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What is chemical reaction engineering

A core course In all chemical engineering curriculums that distinguish
chemical engineering students from other engineering majors and
chemistry major.

It Is the field that provides information for large scale productions of
chemicals from lab scale.

The primary purpose of chemical reaction engineering is optimization of
chemical reactors, feed composition and operating conditions.



Example 1.1

Ethyl benzene (EB) is an organic compound with the formula (C;H:CH,CH,). It is

mainly used as a chemical intermediate for the manufacture of:
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Styrene monomer
Building block for many plastics.
Used as a solvent for coatings
Making of rubber and plastic wrap
Production of acetophenone, diethyl benzene, etc..
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Lab scale reaction

CsHs + CoH 4 » CsHsC>Hs

Reaction conditions:

o This reaction is carried out at high temperatures (380 — 420 °C)
and medium pressure (20 atm)

o This reaction requires acidic catalyst like ZMS-5 zeolite

o There are unimportant side reactions that takes place which
results diethyl benzene as:

CsHgs + 2C>H, > CsH4(C-Hs)>

Therefore, excess benzene can minimize these side reactions.

o The reaction Is exothermic




Why large scale production?

Achieve the desired production rate, hence the need for global consumption
Continuous production rate

Better controlling the reaction conditions

Minimize the effect of side reactions

Increase the conversion

Safe process
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Benzene Fuel Gas

>

CeHe + C;Hy ——» (CgHsCH
e T e Ethyl benzene

>
CeHg + 2CHy ———» CﬁHd(CZHEJZ

Ethylene Diethyl benzene

>




What is process for EB production?
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What type of reactor should be used?

Batch reactor Semi-batch reactor

A+B->C




Industrial Reactors







Course
Syllabus

Chemical Engineering Department
Chemical Reaction Engineering 1
Fall 2022

Instructors: Dr. Reyad A. Shawabkeh

Course Description:

Rate equations and conservation equation applied to homogeneous reaction system in batch,
continuous stirred tank and tubular reactors. Conversion, yield and selectivity for isothermal
reactors with multiple reactions: Choice of reactor for various reactions. Non-isothermal reactors

Outcomes:

By the end of this course students will be able to achieve the following objectives:
Objective 1

1. Understand the performance characteristics and the advantages and disadvantages of major reactor
types (0O1)

2. Set up material and energy balances and identify known and unknowns (O1).

3. Make comparisons of ideal reactor types (batch, plug flow, mixed flow, etc.) and be able to
determine the best choice for simple objectives when using a single reactor or a set of reactors (O1).



Course
Syllabus

Objective 2

Analyze experimental data to obtain rate equations and kinetic and thermodynamic data (O1)
Develop rate laws (reaction order and specific reaction rate) for use in reactor design based on
reaction data from a reactor or set of reactors (O1).

Describe the steps in a catalytic mechanism and how one goes about deriving a rate law,
mechanism, and rate-limiting step that are consistent with experimental data (O1).

Objective 3

1.

S 01k w

~

Describe the algorithm that allows the student to solve chemical reaction engineering problems
through logic rather than memorization (O1).

Predict reactor performance in situations where a reacting gas has a significantly changing density,
including the case of variable pressure within an ideal plug flow reactor.

Identify design alternatives and evaluate these alternatives (O1, O2).

Determine optimal ideal reactor design for multiple reactions for yield or selectivity (O1, O2).
Predict reactor performance for reactors when the temperature is not uniform within the (01, O2).
Analyze multiple reactions carried out non-isothermally in flow, batch and semi batch reactors to
determine selectivity and yield (O1, O2).

Transform calculation problems in chemical reaction engineering into mathematical models and, if
necessary choose a numerical method for solving those models and, if necessary, choose suitable
ready-made software and carry out the calculations on a computer (01, O2).



Relationship to Program outcome:

NEW ABET 1 2 3 4 3 6 7

1-7 X X

Relationship to CHE Program Objectives:

Course
PEO1 | PEO 2 PEO 3 PEO 4

Syllabus x x

Textbook: Fogler, H. S., "Elements of Chemical Reaction Engineering”, 4th
ed., Prentice Hall (2005).

Key Reference: Levenspiel, O., "Chemical Reaction Engineering”, 3rd ed., John
Wiley & Sons (1999).



Topics

Rate Laws, Stoichiometry and Mole Balances (Chapter 1 & 3)
Conversion and Reactor Sizing (Chapter 2)

Isothermal Reactor Design (Chapter 4)

Collection and Analysis of Rate Data (Chapter 5)

Multiple Reactions (Chapter 6)

Non-Isothermal Reactor Design (Chapter 8)

S e o e

Course
Syllabus

Grading: Homework and Quizzes (20%),
Mid-Term exams, November 22, 2022 (30%),
Final exam (50%).

Communication: E-learning Portal is used in this course.




Topic 2, Rate law

Last lecture This lecture

v" Introduction to chemical v’ Types of reactions
reaction engineering.
v’ Rate law
v Why Chemical Engineers need
to scale up the production rate v’ Reaction order
of a chemical reaction.

v’ Effect of operating conditions
on conversion, yield, and

selectivity.

Note: Parts of this lecture was obtained from notes of my Professor David Rockstraw — New Mexico State University



Definitions

O

Homogeneous Reaction: Involves one phase

Heterogeneous Reaction: In multiple phases, a reaction usually
occurs at the interface between phases.

Irreversible Reaction: Proceeds in only one direction and continues in
that direction until the reactants are exhausted.

Reversible Reaction: Can proceed in either direction, depending on
the concentrations of reactants and products present relative to the
corresponding equilibrium constants.



Rate Laws
For a general chemical reaction:

aA+bB ocC+dD

The rate of disappearance of the number of moles of A equals that of B,
and equals the rate of appearance of the number of moles of C and of D
according to the expressions:

1 dNy 1 dNp 1 dN¢

—_——,— = —_——_— — = - = +

1
a dt b dt c dt d dt

The rate of the chemical reaction with respect to species i, r;:

_1aN; _ moles i formed
TV (volume of fluid) (time)




A rate law is an algebraic equation that relates —r; to species
concentrations.

—TA —_ kf(T) f(CA, CB' Cc, CD, )

k¢(T) is the reaction rate constant:
o Species specific, therefore subscripted to reflect which species constant is
making reference

o NOT really a constant, but is not a function of concentrations
o Described by kinetic theory of gases:

A = pre-exponential factor (frequency factor)
kf (T) = Ae —E/RT E = activation energy (J/mol)
R = gas constant (8.314 J/mol-K, 1.987 cal/mol -K)

T = absolute temperature (K)



Activation Energy: ke(T) = AeE/RT

Arrhenius equation,

A = pre-exponential factor (frequency factor)

E = activation energy (J/mol)

k = Ae —E/RT k R = gas constant (8.314 J/mol-K, 1.987 cal/moal -K)

T = absolute temperature (K)

Semilog Plot
T(K) |
1oL« IHigh E
E(1 K 1.0+~
In(k) = In(4) — R <7) (s™) Low E
0.1
| Slope = —%
Form suggests a plot of In(k) vs (1/T) 0.01 | |
E 0.0025 0.003
slope = —— _ ’ |
R Intercept = In(4) (?) (K)



Example 2.1 Determination of the Activation Energy

Calculate the activation energy for the decomposition of benzene diazonium chloride
to give chlorobenzene and nitrogen

k (s71) 0.00043  0.00103 0.00180 0.00355 0.00717

N:N/Cl Cl
@ — @ N, T (K) 313.0 319.0 323.0 328.0 333.0

-4.0

Solution

In kA — ]nA—%(%) = ‘\\ m,%;l‘;m +37.12

<
E = (14,017 K)R = (14,017 K)(8.314 ] j o e
mol - K E e

E=1165 X MT —==-14,017K
mol R \
4.0 . : : . :

k=132X 1016 exp | — 14’017 K 0.0030  0.0030 00031 0.0031 00032 0.0032  0.003
T T (K7)



Special Case 1: irreversible, homogeneous reaction

k
aA+bB 2cC+dD

The rate of the chemical reaction with respect to species A, r,:

1 dN, ,
TA=—77 =_kf CZCB

The rate of the chemical reaction with respect to species B, rj:

1 dNg b ,
=Ty g T CaCs
TAa_ _TB _ 4 Tc _ 7D
a b +c +d




Special Case 2: reversible, homogeneous reaction

ke
aA+bB @ch+dD

The rate of the chemical reaction with respect to species A (key), 1,:

1 dN,
m=—v = =k c4 Ch + Kk, CS CS

The rate of the chemical reaction with respect to species D (key), rp:

1 dNp
[8)) :77 :kf CﬁC,’;—kb C%C%
_ ks
The equilibrium constant k,, = —

q_kb



Reversible, homogeneous reaction

At equilibrium, ry =1rg = 1r.=1p = 0:

_ ke _ G
€4 Kk, ccp

k

ke
aA+bB ScC+dD

Exothermic

Generally
E/RT,

k(T,) = Ae and  k(T) = Ae

K (T) = K,(T)) exp[Af{x (%-1 - %ﬂ

T

E/RT Endothermic




Example 2.2 Reversible reaction

Consider the dehydrogenation reaction of benzene to produce Heptalene. What is the net rate
of reaction? ke
-B

Solution ke
2B <——k-—a D +H,

Benzene (B) is being depleted by the forward reaction

kg . 2
2CgHy —— C,H |+ H, |:> FB.forward — —kgCy

For the reverse reaction between heptalene (D) and hydrogen (H- ),

k-p
C121—110 + H2 7 2C6 H6 E> rB, reverse

k_sCpCy,

— _ _ 2
I'p = rB, net rB, forward + rB, reverse E> 's — kBCB T k—BCDCH2



Reaction Order

—1y = kCgch

kCy

Ty = /
1+k'Cy

’

S ——

orderin A= a
orderinB=f
overall order = o + f3

Low Cg: n=1(w.rt.A)

(apparent orders)



Units of reaction constants

The unit of the reaction constant depends on the order of reaction
whether is it zero, first, second or higher order.

A — Products

with an overall reaction order n. The units of rate, —r,, and the specific
reaction rate, k are

{—r,} = [concentration/time]

_ [concentration]' "
{k} = :
fime




Example 2.3 Reaction order and unit of reaction constant

What is the unit of zero order, first order, second order, and third order reaction?

Solution

Zero-order (n = 0): —ry = ku: Tk} = mol/dm’/s
First-order (n = 1): —rp = kpCh: {kt=s"
Second-order (n = 2): ot kACfg: [k} = dm’/mol/s

Third-order (n=3):  —r, = k,Ca: [k} = (dm*/mol)’/s



Key reactant

The reaction equation aldA + bB - cC + dD

can be written in terms of a key reactant such as A as

b

A+ZB—EC+
da a

4p

a

The relative rates of reaction can be written either as

or




Key reactant and reacton conversion

If the reaction takes place in a batch vessel and reactant A 1s

the basis of calculation b J

A+ZB—><C+4D
a a a

o Ny, 1s the number of moles of A initially present in the reactor
o Ny 1s the number of moles of A left after the reaction

Then, the number of male of A consumed during reaction with B to form C and
D 1s
Neonsumeda = Nao — Ny

The reaction conversion, x is the ratio of the number of moles of A consumed to
that initially presented.

Nconsumed . Npo — Ny

NAo NAo




Relating conversion to number of moles of other species in reactor

A—I-QB—»C—C-I-Q _ Neonsumed _ Npo — Ny
a a a X = N ~ TN
Ao Ao att=0
Initially Change Remaining
Species (mol) (mol) (mol)
A N po —(NagX) Np=Npag—NpX
a a
C Neo f-l (NaoX) Ne=Ng +§ N, X
D Npo L_i(NA{]X) ND=ND0+4N X b c. d
a a A° A+-B—-=-C+-D
a a a
I (inertS) NIO - NI = NIO BR
NT-NTO+ (C—i+£_l—)_1) NA()X
Totals Ny 4 av 4 ’




Extent of reaction

(—va)A+ (—vg)B — vcC+vpD

—UB Ve VD ra4 T Tc Tp
A+ ( )B > C+ D = = —
(—VA) (—L’A) (—I/A) VA VpB Vo 14))
4
\:~~ II‘\\\ '/, |"
@ \\ NNN\ l4 N % ——
Extent of Reaction Sy v e
-5 ~——ee
_-_— i
£ . sz . Nz — Ni,O ‘\\ f _ NAO X -
- — 5 TS
V; V; ’,/' vkey ————— St
Ry / ~ \
! % /I\\ ! \\\\ \
Ni = Nig + i€ VY ©
19 (]
LY}
v

This can also be written in terms of a molar flow as,



Extent of reaction

V; V; Ni,O N’i 0 vkey

0<¢{<n%/aand0< x <1

Ny = Ngo — Ngo X Ny=N,, — &

NB:NBO_SNAO'X Ngp =N, —b ¢
NC:NCO+§NAOx N.=Ng, +cé
Np = Npo +5 Nyo x Np = Npo +d &



Example 2.4 Reaction rate in terms of the extent of reaction

Consider the simple reaction A —— B, if this is first order, then the rate can be given by

— T; = ]CC?J
C; is the concentration of 7 and can be related to the number of moles, /V;, by.
N i — OﬁV

for a constant volume reactor, V', or, to the molar flow rate, n;, by

n; = Cyv |f‘> — = Enz

U

N P



The general mole balance equation

aA + bB - cC + dD

Rate of flow
of jinto
the system

| (moles/time)

In

System

/ Volume, V

Fjo > > FJ
i 7 _Rate of eneration- | Rate of |
Rate of flow _ 5 _ _
) of j by chemical accumulation
of j out of : o _ o
h ¢ reaction within =| of j within Vv
e system _
: . the system the system G i= j r | dVv
(moles/time) _ _
B} - (moles/time) | (moles/time) |
Out Generation = Accumulation moles _ moles
dN . , = - - volume
F, + G, - — time time - volume
dt
4 dN ; =

dt




Batch reactor dN,

dt

Fjo=F;=0 j‘> dN jrdV

If the reaction mixture is perfectly mixed there 1s no variation
in the rate of reaction throughout the reactor volume

