 mol/min = llok
Po= Lok ‘
(o
R

0

Figure P8-10 Adiabatic PFR with inerts.

(a) First derive an expression for Cyg, as a function of Cy, and ©;.

(b) Sketch the conversion and temperature profiles for the case whe
inerts are present. Using a dashed line, sketch the profiles when a
erate amount of inerts are added. Using a dotted line, sketch the pr
when a large amount of inerts are added. Sketch or plot the exit co
sion as a function of ©,. Qualitative sketches are fine.

(c) Is there a ratio of inerts to the entering molar flow rate of A (i.c., !
Fyo/ Fao) at which the conversion is at a maximum? Explain why
“is” or “is not” a maximum.

(d) Repeat parts (b) and (c) for an exothermic reaction (AHg, = —80 kJ/

(e) Repeat parts (b) and (c) for a second-order endothermic reaction.

() Repeat parts (b) and (c) for an exothermic reversible rea
(K¢e =2 dm¥mol at 1100 K).

(g) Repeat (b) through (f) when the total volumetric flow rate v, is held
stant and the mole fractions are varied.

(h) Sketch or plot Fy for parts (d) through (g).

() when U is jow = Kegps temp down = Cavors endothermic feackions

D) makimum i al- vt bwer & becavse Yhe  reatkion is mw Lxothermic [Vlo C«&vqn)—o\\jc, fo adding merbs

Y wering +he femp



P8-123 The liquid-phase reaction

A+B-C Vegra, =+ b T- 200
follows an elementary rate law and takes place in a 1-m* CSTR, to whi
volumetric flow rate is 0.5 m¥min and the entering concentration of A it V1 = 0°5m’ Imin, (a2 \0comol/m’
The reaction takes place isothermally at 300 K. For an equal molar ft
A and B, the conversion is 20%. When the reaction is carried out adi  Sothgymal egVimolr
cally, the exit temperature is 350K and the conversion is 40%. The heat ¢
ities of A, B, and C are 25, 35, and 60 kJ/mol * K, respectively. [t is prc =~ X= %

To= 300

toadd a second reactor of the same size downstream in series with the A&mb’\‘nw\kﬁ% T=%0
first CSTR. There is a heat exchanger attached to the second CSTR with X=oY
UA = 4.0 kJ/min « K. and the coolant fluid enters and exits this reactor at vir-
tually the same temperature the coolant feed enters 350 K.
(a) What is the rate of heat removal necessary for isothermal operation?
(b) What is the conversion exiting the second reactor?
(¢) What would be the conversion if the second CSTR were replaced with a
I-m® PFR with Ua = 10 kJ/m? * min and 7, = 300 K?
(d) A chemist suggests that at temperatures above 380 K the reverse reaction
cannot be neglected. From thermodynamics, we know that at 350 K,
K, =2 dm*/mol. What conversion can be achieved if the entering temper-
ature to the PFR in part (b) is 350 K?
(e) Write an in-depth question that extends this problem and involves critical
thinking. and explain why it involves critical thinking.
(f) Repeat part (c) assuming the reaction takes place entirely in the gas phase

(same constants for reaction) with Cy, = 0.2 mol/dm’.
The reaction

jsothermy | T=To

A\ 6’\@\3!3 BQW\UL 0

Q’Zoé‘ [ ow < B@gﬂ/—nﬁ E ww{‘;ﬁ\

@ Yl\o

Bp: $0-35-25 <0

Q - X(Byy ) =o
F‘i\o

> fing PHrgn From Avabahic

=0 0  Bp=o gi% - x[okn Y = foicn (1T

— ) [ Mrn) = 1 (29) +135) [ SHo- o)
DR = ~ 7500 Ky /mol

- _Q_ ~X [ b\'\l'w;S =0
Laglo

Q— ~ (02 [—76"0) -0 Q: ~ 750,000 K3 /min
000 x 0.9
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B) L ol RN Entryy Balance
% — 4 1+—

pﬁ = CYZ‘X‘) D\‘irxn = 2}9\-(/?\' (VT -7p)

\=\m3 V= w3 Fro
OR=4YKT Imig- K
Tao= 350 K
| Mol Balance V= fm (% -X)
_,{'H
€
) Refe Law “ta= K e ks koo [ (- )
5 ShoiM o T Ux = Cpo (L=x) .
3 = ol vivelan
Le= Cro C1=X)
1 - Lombine, Tax K g C\=x)Y
\~ Fl\o Lxz =X
k Chbz C\_‘X‘L)z
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The reaction

A+B & C+D

is carried out adiabatically in a series of staged packed-bed reactors with inter-
stage cooling. The lowest temperature to which the reactant stream may be
cooled is 27°C. The feed is equal molar in A and B and the catalyst weight in
each reactor is sufficient to achieve 99.9% of the equilibrium conversion. The
feed enters at 27°C and the reaction is carried out adiabatically. If four reactors
and three coolers are available, what conversion may be achieved?

Additional information:

AHg, = —30,000 cal/mol A

K.(50°C) =

500,000 F o = 10 mol A/min

CPV‘=CPB=CP( =C‘,.n = 25 cal/g mol-K

First prepare a plot of equilibrium conversion as a function of temperature.
[Partial ans.: T=360K, X, =0984; T=520K, X, =0.09; T=540K.
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P8-23, The irreversible liqhiﬂ-phasc reactions

Reaction (1) A+B-2C ric=kicCaCp
Reaction (2) 2B+C—=D rap=kapCaCe

are carried out in a PFR with heat exchange. The following temperature profile
was obtained for the reaction and the coolant stream.

e A o SRR S I
Figure P8-23

The concentrations of A, B, C, and D were measured at the point down the
reactor where the liquid temperature, 7, reached a maximum, and they were
found to be C4 = 0.1, Cg = 0.2, Cc = 0.5, and Cp = 1.5 all in mol/dm?. The
product of the overall heat-transfer coefficient and the heat-exchanger area per
unit volume, Ua, is 10 cal/s «+ dm? « K. The feed is equal molar in A and B, and
the entering molar flow rate of A is 10 mol/s. What is the activation energy for
Reaction (1)? E = ??cal/mol.

