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Example 2.2 Reversible reaction

Consider the dehydrogenation reaction of benzene to produce Heptalene. What is the net rate
of reaction?
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Example 2.5 Sizing of reactors

The bellow reaction is first order in A, =1, = k C,4, and is carried out in a tubular reactor
in which the volumetric flowrate, v = 10 L /min, is constant, i.e., v, = v. What will be
the volume of this reactor needed to reduce the initial concentration to 10%?
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Example: Liquid Systems

Consider the(liquid phase reaction bellow; what is the centration of each species in term of
[Iquid phase|
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Example:
Calculate the equilibrium conversion (X) for gas phase reaction in a flow reactor

Consider the following elementary reaction 2A < B
Where K=20 dm3/mol and C,,=0.2 mol/dm3. s

Calculate the equilibrium conversion for both a batch reactor (X,,) and a flow
reactor (X.,.
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+ Liquid Phase Undergraduate Laboratory Experiment
(CH,C0),0 + H,0 > 2CH,COOH
A + B -2 2C
Feed
Volumetric flow rate v, = 0.0033 dm3/s
Acetic Anhydride 7.8% (1M)
Water 92.2% (51.2M)
Elementary with k’  1.95 x 10~* dm3/(mol. s)
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Example 2

. - PFR and Batch Calculation
«2NOCI - 2NO + Cl,
2A 2B + C

Pure NOCI fed with Cyoco = 0.2 mol/dm?® follows
an elementary rate law with k = 0.29 dm?3/(mol.s)

Casel PFRwith v,=10dm?%s
Find space time; = with X =0.9
Find reactor volume, V for
Case Il Batch constant volume i

Find the time, t, necessary to achieve
90% conversion. Compare 7 and t.
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Example
The formation of ammonia is to be carried out isothermally at 227°C in packed bed reactor
and with a pressure of 16.4 atm. This is an isobaric (constant pressure) flow system with
equimolar feecs of N, & H,. Assume the gas mixture behaves like an ideal gas.
H, + ¥3N, — %3NH,

What are the concentrations of H,, N,, and NH; when H, is 60% consumed?
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Example

Consider the following second order reaction takes place in a tubular reactor at isothermal
condition. What will be the volume of this reactor if (a) is a liquid phase (b) gas phase reaction is

considered.
2A- B
—liquid sjs}m!-
# mde Bodence . —Gabsﬂuw
V= 4:‘*°j %:l # mde Boknce
o ~IA X
\/= ‘Fﬁoj A_X_
o ~I}
*%,Gw.‘- A
r--kA? */Ralt,aw.»
r--kA*
#* Soichiomen ’ro(B
A Fﬂ" — Kfpe 9\ = FA° (1-%) * S\oic\\\mn*hg 1o thermal ; 1selboric
B (o] + xFﬂ'—é— % = (:AG}ZX A Fﬂ° _.XFho % _ {:»o (=)
B oo etfed o B
G - fa° (1-x)
v
G- - BO-X) = cpe (1-¥)
v Vo (1+£X) 1+ €X
Cn = G (1-x)
ra-k (_-,,»1(\-)()2
o . U+ ex*
(=-k G (-
V=g lu0t Ay
X “«ept (=12
V=g J U, \/ij e ®. ..
s —A 01 /|- ¥ L
kG- X) Vel [ZE(M.\ o D) e Xy (14€) X]
WChe 1 =X
V= fpr L [ X ] %
K& L —x dret o 2 [26000) I Do @K O XJ
WCa*
s, Ve ) =
VaCey ) )’_x_] C‘.TCQ,WJ G N=0®
kepet b1 —
\p o2\ e3¢
T
X = ThkGe = K= moximum. ? i
\+Tl(C9° C o V) * Ve W
oy Lo = 40; =1 *Cﬂcf‘
Ty =0 Da=o or #Wedd f—£-0?
Ve 4 >yl U R 0 < Ca
®T=\li,-°0\>\/=oa—>¢cﬁ"® ‘0.‘1&1*—7(';}92[__5'?

opsphase o KoLl 3V Gyps gled ¥ Gosa Xt L ¥




The reversible gas-phase decomposition of nitrogen tetroxide, N, Oy, to nitrogen dioxide
NGO, is to be carried out isothermally at 340 K and a pressure of 202.6 kPa (2 atm) [This

pressure is for the inlet feed]. The concentration equilibrium constant, K. = 0.1 mol/L.
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Example

Given the following data for variation of concentration of species with the rate of their reaction.
Determine the order of reaction using the initial rate method.

A+ B+2C > D+2E

Experiment [A] [B] [C] Rate
mol dm- mol dm mol dm- mol dm3s!
3

1 0.1 0.5 0.25 0.1

2 0.2 0.5 0.25 0.2

3 0.1 1.0 0.25 04

4 0.1 0.5 0.5 0.1
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Cho=1Co oF b InCh-hGa = -kt L2 gy
[} Al
chal-Cm = -l A Ca, =-2|-Cm o by
1 _ b
b Ca = tin hoSca - -k iy V\_CE 2
T c
0693 = ty, PRC
%41 R

# by, doft depent on Ca°

We then use the definition of half-life, ¢ = #,/» when C'y = 1/2C}y,

R et
2T k(a—-1)C!

/]
sec oider 3L l:(/a__ 2\—\ \ _ \ 4 \
" Cpe Cp K o
6°P€ :C\-d)
Zefo oder ¥ él/z = 2‘\ =\ _l__\ = _Q\IT Cﬂo #
k(-1) @ .
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Example

Based on the following concentration data as a function of time, determine the
behavior of the half-life as the reaction progresses. Use this information to determine
if the following reaction is O order, 1 order, or 2 order in A. Also, use the data to
estimate the rate constant for the reaction.

time (s) [A] (M)
'-—_—ﬂ}
0 Il 1.200 |
10
20 [C0.600)| = Che 2
0 (o)
i
50 0.343
60 10.300)
70 0.267
80 (0.240)
90 0.218
100 0.200
S »
tnl| s |Ho-10 | 60- | Bo-30 45\t
Cﬂo o % e-6 (e} \‘T% - -
=~ 35
InCp> o3 —0.22 -05 573 -0.9
3 2 J
In ty, 24 3M 36 39 “) -
2
15 y=-x+3.1781
- X 4379 k== = b
J KCn }
-7 IR
5\ope S | - o.04lT M Y. # "
— \\ S J )
03 () = = 0
__l — ‘_0( 1 0.8 0.6 0.4 0.2 0 0 04

X= 2 sec order InG*




* Lﬁcgrak method

Zeco otder
Fn = -kCAo
aa - -k
dt
dan = -k dt
CRZ = Cf’“ = “At
G = Cp°- It
time (s)
0
10
20
30
40
50
60
70
80
90
100
¥ Bssume  fist onden >
h Co* -t
G
time [A] In [A1]/[A]
0 1.2 0
10 0.8 0.405465
20 0.6| 0.693147
30 0.48| 0.916291
40 0.4| 1.098612
50 0.343| 1.252346
¥ Bssum the order = 2
L = Lt + A
cp Ce
time [A] 1/[A]
0 1.2| 0.833333
10 0.8 1.25
20 0.6| 1.666667
30 0.48| 2.083333
40 0.4 25
50 0.343| 2.915452
¥ Zefo —y 0ot liner

f"l“ﬁ}' - e
deC —= ~

Thirel — '~

The cxn oo elermin o
3

fiest order

rﬂ > -kCﬁl

d - _ka

dt

da - _kdt

ch

InCoy-hGu = -kt

G - Lt
Cee

In G = Ut
)