V

Ci]..\_{j :]".V
dt /




Example 2.5 Estimation of reaction time in batch reactor

/]
4 N
consider the isomerization of species A in a batch reactor. As the
reaction proceeds, the number of moles of A decreases, and the o)
number of moles of B increases. What is the time needed to dNa _ raV
decrease the concentration of A from Ny, to Ny, ? \__dt P
Batch Reactor
. —_—
Solution 4 B )
dNA dNA
Nary > dr=2a
dt raV
N a0 dN
A
tl — J Nao dNA
—T'AV t, = _—
NA1 1 kN
N a1 A
ry=—kC, E> P
1 NAO 0 t, t
NA tl = - ln
CA - k NAl



Continuous-Stirred Tank Reactor (CSTR) "’

v dN
FJ,-O—FJ-+J. rydV=—1

CSTR operated at a steady state and constant volume

4 dN . dN ; v _
FjO_Fj+_[ rjdV:EJ $ *E;JZO and J-rjdV—V”j




The molar flow rate F; 1s just the product of the concentration of species

j and the volumetric flow rate v

C.-

J

v

v

moles ~ moles volume

time  volume

time

B VoCag—UC,




Tubular Reactor (PFR)

v :
Fj()_Fj‘FJ. r dV:égi Fj04€> FJ"{) AG; )_’Fj )

Il
-

J

- 1T 71 |Molar rate of Molar rate of
Molar flow Molar flow . .
. . Generation Accumulation
rate of species j|_|rate of species j| ] s i 1= of o
In atV Out at (V+AV) © .spc.acu—:s J © .spc.ames J
] , within AV within AV
moles/time moles/time . _
- - - - | moles/time | | moles/time |
In - Out + Generation = Accumulation
Fily - Filyoaw  + riav



F f|v

Fj|V+AV

-+

~
>
<
I

Dividing by AV and rearranging

-

—




Packed-Bed Reactor (PBR)

4 dN Fao ) ) )—»FA
FJ'O_FJ-}-J. rpdV = dr W W AW
FA(W)—> ::"‘
In - Out + Generation = Accumulation
Faw —  Fawseaw) + ra AW = 0
les A moles A
ra) AW = no -(mass of catalyst) =
(ra) (time)(mass of catalyst) ( 4 yst) time

dF, _ , J'FA dF J-FAO dF
av A = ovel, T =

’
A0 A TA

Catalyst tube

Coolant

Coolant-side
— baffles

Coolant
—

Feed gas



Example 2.5 Sizing of reactors

The bellow reaction is first order in A, —r, = k C,, 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%?

k = 0.23 min’!

CAO CA=0'1CA0
Solution A B K VHO AjB V 7"
= 1
dF , ~
W—?‘A and —rA=kCA
dFy _d(Cyv) _ d(CAvO)_U dCa =7 |:> —UOdCA =—r,=kC
v~ dv dav Cav A av : *
dC,
o = J dV
Cao LA V= 10 dm3/min In Co _10 dm3111 100 = 200 dm?
V:E-Q In &9 023 min~ 001C, 023

k' C,




Summary - Design Equations of Ideal Reactors

Differential | Algebraic Integral
. ; . Remarks
Equation Equation Equation
N N Conc. changes with time
Batch L= )V . ¢ dN; but is uniform within the
(well-mixed) dt ! 5 (r,)V | reactor. Reaction rate
' varies with time.
Conc. inside reactor is
CSTR P; 5 }7; uniform. (r;) is constant.
(well-mixed "= ﬁ Exit conc = conc inside
at steady-state) J reactor.
dF.

PFR

(steady-state flow; dV J
well-mixed radiglly)

Concentration and hence
reaction rates vary
spatially (with length).




Summary - Design Equations as a function of conversion

£

IDEAL DIFFERENTIAL ALGEBRAIC INTEGRAL
REACTOR FORM FORM FORM

XA T

dX dx',
N A _ - 14 = _—
A0 (—.) 10 0 iy

If — E{()(X.{)
(_rA
XA r
ax, = o [
40 ( ?14 A0
dlV %~y




Determination of Reactor volume — A plot of Fi" VS. X
—TA

§k\\\\\\\\\\\\§\\z Continuous Stirred Tank Reactor (CSTR)

-s Vesir = [i X[ X o7z ]
&%&X&\X\E&\ Evaluated at X=X g g
X X

CSTR

Plug Flow Reactor (PFR)

XPFR



Stoichiometry in liquid
and gas systems



Concentration Flow System can be presented in term of molar flowrate, F,
and volumetric flowrate, v as :

However, for liquid phase Flow System the initial volumetric flowrate is
equal to the final volumetric flowrate: v =10,

For the chemical reaction:

Entering Leaving
Fyo Fy
Fgy Fy

b ¢ d .
Fex A+;I-B——);I-C+ED Fc
Fpo Fp
Fio Fi




The concentration of A becomes C,= = = CAo( - )

. N, N b b
The concentration of B becomes Cy=—%= VAO (@B ——Xj = CA()(@B —ng

V 0 a
Where: @i:F;o _ Gy _ Gy _ Yio and §:i+£_é_1
Fao Chlo Cuo Yao a a a
For liquid Systems Fu=Fao(1-X)

Fg = Fpo (O - b/a X)

Fc = Fpo (O¢ + c/a X)

Fp= Fag (Op + d/a X)
If Inert material exisits then  F =F,,0,

Fr=Fqo+ 0 FpX



Example: Liquid Systems

Consider the liquid phase reaction bellow; what is the concentration of each species in term of
conversion

NaOH + 3 (C;,H;5C00);C;H; —— C,; H35COONa + 3 C;Hs(OH);
A+ %B — C + %D
Solution

The concentration of each species are

N N N,,(1—X
A—_A— Ao )=CAU(1_X) O,=—= O.,==—" 0,=-"-

T, %
0 0 CA[] CAO CAU

1 1
Cp = Cyo (0 — §x) Cc = Cyho (B¢ +x) Cp = Cho (Op +5x)

Cinert = Cao (Ornert)



For gas phase Systems

The reaction takes place in tubular or packed bed reactor. This will lead to variation volumetric
flowrate of the total species with distance from the inlet of the reactor. The volumetric flowrate is
related to total molar flowrates, pressure and temperature according

F. P T
Fry P T,

V=0,
Therefore, the concentration of species A at these conditions can be expressed by

C,=F,[v= ., (2;}(2)(?) ZO I;j (g](?j

£

F (P \T
C,=F,/Juo=C A( j( Oj
A A TOFT PO T




For species B

ool 7 )%

The total molar flow rate is: F,=F.,+F,0X

Substitute F; gives:

F.+F, o0X \|\T P F T F
UZUO( o A0 ] Ozuo(1+ﬂ5X]——O

Fr, I, P Fr 1, P
T P T P
0. (1+v..0X)—L=0 (1+eX)—2L

Where ¢=1y,,0



Then

C _FA_ FAO(I X) _CAO(I_X)TO P
T 00(1+5X)§i (l+eX) T P,
b b
c :FB:FAO(G)B an CAO(®B_an T, P
P 00(1+5X)T I (1+eX) T P,
= kC,C )
r 0,-"x
, | (1-=X) a PT,
—-r, =k, C
(l+ex) (1+ex) \P T

T




where

5=£+£—é—1
a a a

5 - change in total number of moles

mole of A reacted

This gives

_ change 1n total number of moles for complete conversion

E =

total number of moles fed to the reactor




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.

Calculate the equilibrium conversion for both a batch reactor (X,,) and a flow
reactor (X).

: C |
Solution: —r,=k,|C, —=£ A—>—B
K, 2
Species Fed Change Remaining
Fao -FaoX Fa=Fao(1-X)
B 0 +F X2 Fa=FaoX/2
Fro=Fao Fr=Fpo-FaoX/2




A Fag “FpoX Fa=Fao(1-X)

B 0 FroX/2 Fa=Fa\oX/2
Stoichiometry: Gas isothermal =T,
Gas isobaric
P=P,
v=0,(1+&X)
_Fe(1-X) C,(1-X)
§ O, (1+eX) (1+&X)




—r =k CAO(I_X) 2_ CAOX
A (v ex) 2(1+eX)K

1 1
g:yAOé‘:(l{E_lj:_E

At equilibrium: -r,=0

X,(1+ex,)

2K-Cyp = (I—X )2




3
2K.C,, = 2[20 dm j(o.z mol j =8

mol dm
1 1
&= 5:1(——1J=——
yAO 2 2
X —05X"°
8 e e

} (1-2x,+X.7)

8.5X°—17X, +8=0

Flow: X, =0.757 Re-call  Batch: X, =0.70




Summary

Liguid Phase r)i_ Phase
Eliwe Batch E!.Ia:h Fli‘w
F; _Np - N =5
Cp= ™= Cg= v Cr v Ch .
MO Phase Change MNe 5T BT
Vo Py —L 28— = — LW
UE Ty V=1, ﬂwTuFTu o WFmPI'.;.
Corstant ~NpNp P Ty [‘E_ihil‘r‘?
Volume Ny ¥V P T BT
V=V Ny P T, Fy P T
= e BTy = B Py
Ca =t NPy T Ca CT':'F, B, T
B MO Phase Change
Cp= E.I'UIII:EH- "KJ; Ol
+ MO Somipermeabhe Membranes
_ iy
v=1y(l 1-5}{{ p AT
) Bt
E—H.ﬁl..i - C.-\.ﬂ!ﬂl:l-_m'xll.l’p]'r“
¢ = = |2
=[245_E4 B - =
ﬁ [II + P :I 1+&X 1 Fﬂ 5
+ lsnthermal
Py b
'::TI! _R_T;D I:ﬁ N C_qu(ﬂg —;lei
: T 1+iX B
Cap ™ YanCyy “
Magrlect Pressun: Drop

’ b
c_q_ul 93——:':']
Com=— & 7
B 1+&X



Stoichiometry in liquid
and gas systems

Examples & Damkohler Number



Last lecture dealt with the relation
between number of moles,
concentration or molar flowrate of
each species that taken out of the
reactor as a funcion of
conversion. In this leacture, some
examples will be presented for
each reactor.

To summurize what was
presented last time, the table
aside shows the relations
mentioned above.

Liquid Phase
Flow Batch
F _Ne
Cg= TB Co= v
NO Phase Change
U= 1y V=V,

Constant :&hiﬂl
Volume
V=1,

o/

Cao= Yao Cro

Gas Phase
Batch Flow
Ng _Fs
(;‘B=7 Cg= S
P, T Fr Py T
V=V N By T V=, —L-10 T
"Nee P T ©Fo P To

Nr Vo Po T
Ng P T

NO Phase Change
OR
l NO Semipermeable Membranes

(3

b
CAU[eB ‘EX] P\ T,
Ce= 1+eX [P_o]T
l Isothermal
b
- 1+eX P_o

l Neglect Pressure Drop
b
CACI [GB - EX)

Cn =
B 1+eX

Figure 4-3 Expressing concentration as a function of conversion.

o FeFn P Ty

B R w Py T

—c. Ne P To c.fe P To
_CmNrF’u T CB_CTOFTPD T




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 feeds of N, & H,. Assume the gas mixture behaves like an ideal gas.

+ 13N, — %3NH,
Solution

The variation in molar flowrate for the reactant and product species across the reactor is listed in
the Table bellow

-FaoXa Fao-FaoXa
N, B FBO=FA0 -(Y/3FoXa) Fao-(Y/3Fa0Xa)
23Fp0Xa 23FpoXa

I O N N T



2 1

O=Vs+v,—1=———-1 d=-2
Ve TVp 3 3 —

Equimolar feeds of N, & H,—~> Fgg = Fag

NAO_ mol _FAO

Caq = =
A0V volume o

If you don’t have F,, or v,
And do haveP & T

H, + 3N, — %/3NH;

y _x_1
AT ox 2

o34
YA0 3\ 2 3

Then relate P&T to C,,:

P N
PV =NoRT = == =2 = Cqg

1

N, & H,are equimolarinthe feed: =  Njg :2N-|-O

RT V

Npg 0.5Ng 0.5P

= Cao =",

V RT



P=16.4 atm - CAO = 16.4atm - CAO = Ozmiol
T=227°C = 500 K 2(0.082 atm- Lj500K L

mol -K

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

. . isoth |
1+8XA 0 T Z ol J 1+8XA

1 1 1

1 mol
XA:O.G 5:_5 CAO—OZL—CBO CCOO

6) _,  mol

- 0.2-1(0.2)
M2 1 (—13)(

(0.
06) L o _0+(213)(0.2)(0.6) _

0.2+(~13)(0.2)(0.6) ol NFs T (<113)(0.6)

_ (0.
2 1+(-13)0.6 L

Cn

mol

L



Damkohler Number

A Damkohler number (Da) 1s a useful ratio for determining whether diffusion rates or
reaction rates are more ‘important’ for defining a steady-state chemical distribution over

the length and time scales of interest.

_ Reaction rate  Diffusion tume

Da = —— . .
Diffusion rate  Reactiont une
Da= —'acV _ Rate of reaction at entrance _ A reaction rate "

» K =Kkinetics reaction rate constant
n—1 » C, =initial concentration
Da=kCy "7 > n  =reaction order
» T =mean residence time or space time



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

Plug flow-no radial variations in velocity,
concentration, lemperature, or reaction rate

Reactants Products

Figure 1-9 (Revisited) Tubular reactor.



Solution

(a) Liquid phase reaction 2A - B Liquid Phase v = v,
X
X 2
V:FAOJ :‘.!—;- ~ra=kC, CA-'-'C,\(]“"'X)
A
0
ax _ kC, y = Fao _d =”°(x)
AV Fpuy kCl| (1-x)? KCa\l-X
' 0

"~ 1+tw%C,, 1+Da,



(b) Gas phase reaction 2A > B

Assumption: Isothermal and Isobaric conditions

dV  F,,

CA=£5= Fa =FA0(I_X)=CAO_(.L_X_)
v Ul +eX) vyl +eX) (1 +&X)
r-.\’
+ 2
R L5
JOkCA“(]_X)“
r-.\'
V= Fao (1 +eX)? dX
kCho J, 1 72F
V= Yo i|~2s(l+e)ln(1—X)+s3X+(—l—i-§ﬂ
kC‘,\n! ]—X



Conversion, X

- % «=-03]

os | A—e B[«-0.0]

A— 2B !-1.0]
A— 38 uzo]

D .20am?