Additional Information
Cp,=Cp, = Cp, = 30 cal/mol/K
C,,n =90 cal/mol/K, C”: = 100 cal/mol/K

3

AHg, 4 = +50,000 cal/molA ke = 0.043 dnl1 at 400 K
mol-s
i mnx-'“lh—.'r]
AHg g = +5000 cal/molB kyp = 0.4 m_ & |
mol s
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Example 12-1 Butane Isomerization Continued—OOPS!

When plant engineer Maxwell Anthony looked up the vapor pressure at the exit to
the adiabatic reactor in Example 11-3, where the temperature is 360 K, he learned
the vapor pressure was about 1.5 MPa for isobutene, which is greater than the rup- A
ture pressure of the glass vessel the company had hoped to use. Fortunately, when
Max looked in the storage shed, he found there was a bank of 10 tubular reactors,
each of which was 5 m3. The bank reactors were double-pipe heat exchangers with
the reactants flowing in the inner pipe and with Ua = 5,000 kJ/m3-h-K. Max also
bought some thermodynamic data from one of the companies he found on the

Al
o

Internet that did Colorimeter experiments to find AHj, for various reactions. One of
the companies had the value of AH . for his reaction on sale this week for the low,
low price of $25,000.00. For this value of AH,, the company said it is best to use
an initial concentration of A of 1.86 mol/dm?. The entering temperature of the reac-
tants is 305 K and the entering coolant temperature is 315 K. The mass flow rate of
the coolant, m,, is 500 kg/h and the heat capacity of the coolant, ‘C,, is 28 kJ/kg-K.
The temperature in any one of the reactors cannot rise above 325 K. Carry out the
following analyses with the newly purchased values from the Internet:
(a) Co-current heat exchange: Plot X, X,, 7, T, and —r,, down the length of the
reactor.
(b) Countercurrent heat exchange: Plot X, X,, 7, T,, and —r, down the length of
the reactor.
(c) Constant ambient temperature, 7,: Plot X, X,, 7, and —r, down the length of
the reactor.
(d) Adiabatic operation: Plot X, X,, 7, T,, and —r,, down the length of the
reactor.
(e) Compare parts (a) through (d) above and write a paragraph describing what
you find.

Additional information

Recall from Example 11-3 that Cp, =141 kJ/kmol - K, Cpy = 20,Cp; = 159 kJ/kmol * K,
and data from the company Maxwell got off the Internet are AHp, = —34,500 kJ/kmol
with ACp, = 0 and Cyy = 1.86 kmol/m?
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Figure E12-1.1 Profiles down the reactor for co-current heat exchange
(a) temperature, (b) conversion, (c) reaction rate.
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Figure E12-1.2 Profiles down the reactor for counter current heat exchange
(a) temperature, (b) conversion, (c) reaction rate.
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Figure E12-1.3 Profiles down the reactor for constant heat-exchange fluid temperature T,; (a) temperature,
(b) conversion, (c) reaction rate.
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Figure E12-1.4 Profiles down the reactor for adiabatic reactor;
(a) temperature, (b) conversion, (¢) reaction rate.



Example 12-2 Production of Acetic Anhydride

Jeffreys, in a treatment of the design of an acetic anhydride manufacturing facility,
states that one of the key steps is the endothermic vapor-phase cracking of acetone to
ketene and methane is?

CH,COCH, —CH,CO + CH,

He states further that this reaction is first-order with respect to acetone and that the
specific reaction rate can be expressed by

Ink =34.34 — (E12-2.1)

34,222
g
where £ is in reciprocal seconds and 7 is in Kelvin. In this design it is desired to feed
7850 kg of acetone per hour to a tubular reactor. The reactor consists of a bank of
1000 one-inch schedule 40 tubes. We shall consider four cases of heat exchanger
operation. The inlet temperature and pressure are the same for all cases at 1035 K and

162 kPa (1.6 atm) and the entering heating-fluid temperature available is 1250 K.

A bank of 1000 one-in. schedule 40 tubes 1.79 m in length corresponds to 1.0
m? (0.001 m%tube = 1.0 dm?/tube) and gives 20% conversion. Ketene is unstable
and tends to explode, which is a good reason to keep the conversion low. However,
the pipe material and schedule size should be checked to learn if they are suitable
for these temperatures and pressures. The heat-exchange fluid has a flow rate, m,
of 0.111 mol/s, with a heat capacity of 34.5 J/mol-K.

Case 1 The reactor is operated adiabatically.

Case 2 Constant heat-exchange fluid temperature 7, = 1250 K
Case 3 Co-current heat exchange with T, = 1250 K

Case 4 Countercurrent heat exchange with 7, = 1250 K

Additional information

CH,COCH; (A):Hj (T)=-216.67kJ/mol, C, =163]/mol-K
CH,CO (B):Hy(7,)=-61.09kJ/mol, C, =83J/mol-K
CH, (C):H;(T,)=-74.81k)/mol, C, =71J/mol-K
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