16

14

35

25

15

05

[A] (M)
1.200
0.800
0.600

0.267
0.240
0.218
0.200

10

order ) Ui #
sec order Do I G} doo g
2 o liner b 1l
fa - -kCa
déa - _k at
an
A\ ]
Cﬂl = CA)_, "k (:
L: e v'L
Ch Cae
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*Diﬁercﬂhal mefhod

O -3 -k Gy
dt

m[_gg] <k +@nG
ot bw f{'npz

Example

Liquid phase reaction between trimethylamine(A) and n-propyl bromide (B) was studied by Winkler &
Hinshelwood. The results at 139.4 C are shown below. Initial solutions of A and B in benzene is 0.1
molar each, were mixed and placed in constant temperature bath. After certain times, they were
cooled to stop the reaction. Determine the first order and second order specific rates, k1 and k2,
assuming the reaction is irreversible. Use integration and differential methods.

A Pl

Run t, min X (%)
1 13 11.2
2 34 257
3 59 36.7
4 120 55.2
T
\nfejmkmﬂxol
¥ ossume gﬂ* order F\(‘S\' OfClC(\
h = -kCﬂl
I - _kCa
dt
. kd
f
lnCn,—hCm = -W:
nCh - _ht
Cee
In & - Wt
Cah
Y=W12 = ol-G x (60 Ql‘r Fime 12 min
ol
Ca = 0.083%
ol
,__;D ]n ;’%—'86 = L((B)
k =9 137 x0° _)'E “’\-Ev‘lzki(srl "".\

min IR

If you repeat for four of the runs: i

Run t, sec k; x 104 (s »
1 780 1.54 (}
2 2040 1.46 D i
3 3540 1.30 ¥
4 7200 1.12

2400 3200 4000 4800 5600 6400 7200
time, sec



# Sec ofdef: M > CProJ\.\c'\'

2

rA = —kCﬂ
dé - _k at
an
G -G o ok
,«_': Wt r—\
Ch Cas
¥=12 - ol-G x (60 2k Hme (3 min
ol
Cp = 0.083%
l \ L
=k« 1 _ lé2axle” _L
o OGB% e ‘5(“0\-{%

If you repeat for four of the runs:

Run t, sec k, x 104 (s") | k, x 10 (L/mol s) !
1 780 1.54 1.63 g
2 2040 1.46 1.70 X
3 3540 1.30 1.64
4 7200 1.12 1.71 B0 0 20 200 L0 40 50 600 720

time, sec

So, it is SECOND ORDER




Example 5-2 Integral Method of CRE Data Analysis

Use the integral method to confirm that the reaction is second order wrt triphenyl
methyl chloride as described in Example 5-1 and to calculate the specific reaction

rate k&’

Trityl (A) + Methanol (B) — Products

A +

Example 5-1 Determining the Rate Law

B =

0
I

o +D

(CaH,),CCl"‘CH,OH —’(CQHs)’ CCH) +HCI

The reaction of triphenyl methyl chloride (trityl) (A) and methanol (B)

Sec. 52  Baich Reaclor Data 261
was carried out in a solution of benzene and pyridine at 25°C. Pyridine reacts with
HCI that then precipitates as pyridine hydrochloride thereby making the reaction
irreversible.
The concentration-time data in Table E5-1.1 was obtained in a batch reactor
Taste ES-1.1.  Raw Dara
Time (min) | o s0 100 150 200 250 300
Concentration of A (moVdm®) x 10° | S0 38 306 256 222 195 174
(At1=0,Ca=0050)
The initial concentration of methanol was 0.5 mol/dm’.
¥R B — Rodd ca time (s) 1/ca
¥ Rabe law = Ca‘C:(-k) =1 50 0 0.02
Be Ch<<Cp B CponCp Comshrt 38 3000| 0.026316
G aoked 30.6 6000| 0.03268
25.6 9000 0.039063
Sec order
, 7 5 12000| 0.045045
fa = -kCa
déa - _k at
5 0.05
Cﬁ 0.045
n - 0.04
Gy -Ca, - -k & 0.035
0.03
é= e+ c—;—_ 0.025
0.02
0.015 or
0.01
0.005
’ 0 2000 4000 6000 8000 10000 12000 14000

[//\ef v~ TThe o > 2™ ordder

50
100
150
200

time (s)

1/ca k

50

0 0.02| #DIV/0!

38!

3000 0.026316| 0.000126

30.6

6000 0.03268| 0.000127|

\

<=

25.6
22.2

9000 0.039063| 0.000127

12000: 0.045045| 0.000125

/leves are c$ua1x/
The (a0 is sec srler”

3
o ocol3 X &.05 xlo

|
50065—5—ﬁ
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fp=-k Cali-0) cp° (&g -%)
%kﬁ - Ce’% - - kLD cp (08 -Y)
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'To_Yic 6: Comparison between reactors

Buk:h (‘eat\or:
-+ eV = JdNa
V= JNa =
dt
Ma = (=X Nee
fV CH' =ol(l-x) UA°
S()\’ =jNa‘ Jrv
n
= Cpe ) X
t= G 5_(_
X: Cﬂe— Ca
)
X =1-CA
e

d =M - dn
© A

{. -Slc_(e

Continuons Reador  CSTR:

Fre-Fa+cV = é%

fao - (e - X) = oV

X =Ve
X =¥
v #°
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fa * (a2

Example 6.1 CSTRs in series

For the two CSTRs in series, 40% conversion is achieved in the first reactor. What

is the volume of each of the two reactors necessary to achieve 80% overall conversion
of the entering species A?

X 0.0 001 02 04 06 07 08
Solution (Fro/-ra)(m?3) 089 109 133 205 354 506 80

X| - 0\‘\ Xz = 0.8

V o ek, a0 i} Ihove one reackor

A\ )

3 N=6%x8 = gln’
V- 205!5.‘1+ 3x(o%-o,\'\) — l\ Q'Lm

4 N
)7___'7A 1
& “. j / o
w7 %
X X —

X X




[“2 U U Ral — cat «¥ wly .),‘\ o» Reacter YD‘*

BDP [T GPER o1y 0y PFR 39 oz Gl ¥
Co&* ﬁ

‘A Geomth} Runtviwe 3

* one PER con be modeled by lome mmber & csTR

12

.35 53 .65.74 8
Conversion, X

¥ Simpsen’s nule

Using either the data in Table 2-3 or Figure 2-2, calculate the reactor volumes V, b S
and V, fj e Rlug-flow sequence showgimKigure 2-7 when the intermediate con- S foo dx =
version ind the final con\'crsion . The entering molar flow rate is the ¢

same as irtie previous examples, 0.4 mo

; Example 2-6 Sizing Plug-Flow Reactors in Series

Sn =b_¥[F(x=.) fAFo) ¢ F(x;)]
S

Solution
TaBLE 2-3  PROCESSED DATA -2
X 0.0 0.1 0.2 04 0.6 0.7 0.8
[Fao/=ra)(m?) 0.89 1.08 1.33 2.05 154 5.06 80
—t— )
¥ fedl =V
r
i3 have e ceackor
O = o%-° - [o3) o —» o8

2 BY = ot Js9)
2

oM

—

5 [c.?ﬂ +‘1(Z.05) + %] =22 m3#
fedX =V
® =

b= o8 ot .3
2

Xl =oM K, =06
Vis o2 [1sacm 3| 0ol
3

)(3 :Q:%

V=vieV, — 20650




Example: Consider the liquid phase reaction;
A — Products

which is to take place in a PFR. The following data was obtained in a
batch reactor.