0.1

0 1.0 20 3.0 40 50 60 7.0 8.0 9.0 10.0 11.0 12.0 13.0 140
v imd)

Conversion as a function of distance down the reactor.
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Collection and analysis of
Rate Data

In this class we will study the determination rate order and constant using:

1. Method of Excess (initial rate method)
2. Method of half-lives

3. Integral Method

4. Differential Method



1. Method of Excess (isolation method)

This method assumes one reactant as limiting and considers the other reactants are in excess. Therefore,
these excess reactants will constantly affect the rate of reaction. Therefore, the whole terms related to
these excess reactants' concentration are constant. Hence, the rate of reaction is the only function of the
concentration of the limiting reactant with its stoichiometric power. As a result, the rate constant and
stoichiometric power will be determined. Then the procedure is repeated, but their corresponding
coefficients will be determined for the other reactants that were considered in excess.

To illustrate this, let us assume the following reaction with its rate law
_ o ~P
A + B —Products —ry = k,C,Cq

First, we will assume B is in excess, therefore, it will not affect the rate of reaction as it have constant (but
not varied) effect. Therefore, the rate of reaction becomes:

—ry, =k'Cy



Where the concentration of B at any time is assumed to equal its initial concentration; Cy= Cg,

Therefore, the rate of reaction becomes —ry =k'C,

Where k' = kACE gkACEU

Having the natural log of rate of reaction versus that of concentration of A yields a straight line with a slope
of « and intercept of Ink’ as

Inry, = Ink’ +« InC,

Similarly, to obtain the stoichiometric coefficient of B, the reactant A is considered in excess and
concentration of B is varied as

o k"CS Where K' = kACEHkACEO



Once and are determined, the rate constant, k, the can be calculated = k0 C«B
— N
from the measurement of —r, at known concentrations of A and B A ATATEB

o= A _ (dm3/mol)>*+B -1
A o B_
CaCg S

If the rate law is, —r4 = kC9 then a plot of In (—r4¢) against In Cyg

In k

Gradient = o

In (—7r49)

In CAO



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 Rate

mol dm=3s

0.1

0.2

04

0.1




Solution

In order to calculate the order for a particular
reactant it is easiest to compare two
experiments where only that reactant is
being changed

For reactant A compare between experiments 1 and 2

o For reactant A as the concentration doubles
(B and C staying constant) so does the rate.
Therefore the order with respect to reactant
A is first order

For reactant B compare between experiments 1 and 3 :

o As the concentration of B doubles
(A and C staying constant) the rate quadruples.
Therefore the order with respect to B is 2..order

A+ B+ 2C > D + 2E

If conc is doubled and rate stays the same: order=0

If conc is doubled and rate doubles: order= 1

If conc is doubled and rate quadruples : order= 2

Experiment [A] [B] [C] Rate
3moI dm- moldm= | moldm= [ moldm=s'
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 0.4
4 0.1 0.5 0.5 0.1




A+ B+ 2C 2> D + 2E

For reactant C compare between experiments 1 and 4 :

o As the concentration of C doubles

(A and B staying constant) the rate stays the same.

Therefore the order with respect to C is zero order

Experiment [A] [B] [C] Rate
3mol dm- mol dm-3 mol dm3 mol dm3s-1
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 0.4
4 0.1 0.5 0.5 0.1

The overall rate equation is r = k [A] [B]?

L6

The reaction is 3rd order overall and the unit of the rate constant is

mol?.s




2. Method of half-lives dCy
— == kCY

Integrating the design equation with C'y = C'yo when ¢ = () y_iéldsz

1 (1_1)
e AN e

(@)

We then use the definition of half-life, t = ¢,/2 when Cy = 1/2C 49

1
- kCHt (a—1)

t

20-L _1 1
k(a—1) 04"

ti2 =



go=1_1 1 2071 -1
A— Inty/, =In + (1 — ) In Cyg
T ke —1) 0] j;> / k(a—1)

Plotting In ¢; /> against In C'yy gives a line with a slope equal to (1 — «)

Int
Hez Gradient =1 — «

IHCA(]



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)

0 1.200
10 0.800
20 0.600
30 0.480
40 0.400
50 0.343
60 0.300
70 0.267
80 0.240
90 0.218

100 0.200



Solution

If the original concentration is taken as 1.200 M, half of the original concentration is
0.600 M. The reaction takes 20 seconds to reduce the concentration to half of its
original value. If the original concentration is taken as 0.800 M, it clearly takes 30
seconds for the concentration to reach half of that value. Based on this methodology,
the following table is easy to generate:

[A], (M) 1.200 0.800 0.600 0.400
t1/2 (s) 20 30 40 60

The rate constant can be calculated using any of these values:

1 1
k= —— = 1 —
Aty /s (0.8 M) (30 s) —0.0417 M 57!




3. Integral Method

The integral method is the quickest method to use to determine the rate law if the order turns out to
zero, first, or second order. This method uses a trial-and-error procedure to find the reaction order. The

reaction order is assumed (guessed) in a combined batch reactor mole balance and the equation is
integrated as a concentration versus time

First assume a zero-order reaction, ry = —k and the combined rate law and mole balance is ‘jgé = —k
dt
A
Integrating with C, = C,, at t = 0, we have «=0
CA - CAU - kf CA
CAcho—kt

Time

Figure 7-1 Zero-order reaction.



First-order reaction

Now assume a first-order reaction with rate equation of

_dc,

=k
dt Ca

The integration of this equation

with the limit C, = C,, at 1t = 0 gives

1119—-- = kt
C

A

A plot of ln% with time yield a
A

straight line with slope of k

A
a=1
 J
In %

Ca o Cao _

In— =
Ca
Time
Figure 7-2 First-order reaction.



Second-order reaction
Now assume a second-order reaction with type of

2A — product

The rate equation is

~dC,

kC
dr A

with the limit C, = C,, at 1 = 0 gives

I S
CA CAO >
Time
A plot of ci with time yield a straight Figure 7-3 Second-order reaction.
A

line with slope of k



4. Differential Method

In this method here we consider a reaction carried out isothermally in a constant-volume batch reactor
and the concentration of A, is recorded as a function of time. By combining the mole balance with the

rate law given by
~dCy

§7 = kACi

If the natural logarithmic is taken for the above equation we get

dC
m[— E’é} =Ink,+alnC,

Or in difference form AC,
In vl Ink, +xIncCy

The slope of a plot of In (AAL:) as a function of In C, yields the slope
o and intercept In k4. Then the reaction order o« will be defined .

_9Ca
dt




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.

Run t, min X (%)
1 13 11.2
2 34 25.7
3 59 36.7
4 120 55.2




Solution

s dC
A+B—C +D I order -1, = th:kl.CA
Volume is constant
2" order -r, :d& =k,-C,-C,
dt

Integration Method

1 order -lnC—Azkl‘t —> klzi-ln%‘“’ —> C,=C,(0-x)

CAO A

For the first run  x=0.112 > ¢, =01(1-0.112) = 0.0888

k:l-lncf‘—“’: ] " 0.1
LrC 13-60  0.0888

A

=1.54x10*sn™"



If you repeat for four of the runs:

Run t, sec ky x 104 (s7)
1 780 1.54
2 2040 1.46
3 3540 1.30
4 7200 1.12
2™ order

J

-IN(C,/C, )

0.5¢

0

l ] | | ] | |

800

1600 2400 3200 4000 4800 5600 6400 7200
time, sec

Stoichiometric coefficients are equal and C,, =C, = 0.1 molal

dc,

ot =kCJ =)

|

Ca

C,=C,(I1-x)

1 1
k, -t |::> k, = -1
2 ’ £-C xo [1 X J



k, = 1 {1 —1]= 0.112 _1.63x107° — 2
(-C,, \1-x (13-60)-0.1-(1-0.112) gmol - s

If you repeat for four of the runs:

Run t, sec k; x 104 (s") | k, x 103 (L/mol s)

1 780 1.54 1.63

2 2040 1.46 1.70

3 3540 1.30 1.64

4 7200 1.12 1.71 00 1600 200 70 AN &0 &0 600 7

time, sec

So, it is SECOND ORDER




Differential Method

Cp=C,o—C, (moles of D produced = moles of A reacted)

A plot of CD\as t

[D] moles/L

|
1000 2000 3000 4000 5000 6000 7000 8000
time, sec

y=— = (the slope of the curve)



Slopes determined from the curve are given as follows

C, C. | r=dCp/dt (105 gmol/L)
0.0 0.10 1.58
0.01 0.09 1.38
0.02 0.08 1.14
0.03 0.07 0.79
0.04 0.06 0.64
0.05 0.05 0.45

logr, =log k, +log C,

logr, =logk, +log C,2=log k, + 2 log C,

(from —r, =k, C,)

(from —r, = k, C,?)

1st: log r vs log C, should yield a straight line with a slope of 1.0.

2": log r vs log C, should yield a straight line with a slope of 2.0.




logr=-2.76 + 2.0 log C,

The data suggest a slope of 2!
log k, =-2.76
k,=1.73x10°L/mol s

slope =20

logr

log CA



Comparison between
reactors

In this class we will study the determination rate order and constant using:

1. Graphical interpretation of reactor sizing
2. Reactors 1n series

Note: Part of this topic is obtained from lecture notes of professor Ozlem Keskin -Ko¢ University, Turkey
http://home.ku.edu.tr/~okeskin/ChBI502/chbi_502.htm



Batch Reactor

dNy _ d[N (1 — XA)] N dX,
dt dt AV e
dX,
(—ra)V = Ny —
x, dX,
t=Ny | *—=—
Al (—ra)V

dX dC
t = CAO XA A . jCA A

0 _rA CAO A

Area = t/Npg



Space-Time and Space-Velocity

Space time 1 time required to process one
T = — = | reactor volume of feed measured | = [time]
Space time is the time necessary > at specified conditions
to process one volume of reactor
fluid at the entrance conditions. o 1_ChV _V _ _(reactor volume)
s Fyo v, (volumetric feed rate)

Example: v, =0.01 m¥sandV=02m3 - 1=02m3/001m3¥s=20s

It would take 20 s for the fluid at the entrance to move to the exit.

Typical space Batch : 15 min-20 h (few kg/day — 100,000 tons/year = 280 tons/day)

time for different CSTR :10min—-4h (10to 3 x 108 tons/yr)
reactors:

Tubular: 0.5s — 1h (50 to 5 x 108 tons/yr)



Space-velocity:

number of reactor volumes of
s = — = | feed at specified conditions which | = [time™!]
T can be treated in unit time

v_o_l

ST =
I r

instead of using volumetric flow rate at the entrance, you use liquid —
hourly & gas — hourly space velocities (LHSV, GHSV).

Vo (for LHSV) is that of a liquid feed rate at 60°F or 75°F.
Vo (for GHSV) is that of the one that measured at STP.

VO’ Vo‘

"a  GHSV =
V 14

LHSV =




Continuous Stirred Tank Reactor (CSTR) o

FpoXp = (m1a)V

Xnr=Xa
1 V VCAO CAOXA vf
T=—= — F - (=ra)p= (=rp)
s U —r Unif ks
0 A0 A thrglljgrzgqut
V— T —AXA—XA Area = — = -
Fro Cag —ra  —Ta Fro . Cho
V - AX A _ \,
-7 | Conditions
Fao ( "A)f within reactor
and at exit
V Xy Cuy—Cy

Fro 14 - Cao(—7a)




Plug Flow Reactor (PFR)

v

T

Fay

7=

Cao
v _VC AO _

XAf
0

Dy

FAO

dX,

A0

X s dX

0

f

:
/—i
|
|
|
|
|
|
|

Distance through reactor

Area=1t =

Fpo
r—C curve

for the
reaction



Holding Time and Space Time for Flow Reactors

time needed to V.  CaV
+= | treat one reactor | = — = , [hr]
volume of feed Vo Fao

[hr]

t of flowing material :
0 (—rp)(1 + 85 X))

mean residence time
. [*a dX,
: = Cap
in the reactor



Fao

Reactors in Series

1. CSTRs in Series

In — Out + Generation =0

V

ReaCtOl‘ 1: FAO — FAI + rAlVl = O

In — Out + Generation =0

Reactor 2: Fy,— Fy» + rasVo =0

%4 :FAI_FAz _ (Fag — FaoX 1) = (Fag — FaoX>)
’ “Ta2 a2

V

FAz = FAO_FAOX2

F
V,=—22(X,—X))
—Tan



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 0.1 0.2 0.4 0.6 0.7 0.8

Solution

(Fao/—ra)(m3) 089  1.09 133 205 354 506 80

For Reactor 1, we observe from Table that when X = 0.4, then

(FA”] =2.05m’
“TrAl/x =04

F F
Vo=[—22] x, =A% X,=(2.05)(0.4)=0.82 m =820 dm’
1 y | 1
1

BN —Fa1/o4



X 0.0 0.1 0.2 0.4 0.6 0.7 0.8

(Fao/—r,)(m?) 089 109 133 205 354 506 80

F 12
For Reactor 2, when X, = 0.8, then (ﬁ_ﬂl) =80m’
“TA/x=038 10
F
V,= ( A% )(Xz —X) 8 - R CSTR 1
Fao, | 7 7 CSTR 2
3 3 3 -Ta
V,=(8.0m)(0.8—0.4) =3.2m = 3200 dm (m°),
V, = 3200 dm’ (liters) ~
0 ?\\A | T
0.0 0.2 0.4 0.6 0.8 1.0

Conversion X



V=V, +V,=082m"+32m’ =4.02m’ = 4020 dm’

By comparison, the volume necessary to achieve 80% conversion in one CSTR is

V = (FAO ))( = (8.0)(0.8) = 6.4 m” = 6400 dm’

BN



Approximating a PFR by a Large Number of CSTRs in Series

12
e — A | 3
ulolule .
VH
8 T‘
LR
Fro 6+
- .
(ma) 4 ::;:
A one PFR can be modeled by a large g Vz
number of CSTRs gy ————
0 \§§§§§§§ .

35 53 .65 .74 .8
Conversion, X



2. PFR in Series FAO—@

2 1 2
dX _ dX dX
J)( FAO"""""_ :f FAO“‘““"_ ""J)( FAU"""_
0 Fa 0 Fa X r

1 A

A one PFR has a similar conversion as large
number of small PFRs, as well as the total
sizes of the small PFRs equals that of one
large PFR

T
0.2

04 0'5 08
Conversion, X

1.0

¥4 PFR 1
SN PFR 2



Combinations of CSTRs and PFRs in Series

D_(ﬁ)_. Fas 120
X3

100

F
Reactor 1: Vv, = A0X | 80
N
FA_O 60
FooX,— X '”‘
Reactor 2: v, = Aoy — X)) (m3) 40 os
_rAz CSTR 2
20
3 F
Reactor 3: V, = JJ( “Aax 0
X2 -r A

(@]

onversion, X



Numerical Evaluation of Intergrals

The integral to calculate the PFR volume can be evaluated using a
method such as Simpson’s One-Third Rule.

L NOTE: The intervals (AX) shown in the
B g sketch are not drawn to scale. They

—ra(Xy)
: !? should be equal.
.

-ra(0)
e ——— A3 | ] —

a X b0
1 =

o4
PFR: V=F,,| £ -p, L% 1 4 {3
AD[J, T A0 3 [Taix=0) +'L,;1 X} +-1'_q;:.;:}J

Simpson’s One-Third Rule is one of the most common numerical methods. It
uses three data points. One numerical methods for evaluating integrals are:

1. Trapezoidal Rule (uses two data points)

2. Simpson’s Three-Eighth’'s Rule (uses four data points)



Trapezoidal Rule
f(x)

f(x4)

f(%o)

Five Point Quadrature formula:

1 e s A1 s 2 e =

[ G-dv =17 G) + @]

4 :f(xo)'h
Az = [f(x1)_;(xo)]'h

A=A+ 4,

=h'[:f(x0)+f(:;l) __f(;{)):l

:g-[ﬂxmf(xl)]

4

For N+1 points, where

g 3h
_l‘f(x)'dng'(ﬂ; +3fi43,+2f,43f,+3/;+2fs....) = Nis aninteger.



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 04 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 achieve 80 % conversion under identical conditions as
those under which the batch data was obtained?



Fao = 2 mol/s, fed to a plug flow reactor

X
|
PFR ..V = F__wj.:dX Thus one needs (1/-r,) as a function of X.
0 A

X 0

0.4 0.8 ¢

-4 (mol/dm®.5) 0.101 0.008 0.002

U

3
i{dm '5) 100
-ras \ mol

_Tﬁ%g:,sun

1
-
dm3*s p, (%125
mol
—31__ {00
-ra(0)

125 500

<

Construct a
Levenspiel Plot

— wa X

e

it 1 3 -

0 04 0.8
wr X

<y

=



For Simpson’s three point formula we have:

X
PFR:V:E{O-.'ng AX|: 1 N 4 N 1 :|
—r
0

A w3 _FA(X:O) _r_{(Xl) _r_;(Xz)
0.8 3
dX ! 0.4 d
PFR:V =F,, [ <=2 =2[100+4-(125)+ 500] =~ | = 293dm’
e = S 3 mol

To reach 80 % conversion, your PFR must be 293.3 dm3.



Sizing in PFR

Example: Determine the volume in PFR to achieve a 80 % conversion.

dX
For PFR: F -7: —7,
0.8
Rearranging : I’ =F - I I

A 0

Let’'s numerically evaluate the integral with trapezoidal rule

0.8
F F
I 0 . JY =  f(X)=-2| —0.89
0o T4 ~Tlx=o
ry=2fal  _go
“Talx=0s
0.8

V= 7(089+80) 8.89-0.4 =3.556m’

With five point quadrature V = 2.165 m3



Comparing CSTR & PFR Sizing

CSTR

V
CHTR

Vestr > Vpeg for the same conversion and rxn conditions.

The reason is that CSTR always operates at lowest rxn rate. PFR starts at a high
rate, then gradually decreases to the exit rate.



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.

Fan
S
Faq Faz
X3=038
A 0 0.2 0.4 0.6 0.8
mol
o 7} 3 0.010 0.0091 0.008 0,005 0.002
dm” es
drr’ es
(1/-1, 100 110 125 200 500
mol
7Y
Fag/~ta (dm , 200 220 250 400 1000



E{D
Use the plot of (r J vs. X 1000l

A

800+

Fag 600+

—a
4004

NN

NN\

0 1 1

(a) The CSTR design equation for Reactor 1 is:

o [FAG X))

==
— Iy J

at X =X, =0.4 the (Fpg/ -ra,) = 300 dm?

V, =(300dm?3) (0.4) =120 dm?

The volume of the first CSTR is 120 dm?3

04 0.
hel X2

-l
hesbd S



(b) Reactor 2: PFR The differential form of the PFR design is
dX —-r,
v F,,

Rearranging and intergrating with limits
whenV =0 X=X,=04
whenV =V, X=X,=0.7

X, 0.7
V:j @ cdX = i -dX

AN



Choose three point quadrature formula with

X,-X, 07-04
2 2

AX = =0.15

Ii’ AX A0 + A0
> 3 | =r,(04) —r,(0.55) —r,0.7)

F 4F, _F

Interpreting for (F,o/-ry) at X = 0.55 we obtain

[ Fa ) =370dm’

—_— }:'
4./ x=055

0.15
V, = T[300dm3 +4-(370dm* )+ 600dm’ |=119dm’*

The volume of the PFR is V, = 119 dm?



(c) Reactor 3: CSTR

Balance . .
in —oul + generation

Eu_E{s'l'ft{s'Va =0
— FA2 _F{S

—Fy

Vs

FA2 = Ao'(l_Xz)
FA3 =FA0 '(1_X3)

V= Fao (X,-X,)

3

—l43

V, =600dm’-(0.7-0.4) =180dm’

The volume of last CSTR is 180 dm?3



Summary:
CSTR X,=04
PFR X,=0.7
CSTR X;=0.8

V, =120 dm3
V, =119 dm?
V, = 180 dm3

Total volume =120 + 119 + 180 =419 dm?3




Reactor Sequencing

Is there any differences between having a CSTR — PFR system & PFR —
CSTR system? Which arrangement is best?

or o

The volumes are different!
V,+V,=2V3;+V,

For isothermal rxns

FA{]
The choice of reactors depend on ;

the Levenspiel plots
relative reactor sizes.

Adiabatic rxns




Isothermal parallel CSTRs
and PFR



Performance of Isothermal parallel CSTRs

In designing a CSTR reactor in parallel, the inlet molar
flowrates of feed will be divided equally to the
number of reactors that are connected in parallel.
Also, the exit conversion for each reactor is similar to
that for all reactors. | addition, the rate of reaction is
the same for all reactors.

X1 — X2 - X3 —=...= Xn
rAl =TA2 =TA3 =...= rATl
Fa,: X;
and Vi — Ao,l A1
T4,
: V Fy
Substitute for ¥, = — and Fao; = 20
n n

362 dm'ls

7.24 dm’s

Figure E5-2.2 CSTRs in parallel.



_FAO,iXi <:> V _Fao X r V =F X
V,=——"—— n n 0 Ao -
—Tai

In conclusion

For a system of CSTRs that are connected in parallel, the conversion from one reactor
is the same as the overall conversion from all reactors.



Performance of PFRs in series

Plug flow—no radial variations in velocity,
concentration, temperature, or reaction rate

The differential form of the PFR design m

equation where no catalyst is placed inside the

reactor:
dX _
Fro =5 = ~7a
dv
. . . Fa
Consider n plug flow reactors in series. For A rov, L] rov, Lol ROV, RV, RV, l_.
the i*" reactor, its volume V,.; is obtained as \ \ \ \
X4=0 Xa1 Xaz Xa3 Xai Xan

Vri ai
_ f (_1_) dX,
Fao X1y N\ T4

where X 4; 1s the conversion of A in the stream leaving reactor i



The combined volume of all the reactors in the group V, (total) is given by

n X41 X 4
4 dX 4 dX
V,(total) = > Vm=FAo{/ —“1+...+/ 14
0

—r4 Xy — T4

Xan dX Xgn dX
n / Al _p f 4
Xawy T4 0 —r4

In conclusion

So n PFRs 1n series give the same performance as a single PFR of the same
total volume.



Performance of PFRs in parallel

Plug flow—no radial variations in velocity,
concentration, temperature, or reaction rate

If Viyi=Vo=...=V,

If the flow is split equally between each reactor

vy/n

Then the conversion for each reactor will be the
same.

Only the inlet flowrate will be split. Hence, the :
outlet product rate is decreased too. Multiple %o | g
reactors in series are used if the feed flowrate is ’
high and more reactors are needed to do the job.

\
<

N e
ri

/N Vv

m







Again, for the gas-phase reactions in a catalytic reactor,

for example, the second order reaction: —r A = kCi
This rate is written in term of conversion by substituting g Caro(1—X) P
the expression for concentration to get: A 1+eX P,

Combining this equation with the design equation and I —x

assume isothermal condition, the independent variable F aX _ & Caol )
) ; A0

for volume is replaced with mass of catalyst to get daw 1 +eX

2 2
Or. in term of volumetric flowrate by dividing by F,, dX _ kC o ( 1-X ] (P J
(Le., vyCyg) to yields dw Vg

I,
T

2



This design equation is a function of
conversion and pressure, and needs a coupling
equation that should have a dependent
variables of X and P.

Ergun Equation is used here

F
Or by substituting F—T =1+&X toget

TO

_ 2By
Acp. (1= )P,

Where Q

dX

— = F(X,P

dW ]( ’ )
P _ ___Bo DT\ Fx
aW A (1—-d)p, P |Ty) Fr
dp — _ & (1exy L
d 2p T,

m ft

Po&.Dp d* Dp



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

volume of void
total bed volume

= void fraction

¢ = porosity =

— b= volume of solid
total bed volume

g. = 32.174 1b,, - ft/s? - Ib; (conversion factor)
=4.17 X 108 1b, - ft/h? - Ib,
(Recall that for the metric system g. = 1.0)
Dp = diameter of particle in the bed, ft or (m)
L = viscosity of gas passing through the bed, 1b_/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, 1b,,/ ft’ or (kg/ m’)

G = pu = superficial mass velocity, (lbm/ftz-h) or (kg/m2 *S)



Ergun equation is a function of conversion, temperature and pressure. However, for isothermal
condition, this equation reduces to

dp
P =F, (X

Which can be solved simultaneously with the decion eaniation

-~ dX

To get a conversion and pressure profile as a function of weigh of catalyst inside one reactor tube.
The above equations can be solved analytically by having some assumptions to simplify these
equations, or numerically for more complicated case.



Analytical Solution
To do the analytical solution, the following assumptions should be made

1. Compare the value of 1 with € X, shows that € = y,,6 which is a fraction of §. Multiplying a
fraction of € with a fraction X yields a smaller values comparing to 1. Hence the values of € X is
assumed to be zero

2. Forisothermal condition, there is no effect of temperature across the reactor volume

Then Ergun equation reduces to iiﬁ = O
dw 2p

Integrating with p = 1 (P = Py) at W = 0 yields

p* = (1—aW)

" P, P,

112
_P_ - 12 P _|,_2Boz o = 2By (kg~! or Ib, ~1)
p P, (1-aW) P (1 A (1=d)p P © "




Variation of conversion, concentration, pressure and rate of reaction as a function of weight of catalyst

(a)

e=0
=Py (1 —aw)12

(b) —mM8M— c) ——M—

P

P CA
No AP
AP
W W wW
©d—— (e) AP

No AP

AP
X , 1.0 No AP




Topic 8

Pressure drop in reactors



Pressure drop in reactors

For gas-phase reactions, pressure drop can ' %

affect the concentration of the species in the
rector and hence the conversion according

-

A+2B — Sc+9p
a a a Isothermal
ax To/T=1
FAOEI?__FA B ®.+v.X P7/
L (0% _ i i 0
X <:::> —ra = kaCrCp <:::> C::CAO(IJFSX]P/T
Foo——=-1, 0
dw
Fi : — : .
where O, = ——, € =y,(0, and V; is the stoichiometric coefficient

A0



The pressure drop 1s affected by
the following:

= Type of packing

= Type of species in reactor
(viscous or not)

* Diameter and length of the
reactor




Theoretical Basis of Fluid Flow through Packed Beds

For a flow through a bed:

The volume rate of flow is directly
proportional to the pressure drop and
inversely proportional to the thickness of

the bed

Darcy’s law > U = K(_%AP)
The resistance to flow arises — (- AP)

mainly from viscous drag wl

B 1s termed the permeability
coefficient for the bed




The momentum balance 1. ( [ —

rate momentum IN - rate of momentum OUT ’ l |
FaS i ey bt ek b b b b bbbl e b b R bbb et kb itttk

+ sum of forces acting on the system = ]‘ ;
accumulation
1. Rate of momentum in across cylindrical surface = (2nr L) 1|,
2. Rate of momentum out across cylindrical surface = (27t r L) Ty,|rar
3. Rate of momentum 1n across annular surface at z=0 1s
2rr Ar u,)(p uy)|, =0 Where P, and P, is
) the fluid t
4. Rate of momentum out across annular surface at z=L 1s S Hep reSSEre 4
z=0andatz=L,

Qrr Aru)(p u,)|, -1 respectively.

5. Pressure force acting on system = (2n r Ar)(Py— Py)



The general momentum balance equation

e rt) (e ~c| )+ om rive) (ou), ~(r ) (o) +(2m v (B -

the boundary condition atr=0, 1., =0 >

the shear stress

T

rz

2 ()= 10,

dr L

Ty = (1)02_111311)}”’4-g
v

du,
dr

—u

z=L

)

0



Substitute the shear stress in momentum equation

du (PO_PL)},

dr 2ulL
By — P
Integrate the above equation > u, = ( 04},LLL )rz + C2
B.C.atr=R,u,=0 > sz_(P04_PL)R2
e




. | o
The average velocity u = L0 jl> e
[[rdrde 32pl

Rearranging equation AT Hagen-Poiseuille equation
t

Considering a unit volume packed bed, the volumes occupied by the voids and the
solid particles are € and (1-¢) respectively

Let S is the surface area per unit volume of the solid material in the bed. Thus the
total surface area (SB) in a packed bed of unit volume is (1 - €) S

SB=(1-¢€)S




For random packing, this 1s equal to four times the volume occupied by the fluid
divided by the surface area of particles in contact with the fluid.