X 0 0.4 0.8
-ra(mol/dm3s) 0.01 0.008 0.002

If the molar feed of A to the PFR is 2 mol/s, what PFR volume is
necessary to achiev conversion under identical conditions as

those under which the batch data was obtained?

yf :‘V oo 125 SOO
¥ V= 2[%‘&[!00{.‘((115,-} f;ool

V= 293 dm .

—X— Coml)lr\ak\oﬂ ot’ CSTR's ande PFPIS n Senes

cSTR ope (a\.'szz)

—
" . \ D
PER oi lowest Kede




Reactors in Series: CSTR - PFR - CSTR

Using the data in the table, calculate the reactor volumes V,, V, and V,
for the CSTR/PFR/CSTR reactors in series sequence along with the
corresponding conversion.

Fao
Xq= X=07
Fat Faz
Fa3
X3=038
s . . 0 0.2 0.4 0.6 0.8
mol
—fa 3 0.010 0.0091 0.008 0.005 0.002
dm” es
dm?® es
(1/-1a 100 110 125 200 500
mol
N
Fap/~1a @mS) 200 220 250 400 1000
* Vi CSTR

Vv, = fao X — 260 X0l = 00 o\ma
r
%V, PFR oY =07

BX = o7-0% _ olp
L

08 08 Xl__o\{ XI - 055 X3 = 0-—{

' C»?ao C% 370 G600

- X 1000+ .
eoof 7
¢
" /
P
\; = 0_\‘5[250+‘([37o'3 +goo] - 165 dm3
3
% V3 csIR
\13 = E)o_)(_ = (000 ¥ [0»%~o7] = oo

c

“Totalwhme. =3 3165 dn’
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x erf)un eqyo)]‘oﬂ

P FE
Ergun Equation is used here (%% = — ;\—(_19}3)— 7.}’ [-iT—J ;-?l X 2— X %,,
¢ Pe 0) 1o 2. Qo
£
Or by substituting —liT- =1+eX toget P _ _ %\(1 + sX)—T;
FTO dW \I)/’ TO
L, P
R
2B, G(1—d) | 150(1 — db)p. ( kPa atm)
Where (1 5 e e and = + 1.75G e.g., —, —
A p (- B)P, B0 s Dt | Dy &

Notation of Ergun’s equation P = pressure, Ib,/ft’ or (kPa)

volume of void

————— —— = void fraction
total bed volume

¢ = porosity =
_ volume of solid ., so\d fracion.
total bed volume
g. = 32.174 Ib,, - ft/s? - Ib; (conversion factor)
=4.17 X 108 1b,, - ft/h2 - 1b;
(Recall that for the metric system g. = 1.0)
Dp = diameter of particle in the bed, ft or (m)
v = viscosity of gas passing through the bed, Ib, /ft-h or (kg/m - s)
z = length down the packed bed of pipe, ft or (m)
u = superficial velocity = volumetric flow rate + cross-sectional
area of pipe, ft/h or (m/s)
p = gas density, lbm/ft3 or (kg/m3)

G = pu = superficial mass velocity, (lbm/ftz-h) or (kg/mz-s)

* Coi‘qbs* weBM W= z0Qc &, = =0 (-~

* ﬂssunc_g'_ =1, | S0 Them

l+ £X

®

9P ..
dw 2p

Zpop = - Kdw

p’+c=_mu

0){-"‘J=°/ R’P

l+c =0

Pl




@ — 2

€=0 & = ‘ - w
P

=Py (1-aW)'2

w
(0) ———— G =Geli-x) 2@ Y PV = R
R 7T T\abx V@Y. Consfant
: L I.CB//
G=cr(-0 P 40 cpl
Cat, 91
%7‘ / \‘//[)/ ];L\y
xcat, gl
¥ Tw v VCa b-p
w
(d) A A
Nno D —_ -n X
No AP e Al —
AP
X
w
(e) AP
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_);pic% W\mv« Drop in reactors
2R ‘—764( in BFR

% fdta - -t
dw
¥+ -M =kC01

A R
8 o 1y e ﬁ&—JiK fa

fo= - X

#Ch-fo . -0 P
N

T+ & Xg f

hedtn - kCg"(l-X!;_f_]‘

Jw (1+ exp ©
Jia woocat (-0t ey P fo)
—E =W A . \r /
dw LN Uy 2xg)? Lﬁ >
_3_!% = % IJ- F (l+/é/Ya) - 2B.
: F’ PR Ac 2li-¢ P
i = (—AwW
P

o ° Q4 exp)?

5“ B 0esm)

=SU -aWw) dw
) G % U-Xg) &

L Fao A dX,
kCA02 0 (1—XA)2

Solve for X,

(%) (-3

—> )(/\ = 20
1_+_(1.__CZ\AV:) |((:/\0
2 )
Xa Zo
L-aplliee] wave

o
& X =0
RIEAEN
W kCao T X
o
w= I-l _g




Example 8.2 Calculating Pressure Drop in a Packed Bed

Plot the pressure drop in a 60-ft length of 1)4-inch schedule 40 pipe packed with
catalyst pellets )4 inch in diameter. There is 104.4 Ib,,/h of gas passing through the
bed. The temperature is constant along the length of pipe at 260°C. The void frac-

tion is 45% and the properties of the gas are similar to those of air at this tempera-
ture. The entering pressure is 10 atm.

14-inch schedule 40 pipe [ > ~A, = 0.01414 f¢2

. dP _ By Py T |Fr
Ergun Equation is used here W A____—(_(l “ . P (TOJ o
Or by substituting o l1+eX toget W T (1 sX)T0
_ 2By _ G(1—¢) | 150(1 —d)p kPa atm
Where o= aoi—ap, M BT el T by (e'g" m’ )
4G = 0 = MM fmk _ 73833 \owm
Ac TR wi
* ¢——°“t§
x M= 00673 bom/I W
¥ Pp= Win = 00208
¥ 3c= ‘{'17)('03_
{363 14 by — 5 O o775 gl
i at
2
P - |- 2By
R f
p z (ft) 0 10 20 30 40 50 60
=1-2Loocr75) te
R — p/po 1.00 0.92 0.83 0.73 0.62 0.47 0.26
p p 10.00 9.19 8.31 7.31 6.16 4.74 2.65
- =0 v(fi3h) 252.80 27501 30434 34562 410.10 53295 955.49
P_oPxo2b 12 1200 =
NI 10 1000 E
¥ E s 800
@ 6 600 §
2 ¢}
g 4 400 *
a , b=
2 200 7]
£
0 0 %
0 10 20 30 40 50 60 70 =
Reactor Length, Z [ft]