The equivalent diameter 1s

4e
d =
© (1-¢)S

| . AP 16 &°
The velocity of the fluid becomes u, = 24l (1 B g)z q?

The average velocity through the pore channels (u,) 1s defined as the superficial velocity
(1) divided by the porosity of the bed
AP g’

CTouLl(-s) s




Ergun equation

Term 1 Term 2

. % S\ —

dp_ _ G [1-¢|| 10A=dp 754
dz pgDp | & Dy

Term 1 1s dominant for laminar flow, and Term 2 1s dominant for turbulent flow

P = pressure, lb,[-/ft2 or (kPa)

volume of void

= void fraction
total bed volume

¢ = porosity =
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)

G = pu = superficial mass velocity, (lbm/ft2 -h) or (kg/m2 *s)

Dy

8c

1_

= diameter of particle in the bed, ft or (m)

= 32.174 Ib,, - ft/s? - Ib; (conversion factor)
= 4.17 X 108 Ib,, - ft/h? - Ib,
(Recall that for the metric system g. = 1.0)

b = volume of solid
total bed volume

p = gas density, lbm/ft3 or (kg/m3)

. = viscosity of gas passing through the bed, 1b_/ft-h or (kg/m - s)



PBR is operated at steady state, the mass flow rate at any point down the reactor, m (kg/s),
1s equal to the entering mass flow rate, m, (i.e., equation of continuity)

g = 1 :> PoUo = PU

P F T,|F
v=v,0|L|IT —:> o=p, 2 =p £ |Lo| o
P \(T,|Fr v P,\ T | F;
) Teim 1 . Term 2
Combining Equations b _ __G _|1-¢ O =P, 756
dz pg.Dp | &’ Dy
j‘> dP_ _ GU=d) | 100 = b 1 g 756| Lof 7| Fr
dz Po8&:Dpd Dy P Ty ) Fro

Bo



OFTO

dp _ _ G —-¢) 150(1_(!))“‘4—1756 PolT | Frx
dz Po 8. Dpd’ Dy | P

By

Simplifying yields

dP T\ Fy
P 2| |
TO F TO

By = 21— | DOAZ )i 4y 756 (e.g.,lilfi‘, ?‘i@)
Po&cDpd Dy m  ft




The catalyst weight

The bulk density

Further simplification yields

w = (I-d)Az X Pe

A A A
Al s ™ r©

Weight of Volume of Density of
= X
catalyst solids solid catalyst

pb:pc(l_d))
dP _ Bo Pol T | Fr
dW A(l=d)p, P (T, ) Frg

ap _ o T Py | Fry
dW 2T, P/P,|Fq



2B

F _

> =i < |-y
Let p = (P / Py) d 2p Ty Fry Acpc (1~ 0)Py




Example 8.1 Design of an isothermal PFR with pressure drop

IN PFR, The gas phase reaction:

2A — B -r'n = KC,2 2nd order reaction rate

The design equation for an isothermal ideal gas phase reaction with AP is

dX \
Fao dV\? =—T'A

This equation requires to substitute the concentration in the rate expression by

c. _Cao(1=Xa)( P
AT 1reX, (P

To yield

2
dX o :k(CAo ) (1= Xp ) (sz
dW  Fag  (1+eX,)*(Po



This equation has two dependent variables (X, and P) and one independent variable (V).
Therefore another coupling equation that contains these dependent variables in the right hand side
and rate of change of pressure in left hand side should be included to obtain these variables as a
function of weight of catalyst. Ergun Equation is used to relates P to W as

oo =5 % |y

As differential form of pressure drop in PBR:

d T
This equation can be simplified to: dV)</ = - ;; (1 +eXp )(Toj
P, E=——""""=0Yp0 o=

Nto Acrs (1-8)Py



volume of solid
total bed volume

(1-¢): fraction of solid in bed =

A.: cross-sectional area
pc: particle density

B: constant for each reactor, calculated using a complex equation
that depends on properties of bed (gas density, particle size, gas
viscosity, void volume in bed, etc)

o.: constant dependant on the packing in the bed

Simultaneously solve dX,/dW and dP/dW (or dy/dW) using Polymath or analytically after
simplification as shown in the next slide



Analytical Solutions to P/P,,

Sometimes P/P, can be calculated analytically. When T is constant and € = 0:

dy a (T dy a
— = 1+ X =——
4w 2y ng( EO A) dW 2y Evaluate
\_Y_I
1 1
To pressure change \izy
Po w >7P/Po
S2ydy = —adW j 2ydy —aldW >y } =—aW
/ Po

From no pressure change

N P i A=W P _ 1— oW Only for isothermal
Po Po rxn where £=0




Pressure Drop Example

This gas phase reaction is carried out isothermally in a PBR. Relate the catalyst weight
to X,

GAS PHASE: A — B -’ = KCy?
an order reaction rate
dX
Fag A =

AO gy A
Can —CanXa [ P P
C. = ZA0 " ~AOA 0 j‘> _ (O
A TexXa (P —Cp =Cpp(1-Xa) P,

0

1

o _ N1t —Npg _1-1
NTo 1

=0




P .
g = 0 and isothermal, so: 5 = Ji—qgw  PlugintoC, . Ca =Cag —CagXpV1-aW
0

Plug into PBR design equation:

dXp dXp 2
FAO dW _kCA —)FAOd—W k(CAO(1—XA)\/1—C¥W)

Simplify, integrate, and solve for X, in terms of W or W in terms of X,:

dXp 2
—)FAOd—W—kCAO (1—XA) (1—C¥W)
X W
S a0 TR XA T gw)aw
kCao? 0 (1-Xa)? 0






Example 8.2 Calculating Pressure Drop in a Packed Bed

Plot the pressure drop in a 60-ft length of 1);-inch schedule 40 pipe packed with
catalyst pellets )4 inch in diameter. There is 104.4 1b,,/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 i1s 10 atm.

Solution , :
1% -inch schedule 40 pipe |:> A. = 0.01414 ft?
28,L )" G(1—&) [ 15001 —
P _ [ — Bo B, = ( ¢)3 ( ¢)H+1.75G
PO PO 8c pODpd) Dp

: 104.4 1b./h |
G=m |:> G="1 bm2=7383.3 me
A, 0.01414 ft h-ft



:> w = 0.0673 b, /ft-h
For air at 260°C and 10 atm
po = 0.413 Ib /ft3

D, = 1/4in. = 0.0208 ft, ¢ =0.45and

b, - ft
=417 X 108 =m
8 Ib,- h?
,  104.41b_/h
v, =2 = 04.41b,, - =2528ft'/h (7.16 m’/h)
Po 0.4131b_/ft

gcp()[)p(l)3 Dp

5, = GU—®) {150(1‘@““750}

Bo

_ 7383.3 Ib,_/ft2- h(1 — 0.45) . [ 150(1 —0.45)(0.0673 b, /ft - h)
(4.17 X 108 Ib,_ - ft/Ib,- h2)(0.413 1b, /ft3)(0.0208 ft)(0.45)>

b
+ 1.75(7383.3 =
0.0208 ft ( ) ftz-h}



Term 1

Term 2

= 333kPa

beh oo b Ib;
= 0.01244 266.9 + 12,9208 ] —= = 164.1 —
Bo o [ =+ =
B, = 164.1 0 5 11 1 atm | atm
! 5 144in2 " 14.7 Iby/in.2 ft
atm kPa
= 0.0775 — = 25.8 —
Bo f -
£ [, ZBOL 1/2
PO P{}
P 2B, L " TX0.0775 atm/ft X 60 fr)1?
p:_:(1 . ] =(1— SIAERL t) = 0.265
P, P, 10 atm




P = 0.265P, = 2.65 atm (268 kPa) |:> AP = Py—P = 10—2.65 = 7.35 atm (744 kPa)

for the case € = 0 and T = T, |:> = . Fo
0
P
z (ft) 0 10 20 30 40 50 60
p/po 1.00 0.92 0.83 0.73 0.62 0.47 0.26
p 10.00 9.19 8.31 7.31 6.16 4.74 2.65
v (ft3/h) 252.80 275.01 304.34 345.62 410.10 532.95 955.49
12 1200 —
10 | 1000 E
E s 800
2 6 600 3
2 o
2 4 \ 400 %
= 200 &
£
0 0 %
0 10 20 30 40 50 60 70 =

Reactor Length, Z [ft]




For p, = 120 Ib /ft}

2
L 2By

2(0.0775)atm/ft

p(l=d)APy 120 1b/ft(1 — 0.45)(0.014141t°) 10 atm

a =0.01651b,, ' =0.037 kg '

P
=2 =(1—aW2

Catalyst Weight [kg]

30
25
20
15
10

0 10

20 30 40
Reactor Length, Z [ft]

50

60

70




Topic 9. Multiple Reactions

In this class we will study the types of multiple reactions and provide the
algorithm that being used for determination the rate and flowrates of the exit
species from different types of reactors:



Types of multiple reactions

Multiple reactions are classified into four different types:

Parallel reactions

Series reactions
Independent reactions
Complex reactions

B wnN e

For these reaction, in design we will use molar flow rates and concentrations and we will
not use conversion!

Consequently for each of these reactions there is one or more products is/are
needed and the yield from the process will be obtained. Therefore we will study

1. Selectivity of reaction
2. Yield from the reactor and process



1. Parallel Reactions (competing reactions)

Parallel reactions are reactions where the reactant is consumed by two different reaction pathways to
form different products such as A and C according:

o

A

C

For example, in order to produce ethylene oxide from ethylene, an oxidation reaction takes place between
ethylene and oxygen. The stoichiometric ratio between ethylene and oxygen is the factor to either
produce ethylene oxide or to have complete burn of ethylene to carbon dioxide and water. Therefore, a
parallel reaction takes place here, one leads toa a desired product (ethylene oxide) and the other leads to

undesired product CO2.

AN
CH,—CH,

2C0, + 2H,0



2. Series Reactions (consecutive reactions)

This type of multiple reactions happened when a reactions produces a product such as B and this product
(either unstable or affected by other factors or species) is further converted to another product such as C

according:

A—2sB 2

An example is the oxidation of methanol, where
the desired formaldehyde is readily degraded to

carbon dioxide

CH30H - HCHO - CO2

25

15 2

o
ol
o

N

Here the desired product is the formaldehyde, B (HCHO)
and it is desired the amount of this product as maximum

as possible as shown in the figure



3.

Independent Parallel Reactions

These reactions occur in reactor at the same time but neither the products nor the reactants react with
each other as:

A —— B+C

D —— E+F

An example is the cracking of crude oil to form gasoline, where two of the many reactions occurring
are

CsH;; —— C,Cq+C3Hy

CgH)y —— CeH,+C,H,

Here more than one material reacts on the surface of catalyst at the same time. Suppose we need to
produce C¢;H,4 from CgHyg, unfortunately, other reaction such as the first one takes place on the
surface of the catalyst. Why don’t we need that, because this first reaction consumes the active
surface of the catalyst and hence reduces the yield of the second reaction.



4. Complex Reactions

These reactions are combination of series and independent parallel reactions as:

A+B —— C+D
A+C —— E
E—— G

An example is a combination of C,H,OH —— C,H;+H,0

paralle! and series r-eactlons is the C,H:OH CH,CHO+H,
formation of butadiene from

Here ethanol is reacted in two parallel reactions to produce either ethylene (C,H,) or acetaldehyde
CH;CHO where both products further reacted to produce butadiene C,Hg and water.



Desired and Undesired Reactions

Regardless what type of reaction is (parallel, series, independent or complex, there is one reaction is
needed while other reactions are not needed. The needed one lead to a desired reaction while the other
reactions produces unwanted products as shown in the reactions

kp
A —— D _
or A > D > U

A—2 U

Therefore, it is needed to maximize the desired product and minimize the underside product.

The selectivity of these reaction give indication what is the ratio between the rates of these reactions, the
extent of these reactions or the number of moles of these reactions according



Selectivity of reactions

A—2yp_2syu

Instantaneous - 'p _ rate of formation of D

selectivity B/ ry rate of formation of U

Overall [ F D _ Exit molar flow rate of desired product
. DIU = —

selectivity F, Exit molar flow rate of undesired product

Special case, for reactions occur in batch < Np

R Sou ==
reactor, the overall selectivity is defined as o Ny



Yield of reactions A" . p_M U

Similarly, the yield is defined as the ratio of the reaction rate of a given product to the reaction
rate of the key reactant A (Instantaneous yield based on reaction rates) as

Instantaneous
yield based on Y. = )
D=—"

reaction rates —F\

The overall yield, f’D, is based on mole or molar flow rates and defined as the ratio of moles of
product formed at the end of the reaction to the number of moles of the key reactant, A

= Np
. For a batch system Yp= ———
Overall yield Naog—Na
based on moles
For flow system Yp=



Summary: Selectivity and Yield

Instantaneous Overall
Selectivi s - - B
A — D (desired) electivity o r oY F,
. ~ F
A — U (undesired) vield v = 5 Y, = D
b My FAo o FA

The overall selectivity, S’, and yields, Y , are important in determining profits.

The instantaneous selectivity give insights in choosing reactors and reaction schemes that will
help maximize the profit.

For CSTRs: the overall selectivity and instantaneous selectivity are the same (identical)
: the overall yield and instantaneous yield are also the same (identical)



How to maximize the selectivity

Consider the following parallel reactions:

Rate laws for formation of desired and
undesired products, and rate of
disappearance of A

Instantaneous selectivity

Instantaneous yield

() A —>5 D (Desired)
2) A NSy (Undesired)

oy
'y =kpCy
)
ry=kyCy

Oy )
—FA — kDCA +kUCA

FD _ kD 0‘.1—&2

SD;’U: _k A

p kp C,flx 1




How to Maximizing the Desired Product for One Reactant? Instantaneous selectivity

"D kD 0[1—0.2
X Spu = ’— = /T ‘A
2) A——> U (Undesired) U U

() A —>5 D (Desired)

Case 1: o,>0,

To increase selectivity, Make C, as large as possible

UG-ty =a : S = p _ {CB C* by using a PFR or batch reactor. In a perfectly mixed
‘a>0 b/ "y kU A CSTR, the concentration of reactant within the
reactor is always at its lowest value and therefore the
CSTR should not be chosen.
Case 2: o,>0,
|
S = > _ kpCa _ kp _ kp For the ratio to be high, the concentration of A
’ DU, &% Op=Cy g P should be as low as possible
U kyCy kyCy uta '

Use a CSTR and dilute the feed stream
b=o0,-0,



What is the Effect of temperature on selectivity ?

Case 3: E,>E

Case 4: £, >E

g kp _Ap —((Ey-Ey)/RT)
D/U"‘;";‘ =—-—¢€
U U

The specific reaction rate of the desired reaction (and
therefore the overall rate ) increases more rapidly
with increasing temperature

The reaction should be carried out at a low temperature

Sp/u

Spu




EXAMPLE 9.1
alkene + O, =———> epoxide
epoxide + O, ——> CO, + H,0
alkene -+ 02 —— C02 + H20

The following reactions are observed when
an olefin is epoxidized with oxygen:

Calculate the maximum epoxide selectivity assuming an excess of dioxygen.

Solution k k

A+0 — EP+0 —> CD A: alkene
i i . O: oxygen
The reaction network is assumed to be: l;% (desired) EP: epoxide

CD (undesired) CD: carbon dioxide

The rate expressions for this network

are: —Ty= kchCO + k3CACO

1gp = k1C4Co — k2CppCo

Tep = kaCppCo + k3CyCop



Instantaneous Selectivity Sou=—

e k1C4Co — k2CppCo

Y = =
b/u Tep  kaCgppCo + k3CyCo

. I
Instantaneous Yield Y, = D
—r
A

rgp _ k1C4Co — k2 CEpCo

Y = =
b —Ty kchCO + k3CACO

k k
A+0O —> EP+0 —> CD

)

CD

_TA= kchCO -+ k3CACO
1gp = k1C4Co — kyCgpCo
Tep = kaCppCo + k3C4Co

In all cases above the concentration of oxygen can be omitted as it is in excess.



EXAMPLE 9.2

Maximizing the Selectivity for the Famous Trambouze Reactions

Reactant A decomposes by three simultaneous 1) A L) X —r A= ry=k, = 0.0001 m?l
reactions to form three products, one that is dm’-s
desired, B, and two that are undesired, X and Y. 2) A L) B —rya= = k,Ca= (0.0015 s_l)CA
These gas-phase reactions, along with the

appropriate rate laws, are called the Trambouze 3) A ks v dm’
reactions (AIChE J., 5, 384). —r3a=ry= k3 Cy= (O'OOSmol . S)Cf\

The specific reaction rates are given at 300 K and the activation energies for reactions (1), (2), and (3) are
E1=10,000 kcal/mole, E2 = 15,000 kcal/mole, and E3 =20,000 kcal/mole.

How, and under what conditions (e.g., reactor type(s), temperature, concentrations), 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
volumetric flow rate of 2.0 dm3/s?



Solution

Instantaneous Selectivity Si = , J = 1, all products of interest

8.40

The instantaneous selectivity of species B with respect to :
species Xand Y is 768
SB/XY - —tr - > 5.88 :
XTI ky+k3Ca 5.04 :
4.20 !
When we plot Sy, vs. C,, We see that there is a maximum - Selectivity: Trambouze Reactions

252 |
: . . . : : 168 l
To find the maximum, C,, we differentiate Sg/xy with oo !
respect to C,, set the derivative to zero, and solve for C,. 0.00 v

That |S 0.00 0.05 0.10 015 020 025 030 035 040 045 050

Cp(mol/dm?®)

dSB/XY: 0= kz[k1+k3Ci2]—sz§ [2k;C, ] :> C = ki _ J0.000I( mol/dm’ - s) — 0.112 mol/dm’
dCy [k, +k,C2 ks N 0.008 (dm’/mol-s)



Therefore, to maximize the selectivity Sg/xy, we want to carry out our reaction in
such a manner that the CSTR concentration of A is always at C,. The correspond-

ing selectivity at Cj is
ks
# kz T
k2CA _ k3 _ kz 0.0015

k+k, G2 kivk 2 kk, 2[(0.0001)(0.008)]

S B/XY —

Spxy = 0.84




Maximize the selectivity with respect to temperature

From previous part we had B _ kG

2
Xty  ky+k;,Ch

SB/XY =

Substitute the second term in the first one

ky
k,Ch N
S — 2%A — 3 — 2 or S —
Tk 4k, itk 2 ok, B

£k Run at as high a temperature as possible with existing
+ . . .
L <FE, 1 equipment and watch out for other side reactions that

might occur at higher temperatures

Case 1: If ——=

E +E Run at low temperatures but not so low that a significant
Case 2: If ——2>F, { oW emperaty 8
2 conversion is not achieved

and

* k
Cy= |-
A k3
E‘+E3—E
2 2
6Xp RT



For the activation energies given in this example

_E,= 10, 000;—20, 000_15,000 ~0

So the selectivity for this combination of activation energies is independent of

temperature!
What is the conversion of A in the CSTR?

+_Cao—Ci _0.4-0.112
Cho 0.4

X =0.72




Topic 10. Multiple Reactions
Reactor selection and Design

In this class we will study the types of reactors needed to run multiple reactions
and their design:



Reactor Selection and Operating Conditions

Reactor Selection will be based on:

1. Safety
2. Selectivity
3. Yield
4. Temperature control
5. Cost
: — ke
_ _ . A+B —— D 'p=R1-A B
Consider two simultaneous reactions k, o, B
A+B —— U o=k C ol Cn
U 2%~A “B
d k1 oy -0, _Bi-B,

The instantaneous selectivity is to be maximized Spu = iy Ca
u A



Case 1: If the reactions are highly exothermic A
b

k)
A+B — 5 D ok 04-0y Bi-B,
= — o

DU=—"= A B
rv ks ud

A+BL>U

= First choice is to used reactors with recycle stream A\

= |f the Desired is exothermic and the Undesired is
endothermic use recycle stream

= |f the Desired is endothermic and Undesired is
exothermic

(j) CSTR with recycle



Case 2: For reversible reactions with thermodynamically limited

A+B — C+D

If the equilibrium lies far to the left (reactant side):

= Use membrane reactor for limited gas-phase
reactions

= Use reactive distillation reactor for liquid-phase
reactions when one of the products has a higher
volatility (e.g., C) than the other species in the
reactor.

Rard
&

NN N
NN N

(k) Membrane reactor

(1) Reactive distillation

D,U



Example 10.1 Choice of Reactor and Conditions to Minimize Unwanted Products

Given the following parallel reactions. Find all A+B — 5 D- rp = klcil CEJ
possibilities of configuration and pathways to 3
increase the selectivity of the desired product. A+B — U- ry =k, C \ CB2

Solution

Case 1: o,>0,, B;>B,. Let a=a,—0, and b=[,-P,

ok P k b
SDfU=—’9=k1 ey o SD”U_rU kl ciCp

Iy 2

. . . T . . .
To maximize the ratio T—D, maintain the concentrations
U

of both A and B as high as possible:
Use: A tubular reactor, A batch reactor, or High

pressures (if gas phase), and reduce inerts

A
B

=~

(b) Tubular reactor

(c) Batch



Case 2: o, >0, B,<B,.Let a=0o,;—0, and b = B,—,

7 ki o,-a, B,—B r k,C,
S =2L="T1ct 2c !t Spu=-2=-1-2
oY vk A s I:> "u kzcg

To maximize the ratio :—D, the concentration of A should
U
be high and the concentration of B 1s low, Use:

= A semi-batch reactor in which B is fed slowly into a
large amount of A

= A membrane reactor or a tubular reactor with side
streams of B continually fed to the reactor

= A series of small CSTRs with A fed only to the first
reactor and small amounts of B fed to each reactor. In
this way, B 1s mostly consumed before the CSTR exit
stream flows into the next reactor

Pure A
initially

(d) Semibatch

D
B - U
EERX

(f) A membrane reactor or a
tubular reactor with side streams




Case 3: o,<0,, B;<B,.Let a=a,—0, and b =B,-B,.

v k B -B "' k
SDIU:"'Q:"k"lCA B E> Spy = =

a —~b
"y 2 Iy k,C,Cq

The reaction should be carried out at low concentrations of
A and of B. Use:

= ACSTR
= A tubular reactor in which there is a large recycle ratio
= A feed diluted with inerts.

= Low pressure (if gas phase).

(i) Tubular reactor with recycle



Case 4: o,<0,, B,>B,. Let a=0,-o, and b=p,-B,

k _ _ b
SD/U:@:}(JC? C‘2C§1 B, |:> g _r_D_leB

DU =
4
u v k,Cl

To maximize the selectivity, run the reaction at high
concentrations of B and low concentrations of A. Use

= A semi-batch reactor with A slowly fed to a large
amount of B

= A membrane reactor or a tubular reactor with side
streams of A

= A series of small CSTRs with fresh A fed to each
reactor.

A

Pure B
initially
|

(e) Semibatch

Y vy

D
U

(g) A membrane reactor or a
tubular reactor with side streams

W >




Design of a batch reactor for a series of reactions

The bellow elementary liquid-phase series reaction is carried out in a batch reactor.
k, k,
A—— B — C

The reaction is heated very rapidly to the reaction temperature, where it 1s held at this
temperature until the time it 1s 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?



A_—S B2,

(1) Reaction I A—8 5B —r, = k,C,

(2) Reaction 2 B—23C  —ry5 = kr,Cg

1. Mole Balances: 2A. Mole Balance on A:
dC
| & = —k C A =r
1A I“~A dt A

Integrating with the initial condition C, = Cpp at t =0

Ca

In—2-=—kt ) C, =C,pe "

CAO




A_—S B2,

(1) Reaction 1 A—8 3B —r, = k,Cy

(2) Reaction 2 B—23C  —ryp = k,Cg

dG,
1. Mole Balances: Mole Balance on B: d_tB =1y
fig = —la = KCy g = —kyCp |:> s =T t hhp |:> 1y =kCp — Ky Cy
dC,
. . . -k
Rearranging and substituting for C, =C, e I:> d;B +k,Cy = k,Crge” "
Using the integrating factor gives d(CBekzt) (kp—k; )t
T = kICAOe

—klt _

e e—kzt
Attime t =0, Cg = 0. Cp = kcho{ }
k, —k




A_—S B2,

(1) Reaction 1 A—X 3B —r, = k,C,

(2) Reaction 2 B—2 5C —1yp = k,Cy

1. Mole Balances: Mole Balance on C: dCe _ e
dt
dC
rc = -1 = k,Cy |:> 7 krCy
e—klt _ e—kzt
Substituting for Cy Cg = k,Cy,
k2 - kl

dCc _ kkyCao o kit _e—kzt)
dt k, — k,

integrating with Cc =0 att =0

|:> C.= kzciokl [kz[l B e_k”] B kl[l _ ok ”



CA — CAoe_klt i
—kll’ —kzt A i
e — € :
Cg = kcho[ } B!
Ci
_ CA{] —k][ —kzt m_OI
CC_H[@[1—€ |-k 1= =
Optimum Yield ]t(h)
dCy, k,C kit L g kot Ik
—B =0="120 ke ™ + ke |:> max = In—=%
dt k, — k, [ : 2 ] ky—k Kk
» kg ko
_ kCho || Ky |l K2k




Evaluate: Substituting for C,, = 2 mol/dm?, k; = 0.5h7!, and &, = 0.2h!
the concentrations as a function of time are

C, =2mol/dm’ (3_0'5[ )

— Z(mOl/dms) —0.5t —-0.2t
~ (0.2-0.5) (O5)e* =]

Cy =3.33(mol/dm? )[e 02 — ¢0*']

B

Ce=2 mol/dm3 — 2(1‘1101/d1‘113*)ez'_ﬂ"St —3.33 mol/dm3 [e‘”'zt — 6‘0-5‘]

1,02 1 05

Imax — n — n rmax = 305 h
0.2-05 05 03 0.2

The time to quench the reaction is at 3.05 h.



At 1., = 3.05 h, the concentrations of A, B, and C are

(ans) |
mol (0 5] 0.2-0.5 mol
Cp=2—
[ 0.5 ] [ 0.2 )

C.=2 mol (05) (0 5] 0.2-0.5 (E) 0.2-0.5
® Tdm® (0.2-0.5)[\0.2 0.2

mol
C. =
8 dm’

The concentration of C at the time we quench the reaction is

CC = CAO — CA — CB =2-044-1.07=0.49 mOl/dm3



The overall selectivity and yield at the reaction quench time.