Example 1: Gas Phase Reaction
in PBR for 6=0

Gas Phase reaction in PBR with & = 0 (Analytical

Solution)
A+B->2C Zg ot d

Equimolar feed of A and B and:

ks = 1.5dm®/mol/kg/min
a = 0.0099 kg

Find X at 100 kg

fdX - -m
dw
h=-Ynlp

A e - XRp w(-%
1) fo -Xh° o -£a"K

C ° +2X f° + HaK
Cp = f°0-x)
1EE< W P T/ (Ne
( ;_}a ¥ = Tﬁ( )
150 Thainy
Ca-Cr (1-x) £
CB = Cg\) (A ) _{f_ o\ B
2
(= -k La’( \_x)%l

2
dX _ _k [g(1-0P F(x P
ﬁxo{w = -k Lo X)El - F(x

P T aw
3

_w[ed ) fieaa
2

fa" dX =
dw

S_J.X_ = §-kCAt -0t (-40) dw

1-X

W=o X =0 w=w X=X
X kG {w-dij
1- X e 2
L
. =_\_?__(4L|oo-omqq l)gl:] A =o6

V=X

A




Example 4-5 Effect of Pressure Drop on the Conversion Profile

Reconsider the packed bed in Example 4-4 for the case where a second-order
reaction 2-1-l -0 =&

2A-B+C

is taking place in 20 meters of a 1} schedule 40 pipe packed with catalyst. The flow
and packed-bed conditions in the example remain the same except that they are con-
verted to SI units; that is, P, = 10 atm = 1013 kPa, and

Entering volumetric flow rate: v, = 7.15 m¥h (252 ft'/h)
Catalyst pellet size: D, = 0.006 m (ca. ! -inch)

Solid catalyst density: p. = 1923 kg/m* (120 1b/ft?)
Cross-sectional area of 1! -in. schedule 40 pipe: Ac = 0.0013 m?

Pressure drop parameter: B, = 25.8 kPa/m
Reactor length: L =20 m

We will change the particle size to learn its effect on the conversion profile. How-

ever, we will assume that the specific reaction rate, k, is unaffected by particle size,

an assumption we know from Chapter 12 is valid only for small particles.

(a) First, calculate the conversion in the absence of pressure drop.

(b) Nexi, calculate the conversion accounting for pressure drop.

(¢)  Finally, determine how your answer to (b) would change if the catalyst particle
diameter were doubled.

The entering concentration of A is 0.1 kmol/m’ and the specific reaction rate is

- 12m°
kmol kg cat-h

% c=-kea
R R ¥ Ca TCn“(»-x)Pﬁ
] — —
B, = G;l ¢)3[150(1 ¢)”+l.750] (e.g.,l%a, a;_:n)
* A e ke Co = Cpolt—1). Po Z@b b
B o 4‘—2“'"\' A = QB“‘
cC o ‘,%Xﬁ\- POHC\PB Bo — 1/2150
. 2 [ ]M{ -1 ) oL 280%
+ fo7dl =-koa L0535 - oo¥. Uy - YA = LB 72
v lo ISM[““'SJUIIOBX% R ﬂcJ)B
-
5’—-‘-—"1": - 0.03] Mj o= o o\%‘m;
a(-N"

= o )

- W = Zﬂc P o= ch C‘— L 2 Uy N { _(ZW\ kCAO\
b i >Xa= k((J3 ‘ R /I[ o )
0k o sol3x (1-45)(H3) = 215 ba. 1+[1_ﬂJ( A0
2 )\ v . ¥=o0774

TD; ‘bbpl¢rﬁ ,?X

[x=032] 5

I= o0 69. x
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EXAMPLE 9.1

alkene + O, =——=> epoxide
The following reactions are observed when

an olefin is epoxidized with oxygen: epoxide + 0, ——> CO; + H;0
alkene + O, ——> CO, + H,0

Calculate the maximum epoxide selectivity assuming an excess of dioxygen.

A+O —)"L_E__]I/‘
[ +0 5 o

A +0o — CD

M = —M,CACo —M3Cn Co — =g = u,CI)Co -1-‘43Cn Co
e« b GG - by Ces Co

fep = ks CaCo 4+ ky CeaCo

o~ W CaCo — by Ceg Co
ks CaCo + k Cralo

J‘LJ= LD— =k|CﬁCA - l")_C[B Co
h H,Q}Co + L(g Cn Co




* Criteria for selection: 1 safeby
7 seleckivily
7 3
B Temp control
8 Cosh

>

B m—
r

(i) Tubular reactor with recycle (j) CSTR with recycle
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Example 8-2 Choice of Reactor and Conditions to Minimize Unwanted Products
For the parallel reactions

A+B —— D: o=k CrC

A+B — > U: 1y = k,CYC?

consider all possible combinations of reaction orders and select the reaction scheme
that will maximize S, .

Q+B —)D
A+B 1

0
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* Dssuy\ o¥ a_Bal'cll\ rm{‘or for Seried °$ s
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* Consider the following reaction scheme:

Kk k
o B

 If: both reactions are elementary AND
* If: k; = 0.06 min?, k, = 0.04 min?, C,o = 2.0 mol/L

* Determine the concentrations of A, Band Cwvs. t
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Evaluate: Substituting for C,, = 2 mol/dm?, k;, = 0.5h7!, and k, = 0.2h"!
the concentrations as a function of time are
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Ch = C° ewpl -Wih)

- ( r 1)
Cp = WuChe \exp B3 - epl-Wt))

Wy - Wy
(ko) 1]
\ |- exf ‘HJ | - explhk )
Cc =kl | = {EP — - . — ]
Ay K fa

J’_JC*B =k (0 S’XP 1,"&*] - L:"L CB Y A{»}mr,)..’\/) ?uL‘Lnf = E.(D[‘J: 1j
at . )

* Tomy 8- o = Wecg° efo—H] - ky ﬁ [exp Cukd - exy[-kﬂ]
7 - A
* IEW“;BOB b\:l‘

Ch = o435
Chpay = |1
Cc= 043
Y= B _feW 0 _ o705
2-fa (G-l 2-ow
Som = Ca Woo. 23




* Find the instantaneous and overall selectivity for the formation of B if:
« A—B; k,=0.022 s
* A—C;k,=0.014s"!
* Assume that initially the ideal, 3.0 L batch reactor only contains a 2.0
M solution of A
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Design of a plug flow reactor (PFR) for a series of reactions

The bellow elementary liquid-phase series reaction is carried out in a .
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Design of an isothermal, isobaric plug flow reactor (PFR) for a
general multiple reactions

Consider the following parallel reactions:

k
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Example 11.1 Multiple Gas-Phase Reactions in a PBR

The following complex gas-phase elementary reactions take place isothermally in
&%ﬁ;w in A and B with 7= 10 mol/mimyand the volumetric rate 1s
100 . The catalyst weight is I,OOO_kg,ﬁHe pressure dromllgﬂl?;% 1 and
the total entering concentration 1§\C ro = 0.2mol/Ly

(1) A+2B—>C
(2) 2A+3C—D

’r 2
—nA =kiaCoCy

’ 2 ~3
—nc = kycCACe

9 15
ko =100 —— 9™ |and k, =1,500] — 9 :
mol”~ - kg-cat - min i mol”~ - kg-cat - min

Show how the values of Fy, Fp, F¢, Fp, y, and S¢,p varies with catalyst weight, W
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Consider the following dehydrogenation reaction: A &2 B+C

which is to be carried out, isothermally, in a catalytic membrane reactor (CMR).
The equilibrium constant for this reaction is quite small at 227°C (K_ = 0.05 mol/I).

The membrane is permeable to B = which is H, — but not to A and C. Pure gaseous
A enters the reactor at 8.2 atm and 227°C at a rate of 10 mol /min.

Consider the rate of diffusion of B out of the reactor per unit volume of reactor,
Rg , to be proportional to the concentration of B (i.e. Ry = kC; , where k_represents
the overall mass transfer coefficient). The reactor volume is 400 liters. The specific

reaction rate, k, and the transport coefficient, k_, are:
k = 0.7 min"' and k. = 0.2 min’".

(a) Perform differential mole balances on A, B, and C to arrive at a set of coupled
differential equations to solve.

(b) Plot the molar flow rates of each species as a function of the reactor volume.

(c) Calculate the conversion at the exit of the reactor.
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TABLE 6-2.  SUMMARY OF RELATIONSHIP
FOR MULTIPLE REACTIONS OCCURRING IN A PFR

Mole balances: :;—I;J =7, (6-26)
Rates:
Relative rates: a_Im_Tc_ i (6-16)
-a, —ba ¢, d:
Rate laws: ry=k, f(C,,C,C,)
vy
Net laws: r=2 " (6-17)
i=|
Stoichiometry:
FPT,
(gas phase) Ci=Cp = == (3-42)
' rPo T
Fr=2 F; (6-20)
jm ) g
= .
(liquid phase) C,= L—i (6-19)
0
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Example 11.3 Multiple liquid-Phase Reactions in a CSTR

The following complex liquid-phase elementary reactions take place isothermally in a 2,500 L
CSTR. The feed is equimolar in A and B with Fao= 200 mol/min and the volumetric flow
rate 1s 100 L/min. The total entering concentration is Cry = 0.2 mol/L.

() A+2B-C gl =Ky CL S

(2) 2A+3C—>D —rc = kycCEC2

dm’ 3 ; dm’ ) z
k=10 min and k,c =15 min
mol mol

Find the concentrations of A, B, C, and D exiting the reactor, along with the exiting
overall selectivity, S¢/p.
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TasLE 8-1.  ENERGY BALANCES OF COMMON REACTORS (CONTINUED)

3. PFR/PBR with heat exchange
m
> TG —_—
—_——
3JA. PBR in terms of conversion
T (T8-1.D)
“(T = T)y=r, AH (T)
" i
dw A,,(!HJC,.‘* ACY)
3B. PFR in terms of conversion
dr _ La(T,—T) + nAH,(T)
d; FAO(\G(."'A(.FY, (m'LE,
3C. PBR in terms of molar flow rates
L a
ar . ¢T N+r, A, (T
T8-1.F
aw " SFC, S
3D. PFR In terms of molar flow rates
dr _ Ua(T, = T)+r,AHe(T)
av SF.C,, (T8-1.G)
4. Batch
dr _ (=r VN —=AH )= UA(T-T,) !
7 !.\-',C,.‘ (TS-1L.H)
5. For Semibatch or unsteady CSTR
o-W.- .y 2 F(Cp(T=Tg) +[=AHg (D)(=ra¥))
ar = (TS-1.I)
dt {_
~NCp
=1 :
6. For multiple reactions in a PFR
dr _ Ua(T,-T)+3r AH,,,
— = 2 ' TS8-1
v TFC, 0wl

TABLE 8-1. ENERGY BALANCES OF COMMON REACTORS (CONTINUED)

7. For a variable coolant temperature, 7,

a1, _Ua(I—-T,)
av. aGC, (T8-1.K)

These are the equations that we will use to solve reaction engineering problems with
heat effects.

- — — — — — — — —————— w—— w— w—w— w— — —

[Nomenclature: [/ = overall heat-transfer coefficient, (J/m® + s » K). A = CSTR
| heat-exchange area, (m?); @ = PFR heat-exchange area per volume of reactor. (m?/m’);

& p, = mean heat capacity of species i, (Jimol/K): Cp = the heat capacity of the coolant,
(JA&g/K), m_= coolant flow rate, (kg/s); AHy, = heat of reaction, (J/mol);

Ay, = GH R EH ¢ -gHZ - HS )J."molA: AMy,, = heat of reaction wri species

Jj in reaction i, (J/mol); Q = heat added 10 the reactor, (J/s); and

aCp= (gc’o 3 EC"- bCP. = ) (J/molA « K). All other symbols are as defined in




¥ Glclote Mo for a4 BocC

Nl +3“1 p— 2N‘3

(',‘“ = 6.992 cal/mol H,-K
(‘p‘ = 6.984 cal/mol N, K

Cp. = 8.92 cal/mol NH;-K
\"‘ 3

The enthalpies of formation at 25°C are

cal
mol NH

Hiy (Tg) ==11,020

: H,}: =0, and H(: =0
Doy = Bhae® + BCp (-

Mex'= o -0 + 2 [1020) =-220% cl /mdny

DCp =-6934 -3 (6990 + 2(392) - —o cal/mli; &
BA - -220%0 -0 1 0Y23- 298] = -2330ced /0w mol.

Deg baged on Wp e~ —2330ck [mlMs  —  _7770 cal/ Wy ol
el Mo [3mel B




Example 8-3 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,
isobutane can be further reacted to form iso-octane. The 2004 selling price of n-butane
was 72 cents per gallon, while the price of isobutane was 89 cents per gallon.

The reaction is to be carried out adiabatically in the liquid phase under high pres-
sure using essentially trace amounts of a liquid catalyst which gives a specific reaction
rate of 31.1 h=! at 360 K. Calculate the PFR and CSTR volumes necessary (0 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. The feed enters at 330 K. q

—‘Ve?nP feeol
Additional information:
AHg, = —6900 J/mol -butane, Activation energy = 65.7 kJ/mol

Ke=3.03at60°C. C, =9.3 kmol/dm? = 9.3 kmol/m?

Butane i-Pentane
Cp g = 141 J/mol-K Cp , = 161 J/mol-K

"o I-

Cp , = 141 J/mol-K = 141 kJ/kmol - K

®
=
]
=
B
w®
o
\
O
)

< _ 57001 v~ A
Xey = e 4 e - ke exp CE[L - 0]] _>IAC_3~°361<P[§§5T[5—3§ ]

T=-T _Moa X
! 592;; — ﬂo‘labaflc

¥ 1= 330 4 £00 X _ T=3% +0BUX 5w  FK
159

$OCP = WM o4 lel [ot]:

Nonlinear equations
1 f(T) = K¢/(1+Kc)-Xe = 0

Explicit equations [ — Xemass /
1 Kc = 3.03"exp(-830.3%(T-333)/(333°T)) 3 Vg

2 Xe = (T-330)/(43.3) ol i

> &
Calculated values of NLE variables X 1l e

Variable Value f(x) Initial Guess t /
17T 360.923 |-3.331E-16 |400. ( 300. < T < 500. )

w B0 400 450 50
Variable 'V -1 ://'/ Temperature K
a alue

1 Kc 2.498424

2 Xe 0.714157




Fae o dx I LT
- 1]

*v=

E8-3.1 was constructed. For example, at X' = 0.2.