C e ~ 1.07
The selectivity is Seic = Gy _ =2.2
C. 049
o . C, 1.07
The yield is B~ =

Cio—Cy 20-044



Design of a plug flow reactor (PFR) for a series of reactions

The bellow elementary liquid-phase series reaction is carried out in a batch reactor.
k, k,
A—— B — C

The reaction is heated very rapidly to the reaction temperature, where it 1s held at this
temperature until the time it 1s 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?



ky k,
For species A: A > B > C

Design equation: Zj; =7, Rate of disappearance of A: = I"/; = k(-
I, =Cyv
Combine design with rate and stoichiometry equations: Vo T =—k,C,
o /4 _ oV

The space time related to mass of packing: 7

— pb Z‘
Vo Vo

Integrating with C, = C,,at W =0 Co=il, Oe_kirr




i _klfr

AN B2

For species B:

: : dF, : '
Design equation: 7 Wi =71y Rate of B: Viuor = k] # 4 k2C B
by =Cpv,
dC,
Combine design with rate and stoichiometry equations: Y W =kC,—k,Cy
. . e e oqe . dCB _klr'
Substituting for C,, dividing v, into W: = +k,Cp =k C 08
—klr' —kzr'
: e — g
I —
ntegrating CB - kl CAO
kz B kl




ky k,
For species B: A > B » C

Maximizing B lead derivation of Cy w.r.t T':

s _ :> B e 1 Inkl
dt’ N . A A
WOpI =0 [nicl_
kl _kz kz
= Cp—C, —1— ¢ Fiteon
Co

k ky /(ky=ky ) k ky /(ky—ky)
X, =1-exp| —In| — =1-| L
k, k,

Cy =Ce™
—kyr —kyT
€ —e
CB kICAO
k,—k
2 1




. AL 3B 2,
For species C:

dc? = ]"C: = kZCB = klkchO [e_klrl —e_kﬂ']
dt k,—k,
CAO —k,7 —k,T
Ce = [lol=e ™ =k[l—e ™ ]]

C, = C'Aoe_k’r
—kyr —kyT
e — e
CB — kcho
k,—k
g 1

> Co=C,-C,—Cy



Design of an isothermal, isobaric plug flow reactor (PFR) for a
general multiple reactions

Consider the following parallel reactions:

k

Reaction 1: A—>5B —ria = ki aACa
Reaction 2: 2A k—2> C —IHA = szCi
Mole balances: dF

—L2 =7, ra=Tria + oa = —k1aCp —kppC3
dv
dFy
—_— =7 g =rp=kAC
dV B B IB IA“A
dF, 1
____(_::}—-C T'C =r2C="k2ACi
dV 2



Rate laws

Relative rates

Net rates

k

Reaction 1: A—> B

Reaction 2: 2A b

= — _ 2
ria = —kiaCy oa = —kyaCa

r r

1A _ B, B :

1 - Ta rig =—T1a =kiaCx

oA _ Toc, 1 _ szcz

— = T Fhe=—5 "ha= 7 Ca

—2 | 2 2

- 2
1o+ Toa = =k aCp —koaC

rig = kiaCa

|
Fac = 5 kraC3

— C



Stoichiometry

c=co|Ll|l 2| L <:> c = Ca@ v X) P Ty
J Fr|\Py)J\ T J 1 +eX Py, T
TABLE 4-3 CONCENTRATIONS IN A VARIABLE-VOLUME GAS FLOW SYSTEM
¢ =Fa o Fa2X) _ Fn=X0(Ty| P _ o [d
Ay v vo(1+eX) | T | P, A0 l+8X
o - Fo _ Fal®s—(0/a)X] _ Fp[Oy— (b/a)X] (T, P _ c © —(b/a)X\Z(E
B v vo (1 +eX) T |P, Al 1 +ex T P,
o = Fc _Ful®ct(c/a)X] _ FrlOc+(c/a)X] (T,\ P _ o [Oct (c/aX)T, P)
C v v vo(1+eX) T | P, M 1+ex TP,
o _Fp _Fal®Op+@a)X] _ FplOp+@a)X](Ty)\ P _ . (O + (d/a)X To( P
Py v vy (1+eX) T | P, Al 1+eXx T | P,

C _Fy _ Fu9, __ Fu9, TO P _ Can®, Iy| P
oo v Uy (1+eX) P, l+ex| T )P,




Isothermal and 1sobaric condition C.= Cro [_L]

Fp F F
A T0 [ FTJ B T0 [ FT] C T0 [ FT]

There are 7 unknowns (F,, Fg, Fc, Cyq, Cg, Cc, Fr) with 7 equations that should be
solved simultaneously to obtained the desired variables. Note: these equations can be
reduced to 3 with 3 variables by implicitly inserting the concentration equations with
the rate ones and substitute in the mole balance equations.



Example 10.2 Parallel Reactions in a PFR

For the bellow gas-phase reactions that occur in a PFR, Pure A 1s fed at a rate of 100 mol/s, a
temperature of 150 °C, and a concentration of 0.1 mol/dm.. Determine the molar flow
rate profiles down the reactor if it 1s operated 1sothermally at 722 K and at 1 bar.

Additional information AHg, o = —20,000 J/(mol of A reacted in reaction 1)
AHy, ,,» = —60,000 J/(mol of A reacted in reaction 2)
E,/R =4000 K
E 1 1 ! Ey| 1 1 dm3

kya =10 — | == —=|s"! kyp = 0.09 2 e —

A eXp{R (300 TH : E/R = 9000 K A eXp[R (300 TH mol -
Solution

dFy dF dF; 1

_ 2 B
—— = —k1Cq — k2 C) —=k,Cy ¢ ——szj

av dv dav 2



dFA 2
dav = hkala - szj dﬁ = —k1CTOQ — ks <CT0 E)
dv Fr Fr
afp _ . . dF F,
dV 154 — = Kilro =
dv Fr
dF, 1
@ =3k (o)
av = 2\ F;

Fp=F +Fy+F,

There are 4 unknowns (Fy, Fg, F., Fr) with 4 equations that should be solved
simultaneously to obtained the desired variables. POLYMATH, MATHEMATICA,

MATLAB, Numerical Techniques, etc.. can do the job.



Isothermal Reactor design
(Molar flow approach)

This approach of reactor design is used when we do have more than one reaction
that takes place in the reactor, or for membrane reactors or even at unsteady
state operation. Therefore, it is not convenient to express the design in term of
conversion. For example, if we have two reactions are takes place inside the
reactor, so if we consider the approach of conversion; which conversion should
we choose? The one that is for the first reaction or that is for the second one or
both?

Therefore, the upcoming approach is helpful for these cases. The algorithm aside
summarizes the topics being covered in this chapter.



Isothermal reactor design algorithm
(Molar flowrate approach)

aA+bB — ¢cC+dD

1. Mole balances:

CSTR PFR PBR
F..—F dF dF
V = AO_ A A= ra A _ ra
N dv dw
Fro— F dF dF
V = BO_ B B _ ry “I'B _ re
s dV dwW
V_FCO_FC dFq dF.
— —v _ Tc W
ro dVv dw
F F dF dF
V = Di D b _ o @D _ ro
rp dV dW




aA+bB ——— cC+dD

2. Rates:
Rate Law

Relative Rates

then



3. Stoichiometry:

Concentrations

F.T F.T
CA:CTO?:?{}p CB:CTOF??()p
F.T F.T
C.=Co—S_0Y — _D_0
C TOFTTP D TDFTT'D
dp _ —atr7 P
dW 2pFT0T0’ P,

Total molar flow rate: Fy = Fy+ Fg+ F-+ Fp+ F)



4. Combine:

Appropriate reactor mole balance on each species
Rate law

Concentration for each species

Pressure-drop equation

S. Evaluate:
1. Specify and enter parameter values: k., Cro, o, B, 7T, a,b,c,d

2. Specify and enter entering molar flow rates: F,,, Fgg, Fcos Fpo » and final
volume, Vg .,

6. Use an ODE solver.
Many times we will let the ODE solver replace Step 4, Combine.



Design of Isothermal PFR Reactor having several gas phase reactions

Suppose we d have two parallel reactions take place in a PFR. Then the design of this
reactor should be conducted as follows;

A+B - C

E—->A+D

1. Writing the design equation for each species in reactor in term of molar flowrate for
that targeted species.

For example, for the following reaction A+2B—=C

the design equations are:



2. The second step is to obtain the rate of reaction for the
limiting reactant. Suppose for the above example the A+2B——=C
key reactant 1s A, then for the equilibrium reaction

dF, dFy dF
—=Tas - =Tg, =TIt
dV ' d) dVv

» C

—ry =k | C.Ch—=<
A A( ALB Kc)
—TIA :/\'.\[(‘.\('1{, (_(]

To substitute 1n the design equations aside, we need to | .

relate the rate of reaction of each species to that of 4 as

Ty Tp Tc ﬁ

Va VB V¢ Vi

For our example, this relation becomes

T4 s T¢
-1 =2 +1




This leads to a relation between the rates of each
species to be used in the design equation as

g =2ra, I'c =—Tx

Now, write the concentrations in terms of molar flow
rates

: F; T, P
* For gas phase reaction C; = Cp,——=—
Fr T P,
Whereas for species A, B and C
FaTo P FgT, P FeT, P
Ca=Cro 75 = Cpp 22— _ (. €lol
T RTE TR TR CTINETE,

A+2B——C

—Tq ~—Tp T¢
1 2 1
T, P
Cl_CTO l_OP_
T o




The total molar flow rates in the above equation is
estimated as

F.=F, +F; +F_

Now substitute in the rate equation to get

F,T, P FsT, P\* 1 F.T, P
—ra=ky || Cro 22— || Crp =2 = Cro——2—
°Fr TP )\"T°F, TP, K.\ T°F TP,

o (o FaTo PN ( FsT, P\* 1 o FeToP
B= A\ trop TR \*T°F. TR ) K N\"T°F TP,

. F, T, P CFBTPZ 1 (. FT,P
re=kal\Crop 7B \‘m TE) "K\TOR TR

—Ty —1p TC
1 2 1
T, P
Cl_CTO l_OP_
T [0)



Then, the rate of molar flow rate for each species

F.=F, +F; +F_

>2_

dFs _ |, FaToP\(, FsToP
av — AN\ T°FE, TR J\"T°F, TP,

2
dFy F,T, P FgT, P
—— = 2ky || Cpp =2 Cro———
dv A[( TOFTTPO>< TOF. T P,
dfe _ (. FaToP\(. FaToP 2
v~ AI\T°FE. TR J\"T°F, TP,

1
K¢

1

K¢

1
K

(¢

. FeTo
ToF. TP,

ToF. TP

P

)

(C ET_E)]

F.T, P

ToF. TP,

)

A+2B—C

dF -
B av

(\/l'-n
dV

df\_r
dVv n

=Tc

—Tq ~—Tp T¢
1 2 1
P
Cl_chol'ﬁﬁ'
T o



These four design equations, having six dependent variables, Fy, Fg, F¢, F7, T and
P. Therefore, we need six equations to be solved simultaneously to get these
variables. Here we have four equations, thus we need two more equations: the
pressure equation (Ergun equation) and the heat equation.

dfs _ (o FaToP\(, FeToP 21 o FeToP
av — AN\ F. TP )\"T°F. TP, Ko\ T°F; TP,
dFs _ . (o FaToP\(, FaToP 21 o FeToP
av — A N\T°E. TR J\"T°F. TP, K. \"T°F. TP,

dfe _ (. FaToP\(. FaToP G| o FeToP
av ~ A\ FE. TR J\"T°F, TP, Kc\"T°F. TP,

F.=F, +F; +F_




For 1sothermal condition (where we did not study the non-isothermal condition yet),
Also for a plug flow reactor where there is no catalyst to have a pressure drop, we
can neglect the term for pressure and the design equations become

2

dFy F, F\° 1 F,
2

dFs F, F\2 1 F,

v = " 2ka [(CTO F_T> (CTO F_T> "k, (CTO E,

2
dF, F, F\2 1 F,
ZC ‘4 By _—(c. &

F.=F, +F; +F_

These equations reduce to four dependent variables and can be solved simultaneously
to obtain these variables. POLYMATH can do the job



For packed bed catalytic reactor where a pressure drop takes place in an
1sothermal reactor, the design equation will be written in term of weight of catalyst

dis _ . |(o EaPY(, Fy P\ 1 . FeP

aw — AT FE.p J\"T°F. P, K-\ "T°F. P,
2

dFg Fy P Fg P 1 F. P

— =22k Cr. L —Cr,—=—) ——(Cp, ——

dfc _ |(. FaP\(. FsP 21 . FcP
aw ~ AN\ TF P J\"T°F. P, K.\ "T°F. P,

F.=F, +F; +F_

A0 _ __ Bo __poFr
dw Ac(1-¢d)pc v Fro




Example 11.1 Multiple Gas-Phase Reactions in a PBR

The following complex gas-phase elementary reactions take place isothermally in a PBR.
The feed 1s equimolar in A and B with Fao= 10 mol/min and the volumetric flow rate is

100 L/min. The catalyst weight is 1,000 kg, the pressure drop is @ = 0.0019 kg1, and
the total entering concentration is Crq = 0.2 mol/L.

(1)  A+2B->C —1/y =kACACh
(2) 2A+3C—>D —F¢ = kyo Cx Co
9 15
k=100 — 3T |and k. =1,500] — 9@ _
mol~ - kg-cat - min mol” - kg-cat - min

Show how the values of Fy, Fg, F¢, Fp, y, and S¢/p varies with catalyst weight, W



Solution

’r 2
—1iA = kA CACy

r 2 ~3
e = Ky CACo

A+2B—->C
2A+3C—D

(1)
(2)

1. Mole Balances

(.

Tubular reactor

dfr, , mol
dF, , mol

(2) d_ﬂf; =Ty (FBU = 10&]
dF, ,

3) d—“‘j =1

@ Teog

A B
C.D



2. Rates

Net Rates

(5) 1y =n,tH,

©6) 15 =rp

(7) re=Tne + 1,

®8) 1 =np
Rate Laws

©) iy ==k CiCy

(10) 7. =—k,.C.C;

(1)
(2)

A+2B—->C
2A+3C—->D

r 2
—1ia = kA CoCy

r 2 3
—he = kyc C4Cc

Relative Rates

Reaction 1: A+2B—C ia _ N _ Jic
-1 =2 1
(1) rp =21,
(12)  ne=-n),
F’ .’" r’
Reaction 2: 2A+3C —>D 2; = 2; — 21D

, 2,
(13) rZA:Erzc

, 1
(14) ?’ZD=—§7‘2C



The net rates of reaction for species A, B, C, and D are

D ) (1) A+2B—C —1/ =k ,C,Ca
Ty = la +ha = —kaCy C 3 ko CACc (2) 2A+3C—D —Fe =k, CAC2

g =g = =2k, C, C
e=r+r. =k C.C> -k, -C>C>
c = lc Thc 1IACALE = Koclalc

r 4 1
b =hp = gkzccicé

Selectivity S 2 Note that: at W =0, F; = 0 causing S, to go to infinity.
Sc;D = F Therefore, this selectivity 1s set So,p= 0 at W =0 and
(Overall selectivity) D calculate its value at higher catalyst mass



3. Stoichiometry

(16)

(17)

(18)

(19)

(20)

2D

Isothermal T = T,

F
Cp=Cry [?A]P

T

E
C,=C —BJp
B TO[FT

F,
Ce=Cqy _C]P
Fy

F
Cp =Cry _DJP
Fy

dap __of fy
AW 2p\ Fy

F.=F, +F,+F +F

4. Parameters

(22)

Cro =0.2 mol/dm®

(23) o =0.0019 kg!