(a) 7T =2330+434(0.2) =3386K
a. Volume of PFR at 95% of equilibrium conversion -
¥ =095 K = 0950711 = 0.8 () k=311 exp[7%(—ig°;3;?)}} = 311 exp(~1.388) = 7.76 h~"!
2> [e-rew 7%((1%(;7?0”” h 2> K(—J.()Re.\p_ 83().3‘\2—3%4 (360)(338.6) | |
g o 3386~ 38 ] _ 4onuniit s
o _,._,\_,(CM_[,_[HKLC]X} (€) Kc=3.03 cxp[ 830.3 [(———333"338.6)” 3.03e 29
X T(K) k(h!) Ke X, —ry(kmol/m*-h)  —2L (m%) d X = 79 = 0.74
T, Caj ke —Ta 1+2
-0 330 422 3.1 0.76 39.2 =374 >
SEE- A © [T’ DT 1-(1+ 5 02| =528 2L < 525 b
—0.6 3560 2427 257 072 37.7 3.88
—0.65 358.1 27.74 2.54 0.718 245 5.99
07 3603 3167 2.5 0715 6.2 23.29 0 _ (0.9 mol butane/mol total)(163. kmol total'h) _ 278 m?
—rA S ime kmol
6 5 o7
b= o =0T =
06 =71
g —>o 6
DY = a6-97 = 0.05
DX = 6.6 2
O e g,L»lev'l
i Ni=06 Y = 065 fy =07
4 [ s a2, L] 39% 5.9 7.1
2
| ARt NS
Xo =o X‘__ol Xy = oM X3=06 3
005 [3%8 4+ %5 4+ 2321] - o950
I 273 215 2.2% 3
V= 240
V= L7595
L = 06 o 0% 1y
X T K KC ra fa/-ra
DX= o 26& = 0 330 4.22383 3.09947 39.2817 3.73457
0.34 344.756 11.7771 2.78303 58.9071 2.49036
Ko = = @ X3 —o.
° e e 3 osod 0.68 359.512 30.1866 2.52108 14.1139 10.394
034 [ 373457 Mx 248036 lo.;q‘\]
! 2.7302
v= 271
pX = ol7
X\ - 0 X’_ ':0.\1 X3 = 0.3\ X\,“ 05\ A3 =0.6%
X T K KC ra fa/-ra
G o e A A 0 330 4.22383 3.09947 39.2817 3.73457
0.17 337.378 7.13251 2.93353 51.2118 2.86457
0.34 344.756 11.7771 2.78303 58.9071 2.49036
0.51 352.134 19.0418 2.64608 52.6418 2.78676
0.68 359.512 30.1866 2.52108 14.1139 10.394

2.36383



¥ TR

NV = rﬂ‘
_rﬁ

><

X T K KC ra fa/-ra
0.4 347.36 13.9862 2.73323 59.0074 2.48613
0.7 360.38 31.8286 2.5071 6.15479 23.8351

V=1l m & A=ol
V= (7o’ a& X _ o7

Comparison between size of CSTR and PFR for the given rate of isomerization of n-butane

8 6

Fap ,5, Fap i

A 3 ~Ta 3

(m?) f CSTR {m*) ? PFR
C2 04 08 x' 0z 04 08

We see that the CSTR volume (1 m®) to achieve 40% conversion in this adiabatic
reaction is less than the PFR volume (1.15 m?).
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Exalhurmic Ruacdion

# A+B +H_enfi;: C+D

I
Slﬂ,'ﬂ *‘c H‘\t %ew
X4 lic®

+ ﬂ&npahc qml.bmm Convestions-

G (1= Xeg)

Weo Yoo
\— Yeg,

W - Xq\(c = Iy
Equilibrium conversion Egn
Ml fded T o<

Maxiyum e—se— Xe

X =4Cp O (T-) +
=DMy
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Example 13.1: Adiabatic Equilibrium Temperature

For the elementary liquid-phase reaction takes place in an adiabatic CSTR, 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 necessary to achieve 90% of the adiabatic
equilibrium conversion for v, = 5 L/min ?

AZ_——RB

%‘V‘ = feg, ¥ fo7. Xe = oML
o
Mon (1) = [Li_“(;.\. £ e - %He T [%Cpﬁ— £ G —/%_/q»l,-cpw] T
, . X = 6i (=)
Dhom = -6 xl® +4ox = -Dxbo ~ Mo
| 373 = EO_ (T= 300)
ke = ke exp [_D’Rﬂ [Tr._ - _'T—]] ) +20 %0
kc: 100 oo QxP [ :‘:(;:\03 [;Tz ] %_} @ﬁ“j e \45\7—\,(
¥ VU= Vo Cp° R
X =¢Cp i (T5R) 1y
=By
_ = kplcn -Co
X = 5o (7-%0) 25x6° (T~ 300) * ¥
+20xl0
-\¢° o [ -
kg =167 e [\%_7 [m “!?1]] 03|
/_// kc = lLob
///
v
Ye //L Cﬂ = Cﬂo(\‘ﬂ
{4 // 350/ 100 500 0 70 &0 C B = x mu
~ T
T -y fp = 03 1(1—0.27%) — ol'i?] — 0.6%)
XC = OW'L
V =037%y 6 _ na
o6
Solution A= ES
<<

H (298 K) = —40,000 cal/mol H5(298 K) = —60,000 cal/mol
Cp, = 50 cal/mol-K C,,B=50 cal/mol - K

K, = 100,000 at 298 K, k = 10 "exp (ﬁ(L - l)mi “)with E = 10,000 2L
R\298 T mol
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04K
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How the Xe(T) curve would look like?
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% CSTR (el mired)
with hat etfect E to cdalete @ — b L Tesp

Yo aleudde T —, o qua @
o = Q-us - b
Q-Ws = fae T0ICp () + o X dhon (1)

fe k- -V 5D

Q- = fpe $01G (=) + (WY cHon().

= UA KTim
Q " a3
Blim = B - Bk T ‘.I
In (¥ /85T2) 5 ‘ ——"®
oy

¥ \ru‘«)\» ke T coolont
TasTe >

Q=UAT-T @ty ceacker

Qc = me CP“- (T8 -Ta) Q *TGI\SW %v’t‘ﬂ\ Cododt

e 7 } How Fo ocdoukake Tz — fom Q Gk Yruasten info the coolent)
Ta v

+*= Q(EQC\'O\‘ = —Q Coo\eﬂ“’

+ TToa =T_(T—Tq\) exp [’%}

Ways to specify the sizing of a CSTR

A
Specify X
End Vand T
¢
Calculate T
From Egn. (8-56)
{

Calculate &
k= Ae ERT

(€. =ra = kCpol) - X))

{
Calculate - (X. 7
l
Calculate V

5 F X

-

¥

4

B
Specify T
$

Calculate X
From Eqn. (8-55)
{

Calculate k
k= AT

(eg. =ry = kCpll - X))

-
Calculate ~r(X.7)

!
Calculate V

- FaX

-1,

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

C

Specify V
{
Use Eqn. (8-55)
10 plot Xgy vs. T
{

Solve Egn. (8-53)
for Xoy = A
10 find Xy v8. T
(eg. Xyp =
TA exp[-E/(RD))
1+ TA exp[=E/(RD)
.

Plot Xy and Xy,
as a function of T

Cose 13-

Cote ds-

Cote 35

K E8, T k —sm
T O£E8

vV

[ B

Solveoh £8, NG e

.L}V




Propylene glycol is produced by the hydrolysis of propylene oxide:

H, 80,

CH,—CH—CH, +H,0 —4=» CH,~CH—CH, L~

LW | |
0O o 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 an 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 standing idle; it is glass-
lined; and you would like to use it.

ety
Thermo data (from Handbook of Chumistry & Physics): \_.

Prop.\Spacias MeOH (M) PO (A) H.0(B) PG(C)
IH%: (S28°R) [Btu/lbmol] -66,600 -123,000 -226,000

C,: [Btu/lbmol-°F) 195 35 18 4€




* A+B =C

% V=T X T=UN =w\/32634 - on
_ra ‘l
K- 162 xbo exp - 32400 /KT
x -l =kG DWon e +666x0° 4123 %16 — 226 x8 =
¥ Ch=Coe(1=Y) RPCp = -35 (R +46 = 7_7 B /lomd 5
DHon (T) - — 36400 _ AT~ 528 5)
¥ V=V X T =[,(T - Tk = X
WllI—A) 1—X
“®(-X) - o
Vo L S | i %1% w) @ o e
T Syt Tk’ X 1(35) 4 (19.9),, W +(13), B T (46), &w
[ | S O Cp\ = Y033

- KT oty

%Q _yé = [ 20iGp (=) + o X don )

1. Canyouuse a CSTR as a replacement for the leaking one if it will be operated adiabatically?

5 g If so, what will be the conversion of propylene oxide to glycol? heak gemm}a{f)

Vo = Voff + Voot Vom
W62 & N6 62 + 2331 = 326:34

b fa_Y3.0M

Propylene oxide Fp,

Too = 58°F

Too = 58°F
Fgo Water
n3

Methanol Fy,

I (89 = 58+ Olmxirg
al Qd-pahc
X1 e s0CT-H = X
---_N 1.0 —
- D‘MO @" 09
08
X= Y03.3 x (T— 535 ) 7® 07
3bYoo_ Z(T- 52% P) ;: 06
g 05
S o4
2
X= o[ 6%l ep -2290/9877) O 03
l+o12 [ 16 % S e -32405/1.937 T) °
01

535 555 575 595 615 635

Propylene oxide is a rather low-boiling-point
substance. With the mixture you are using, you feel
that you cannot exceed an operating temperature of
125 F, or you will lose too much oxide by
vaporization through the vent system. c3v 67 %




. . . . . ] .
If a cooling coil with 40 ft? surface is used to remove the excess heat using of

cooling-water flow rate’at temperature of 85 °F can be maintained. A typical overa
transfer coefficient for such a coil is 100 Btu/h. ft>.F. Will the reactor satisfy the previous
constraint of 125 °F maximum temperature if the cooling coil 1s used?

X-Q—%; fho 01 Cp G=To) + oo X Yo (1)

R-UA(R-T) _5 160 BW 4 Yo xC545-T)
woth g

X= @ -fpe Seicptm)
{A° phexn-

X = Joo Mo (5T ) _ Uzoy (Y3.3) (T-535) _ @

y3.04 (-3600 -7 (T-528)

— £/ v 2L

VU =564 . A =. 036 — bower K

G 564 <S5 o~

\2
A= on[l6%xb ep -s32%0/.987) O

7
l+o12 [ 16 % xlo exp -3240/(937 T)




AQ =UA (T, -T) = Ua(T, -T)aV

Ta l/lV
Fao J SFH, — /// SFH, Fa
T \l, / )(‘EECPI.:I_T + Hi (- rA)
4 / ——— N
|

V ViV

-y

-SFEChdl L il rA]) + Ua(fa-T) = o.
Y

T N
— ;’W! S_cuCPl + Wi
efergy bolonce 8-

(.n Hkm
h -od - ;ﬁ,

(n bhow -g};_ 6 G aVa (Ta-T) =0
ZEA“l — EF‘ b“\ - [Se} :@ > S!’cmljﬁnkt’/

- ~ =iy 4+ Ua (G-T) -
- o av
~(shoH| ~ ESA)) 4 Ua (BT mv 2o S fi Gpi
el v

¥ exotnemic ,uith Ceoling
J

- &N 4 Ua(Ta-T) = o, — (A ~DIRN ) fiony Geneeaded. (+) (1)
dv

WLT  Ua(TaT) 4 Q Heak Rerowed ©
QE.U\ —> fdli W
dv N v
¥ endo thamic u\".’v\l-m}m}
E ¢ JE _vr fa= 0
G0 g [0

~ (R -Digay 5 ot Posorbedl (4 -)

EYT  Ua (TaT) 5Q Hab Kok @
Jui-— CPIJ

® Coolent , \reakimy mediume -
oeTo _yoogtant —yuhen ¥ does ok 7

=
when =0 7 "G e -
# heak CoPN,w]'l » \Bn}_ﬂ‘msm‘ ~y BT =0

Cmc 11

o A Ta tt constonts-

Cose A 8- Co currente- Coge O &- Cmnl\u‘ c;rm\} 3-

in _oJI= ’é ' e .
0=bQ + mc'\,\",l N mc“cl'. o =Ua (T'-TQ\J I\ + {m(_}\a] — M Mqu) =0
v e Vv v
© =Ua (r—Tc\J N — [mc}—\c] - M¢ ML_E> =0
Vsbv v
UO\ CTQ "T) = &‘E
> Costant — 5,
Me CP dv
o= Ua (T-Tﬂ) -~ &'Quf ¥ - G 4
dv
. * Curfee Cugrents
0= Ua(TT) — meCp IR
v e —
=
&. = u‘i\ (_r"’rﬂ) ‘ < |
¥ Me CPc . Yo v =Vt
= eghwim & vy
@ V=0 Ta =T¢o,1/ e !
* Co cument s-
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Example 14.2: Isomerization of an exothermic reaction of n-butane to
i-butane in non-isothermal, non-adiabatic PFR

The isomerization of n-butane is an elementary, reversible and exothermic reaction that is
carried out in the liquid phase PFR under high pressure using essentially trace amounts of
a liquid catalyst. It gives a specific reaction rate of 31.1 #/at 360 K. The feed enters the
reactor at 305 K. The coolant media enters at 315 K with i, = 500 kg/h and heat
capacity of C,,. = 28 kJ/kg K.

n-CiHjp & i-C;Hy,

[ AHg, = —34,500 kJ/kmol Ua = 5,000 kJ/m>h-K.

CA() = 1.86 kmol/m3 FAO = 14.7 kmOIA/h
dditional information: Butane i-Pentane
Cp"_B = 141 J/mol-K Cpi_p =161 J/mol-K
\ Cp__B = 141 J/mol - K = 141 kJ/kmol - K
A =8
I =3 ke = 3.0, - %30 . - o =W
1o Bk 3.03 exp [-83 3[1;’_33%) fe = W67
T = 305
Ta = 35 e =50, G = 28
Ua = 5000
© dX - @ O ey o ke
v fae Vi Ke

-(ﬁ--k[CA-Qg_] *k==3°3e»f:[_3303(1-;;3_3]
u‘
% Ca= Cpe(1-X)

# Cp = Cae A

_fA = kCn~[r- [”FlZ] xJ

ke = 3. - $30 . -
* 305&?[%’503{%)

x ko3 ep [ 7906 [Tt

® dU = (A B -Ua(T-Ta)
Vv
fae s0iGi

kq.[I_ [Hk._}xJ _ SOOO(T-Ta)

C

- 67

dla - Ue (T -To) 5 5000 (T-Ta)
v me Cp Soco ( 28)




Differential equations
1 d(Ta)/d(V) = Ua®(T-Ta)/m/Cpc

Calculated values of DEQ variables
Variable Initial value Minimal value Maximal value Final value

2 d(X)/d(V) = -ra/Fa0 1 Ca0 1.86 1.86 1.86
3 d(T)/d(V) = ((ra*deltaH)-Ua*(T-Ta))/Cpo/Fa0 2 |Cpc 28. 28. 28.
3 Cpo 159. 159. 159.
Explicit equations 4 deltaH -3.45e+04 | -3.45E+04 -3.45E+04
1 Cpc=28 5 Fa0 14.67 14.67 14.67
2 m=500 6 k 0.5927441 0.5927441 63.21931
3 Ua = 5000 7 Kc 9.512006 0.8200563 9.512006
4 Cal =1.86 8§ 'm 500. 500. 500.
5 Fa0 = 0.9*163*.1 9 ra -1.102504 -24.31058 -0.1181808
6 deltaH = -34500 10 rate 1.102504 0.1181808 24.31058
7 k= 31.1%exp((7906)*(T-360)/(T*360)) 1T 305. 305. 372.0171
8 Kc = 3.03%exp((deltaH/8.314)*((T-333)/(T*333)))  |12/Ta 315. 314.5286 335.6949
9 Xe = Kc/(1+Kc) 13 Ua 5000. 5000. 5000.
10 ra = -k*Ca0*(1-(1+1/Kc)*X) 14V 0 0 -4
11 Cpo =159 15X 0 0 0.7185996
12 rate = -ra 16 | Xe 0.9048707 0.4505664 0.9048707
v/ | loc Xe
Variation of T and X vs V in exothermic, non-isothermal, non-adiabatic
isomerization reaction with co-current heat exchange
. - —_—_
072 X,
0.64
0.56
048
T(K) X 040 \X
0.32
024
0.16
302.0 0.08
300.0 0.00
00 05 10 15 20 25 30 35 40 45 50 00 05 10 15 20 25 35 40 45
V(m,) V(m,)
(a) (b)

Effect of reactor volume on rate of isomerization of n-butane in exothermic, non-

isothermal, non-adiabatic reaction with co-current heat exchange

9.00
8.10
720
630

540

(kmol]
M| ——| 430

m3h
360

270
1.80

090

0.00

00 05 10 15 20 25 30 35 40 45 50

V(m,)

()

1.86

28.

159.
-3.45E+04
14.67
6.80861
2.641246
500.
-0.1181808
0.1181808
336.7102
335.6949

5000.

-3
0.7185996

0.7253687
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Example 15.1 Unsteady state batch reactor with heat exchange

Suppose a batch reactor is used for the production of propylene glycol from hydrolysis of

propylene oxide according

CH,—CH—CH,+H,0 "% CH,—CH—CH,
N/

@) OH OH

A+B — C

The reactor is charged with 4 L of ethylene oxide, 4 L of methanol, and 10 L of water containing 0.1
wt % H,SO,. The concentration of pure ethylene oxide and methanol are 13.7 mol/L and
24.7 mol/L respectively. The initial temperature of all materials after mixing is 286 K (13°C).

If the reactor temperature increases above 350 K (77°C), a secondary, more exothermic reaction will
take over, causing runaway and subsequent explosion. The coolant enters at 290 K (17°C) and the
flow rate through the exchanger is 10 g/s.

AHg, =—20,202 cal/mol, Cp, = 35 cal/mol/K, Cp, = 18 cal/mol/K,
Cp. =46 cal/mol/K, and Cyp,, = 19.5 cal/mol/K.

A+Bd C
Va = L
Va =ML
Vo = loL
Cho- 1.7
Cw= 247

To = 237k

fa = logls Tz 2%
UA= o

# qumber o pols.
3Tmel x Y= Nig= 543
L
247 ol x4 = Nn- 933

L
555 mol x 0 = Ng, = 555
L

FdL - -V

at Meo
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K o w1 o exp[[%]}]
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L 139
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Sol by Po{jmn\)i‘rv

Differential equations
1 d(T)/d(t) = (Qg-Qr)/Cps/Nao
2 d(X)/d(t) = k*(1-X)

Explicit equations

1 VA=10

DeltaH = -20202

Tal =290

Cpc=4.18

Cps =252.5

mc =10

k = .000273%exp(9059(1/297-1/T))
Ta2 = T-(T-Ta1)*exp(-UA/mc/Cpc)
9 Qr = mc*Cpc*(T-Tal)*(1-exp(-UA/mc/Cpc))
10 Nao = 54.8

11 Qg = Nao* k*(1-X)*(-DeltaH)

12 DeltaQ = Qr-Qg

® NV s wN

1600 2000 @np 2800 3200 3600 4000
t
Ta

Constont
Yoo nde 4

Calculated values of DEQ variables
Variable Initial value Minimal value Maximal value Final value

1 |Cpc 4.18 4.18 4.18 4.18

2 |Cps 252.5 252.5 252.5 252.5

3 |DeltaH |-2.02E+404 |-2.02E+04 -2.02E404 -2.02E+04
4 |DeltaQ |-129.0831 |-1911.68 458.3634 155.5053
5 k 8.446E-05 | 8.446E-05 0.0224452 0.0007724
6 mc 10. 10. 10. 10.

7 |Nao 54.8 54.8 54.8 54.8

8 Qg 93.50797 0.0004292 2329.262 0.0004292
9 Qr -35.57509  |-35.57509 508.6372 155.5058
10T 286. 286. 347.1903 307.4848
1t 0 0 4000. 4000.
12|Tal 290. 290. 290. 290.

13 Ta2 289.1489 289.1489 302.1684 293.7202
14 UA 10. 10. 10. 10.

15X 0 0 0.9999995 0.9999995
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# Gl ook 416 = Yo (D)
A wcp

Non-isothermal Multiple Reactions for Batch and semi-
batch reactors

q m
i, Cp, (T, = T)[1—exp(~UA/m,Cy )+ D 1;; V AHy i (T) = Y FjoCoi (T - T,))
dr _ ( = j=1

E - m
2 N ;o Cy;
j=1

m

q
For large coolant dT d zl rij Afpa = UA(T = To) = Z} Fjo C,,](T ~To)
i= j=

flow rates 7 m
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