(24)
(25)

(26)

27)

v, = 100dm*/min

3/ z
k,, =100 (dm /mol) x/mm/kg-cat
k,- =1,500 (dm15 /mol* ) /"{mjn / kg-cat

F,, =20 mol/min



Differential equations

1 d(Fa)/d(W) =ra

2 d(Fc)/d(W) =rc

3 d(Fb)/d(W) =rb

4 d(Fd)/d(W) =rd

5 d(p)/d(W) = -(alpha/(2%p))™(Ft/Ft0)

Explicit equations

1 Ft = Fa+Fb+Fc+Fd
2 Ct0=0.2

3 v=100

4 Cd = Ct0*(Fd/Ft)*p
5 k2c=1500

6 Cb = Cto*(Fb/Ft)*p
7 kla =100

8 Cc=CQ0*(Fc/Ft)*p
9 Ca = Ct0*(Fa/Ft)*p

I r2c = -k2c*Ca~2*Cc”3
11 r2a = 2/3%r2c

12 Scd = if(W>0.0001)then(Fc/Fd)else(0)
13 Ft0 = 20

14 alpha = 0.0019

15 rla = -kla*Ca*Cb"2
16 rlc =-rla

17 r2d = -1/3*r2c

18 rd =r2d

19 rc = ric+r2c

20 rib = 2%r1a

21 ra =rla+r2a

22 rb=ri1b

Calculated values of DEQ variables

' variable Initial value Minimal value Maximal value Final value
1 lalpha  |0.0019 0.0019 0.0019 0.0019

2 [ca 0.1 0.0257858  |0.1 0.0257858
3 (o 0.1 0.0020471 0.1 0.0020471
4 cc 0 0 0.0664046 0.0211051
5 |cd 0 0 0.0057647  |0.0026336
6 |cto 0.2 0.2 0.2 0.2

7 [Fa 10. 4.293413 10. 4.293413
8 Fb 10. 0.3408417 | 10. 0.3408417
9 |Fc 0 4.038125 3.514068
10/Fd 0 0.4385037  0.4385037
11/rt 20. 8.586827  |20. 8.586827
12/r0 |20 20. 20. 20.
13kta  |100. 100. 100. 100.
14k |1500. 1500. 1500. 1500.
15p 1. 0.2578577 1. 0.2578577
16/r1a -0.1 -0.1 -1.081E-05  |-1.081E-05
17r1b -0.2 -0.2 -2.161E-05  -2.161E-05
18/ric o1 1.081E-05  |0.1 1.081E-05
19 r2a 0 -0.0022091 |0 -6.251E-06
20 r2c 0 -0.0033136 |0 -9.376E-06
21 |r2d 0 0 0.0011045  |3.125E-06
22|ra -0.1 -0.1 -1.706E-05  |-1.706E-05
23rb -0.2 -0.2 -2.161E-05  |-2.161E-05
24/rc 0.1 -0.0015019  |0.1 1.429E-06




Variation of
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pressure drop
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Variation of
reaction
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Variation of
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Variation
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Isothermal membrane reactor

design algorithm
(Molar flowrate approach) e,

Fo — | R X‘O . F,
2 oOOC%)OOO o o%

R
B AV

o —~{gBesud R —
The design of membrane reactor is different from the design c _"%&8 c%joo Ooooogc—"* c
of other reactors that is membrane reactor one or more /////////////7—— Membrane
species (mainly products) are withdrawn from the reactor by l V+AV

diffusion while moving from the inlet to exit of this reactor

For example, A is decomposing into B and C over a catalyst
inside the membrane reactor while we need to get the
product B out of the reactor once it forms. This will maximize
the conversion by shifting the reaction toward more product
B as shown

A — 3B+C

Membrane reactors; schematic for mole balance and photo of ceramic reactors



Design of Isothermal Membrane Reactor having catalyst

Suppose we need to decompose cyclohexane, C.H,, into benzene, C.H, and hydrogen,
H, using a membrane reactor. Hydrogen is needed to be out of reactor once gets formed.
Based on the size of the three components, hydrogen has the smallest molecule and can

casily pass through the membrane once it gets formed.

Cﬁ'le — 3H2 + Cﬁ.Hﬁ

A — 3B+C

Sweep —» Ho
Gas —p

Reactants

e =
CeH12



Permeate
(H2)

¢ Ho ‘/3/{7 Permeate side

Inert membrane

Here we have three
components A, B and C and Foad
we need to write the design (CHqo)
equation (mass balance) for

each of these components.

Effluent (CgHg)

Catalyst particles

For component A and C the mass balance is written as before, because these enter the
reactor for one side and leaves from the exist side.

dF -

v A %

However, for component B (H,) we have side withdrawal and the mass balance becomes

In — Out — Out +[Generation]| =[ Accumulation|
by flow by flow by diffusion



{ In }_ { Out }— |: Out }+[Generati0n]=[Accumulati0n]

by flow by flow by diffusion
Fo - Fm =  RAV  + T5AV =0
|V |V+AV

Ry = Wga = kla(Cg — Cgs) (mol/m?/s),
dF We. =k'(Cu—C (mol/m?:s).
ﬁ:f’s—RB Where B = kc(Cp~ Cps)

_ Area _ DL _ fl-_ (mzlrm3)
Volume p? D

—L
4

Where R 1s the molar flow of B out through the membrane per unit volume of the reactor,
k. is the overall mass transfer coefficient in m/s and Cjg is the concentration of B in the
sweep gas channel (mol/m3)

Assuming the concentration in the sweep gas is
essentially zero as it flushed out ( Czs = 0 ), we obtain

Rg = kcCy




The rate of reaction of the equilibrium reaction aside 1s A — 3B+C

CpCc ]

—rA=k[CA— X
C

The relation between the rate of each species 1s shown — ==

T‘B - _3TA T'C - _T'A

For the case of constant temperature and pressure, we have for isothermal operation,
and no pressure drop. Thus

F
_ A _ B Fe
CA_CT[]F_ CB_CTUF C‘C=C'm—L Fr=F,+Fz+F,



Here we have four equations with four
unknowns F,, Fg, F- and F. These
equation can be solved by polymath.

dF

T

dF F
v - " kcCro {Fﬂ
dF

v -

—r. =kC ﬂ_ﬁ‘& ﬂ
A 1 Fr Ke \Fr | Fr

Fy=Fu+Fp+Fe




Example 11.2 Reversible reaction in a membrane reactor

Consider the bellow rection takes place in membrane reactor:
A —— B+C

The equilibrium constant for this reaction is quite small at 227 C (e.g., K- = 0.05 mol/dm?).
The membrane 1s permeable to B (e.g., H,) but not to A and C. Pure gaseous A enters the
reactor at 8.2 atm and 227 C (C;, = 0.2 mol/dm?) at a molar flow rate of 10 mol/min.

The rate of diffusion of B out of the reactor per unit volume of reactor, Ry, 1s

proportional to the concentration of B (i.e., Rz = K Cjp).

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

equations to solve.
b) Plot and analyze the molar flow rates of each species as a function of reactor volume.

¢) Calculate the conversion of A at V =500 dm?.



Additional information: Even though this reaction is a gas—solid catalytic reaction,
we will use the bulk catalyst density in order to write our balances in terms of reactor
volume rather than catalyst weight (recall —r, = —r,p, ). For the bulk catalyst den-
sity of p, = 1.5 g/cm? and a 2-cm inside-diameter tube containing the catalyst pellets,

the specific reaction rate, k, and the transport coefficient, k-, are k = 0.7 min~! and
kc = 0.2 min~!, respectively.

Solution
_ Py 830.6 kPa B mol
Crp=— = = (0.2 —
RT, [8.314 k Pa-dm?3/(mol-K)] (500 K) dm?3

k=10.7min"!, K- = 0.05 mol/dm?, k. = 0.2 min~!
F ,o = 10 mol/min

Fgy=Fg =0



A —— B+C
dF, o CaCe dFy _
v A A~ k(cA K. ) av A
dF fa B _Tc dF F
-;i-i-/-}g’ =rg— Ry -1 1 1 ET/E = =1y~ kcCry (E‘ﬂ
C_if_.(_?zrc Rg = kcCy i{g:_
dV dv A

. dit; —FA — kCTO FA - CTO FB FC
entering conditions. Fr) Kc \Fp)\Fp

V=0: F,=F,, Fy=0, F.=0




The equations above were solved using polymath to obtain F,, Fg, F and
Fr as shown bellow:

Calculated values of DEQ variables

Differential equations Variable Initial value Minimal value Maximal value Final value

1 d(Fc)/d(V) = -ra 1 0.2 0.2 0.2 0.2

2 d(Fb)/d(V) = -ra-kc*Ct0*(Fb/Ft) 2 |Fa 10. 6.992259 10. 6.992259

3 d(Fa)/d(V) =ra 3 |Fb 0 0 1.68084 0.8622268
4 |Fc 0 0 3.007741 3.007741

Explicit equations 5 Ft 10. 10. 11.68084 10.86223

il e =005 6 |k 0.7 0.7 0.7 0.7

ja0=0.2 7 ke 0.05 0.05 0.05 0.05

i k=07 8 ke 0.2 0.2 0.2 0.2

il Rt =Faifoifc 9 ra -0.14 -0.14 -0.0022019  -0.0022019

3 ke =0.2 10lv 0 0 500. '500.

6 ra = -k*Ct0*(Fa/Ft)+Ct0/Kc™(Fb/Ft)*(Fc/Ft)



100 T l >

Fj (mol/min)

Figure E6-2.1 Polymath solution.



(¢) From Figure E6-2.1, we see that the exit molar flow rate of A at 500 dm?
1s 4 mol/min, for which the corresponding conversion is




Design of Isothermal, Liquid-phase CSTR for multiple reactions

Consider the following multiple reactions:
A+B - C
E—-A+D

The mole balance for each individual species, i, in the reactor 1s written in the form:

q
Foy—H=-nrV= Vz_’h = V'fl(cl ceo CN) Here we get N nonlinear

i=1 equations based on N number of
. species (reactants and products)
that exist in the reactor.
Foy-F=-rV=V: Jj-(CJ CN) These equations should be
. solved simultaneously to obtain
the molar flowrate of each

Fyo—Fy=—RKRV= V'fN(Cl CN) species.



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 1s equimolar in A and B with Fao= 200 mol/min and the volumetric flow
rate is 100 L/min. The total entering concentration is Cro = 0.2 mol/L.

(1) A+2B—>C —r'y =k ,C,Cq
(2) 2A+3C—>D —Fe = kyo Cx C2

dm® Y dm® '
kix =10 = min and k,- =15 = min
mol mol

Find the concentrations of A, B, C, and D exiting the reactor, along with the exiting
overall selectivity, S¢/p.




Solution Liquid-Phase CSTR: v = v,

Mole Balances

(1) f(Ca)=10yCrg —VyCs + 1,V
2 f(Cy)=vyCpo —VyCq + 1V

3)  f(C)= ~0,Ce + 1.V
@ f(Cy)= —0,Cp + 1,V

r
Ha

r r r ’
_he _ Nhc Hha T o

A+2B—C
2A+3C—>D

Key components

r 2
hHa =~k C,Cy

r 2 ~3
e = —k,CoCe

4

1 2 1 2 3



2

ro__ 7 r 2 2 3
ry =ha thy ==k C\Cg — EkZCCACC

r_ o 2
g = hg = 2k ,C, Gy

r__ 7 r 2 2 .3
Ic = lic T e = kaCaCg — kyc CL Ce:

, 1
Hp = gkzccicé

r

55

A+2B—->C
2A+3C—>D

v, =100 dm’/min

kia =10 (dm*/mot) /min
kye =15 (dm*/mol)’ /min
V=2,500 dm’

Cro =2.0mol / dm’

Cgo = 2.0mol / dm’



2
f(Cq) = v9Cho — VoCy — <k1ACAC§ — §kZCCjCE’) 4

f(Cs) = voCpo — voCp — (2k14C4CEIV A+2B—C
F(€e) = =voCe + (kraCaCh = lac CFCE)V 2A+C—D
1 23
f(Cp) = —voCp + §kZCCA Ce |V
Nonlinear equations Calculated values of NLE variables _

1 f(Ca) = v¥*Cao-v*Ca+ra*V = 0
2 f(Cb) = v*Cbo-v*Cb+rb*V = 0
3 f(Cc) = -v*Cc+rc*V =0
4 f(Cd) = -v*Cd+rd*V =0

0.5326529}-3.979€-132.
0.08480088.527€-14 |1. ~Results
0.1929784}-7.354€E-13]1.
0.2548737)2.345€-13 |0.1




The exit concentrations are C, = 0.53 M, Cz = 0.085 M, C- = 0.19 M, and
Cp = 0.25 M with S¢,p = 0.75. The corresponding conversion of A is

P Cro—C, _ 2-0.533 073
CAO

| |variable|value | 9 |rac -0.0305848
1 |cao 2. 10|r2d 0.0101949

2 [cbo |2 I 11]ra 0.0586939
3 [k1a 10. 12[rb -0.076608

4 |k2c 15. 13|rc 0.0077191

5 |ra -0.038304 14|rd 0.0101949

6 |rib -0.076608
7 |ric 0.038304 16|v 100.

8 [r2a -0.0203899 17|V 2500.

~—Selectivity



Complex Reactions in a Semibatch Reactor

semibatch reactor where A is fed to B with Fyy = 3 mol/min. The volumetric flow rate
is 10 dm3/min and the initial reactor volume is 1,000 dm?3. The rate constants are

dm? ? dm’ *
kijn =10 —— | /min and k,c =15 min
mol mol

The maximum volume is 2,000 dm?. The inlet concentration of A is C,, = 0.3 mol/dm?
and the initial concentration of B is Cg; = 0.2 mol/dm?3.

(a) Plot and analyze N,, Ng, N, Np, and S¢p as a function of time.

Mole Balances

(1) dgj =nV+Fy, (Npi=0)
(2) dg B - RV (Ng; = Cg;V, =200 moles)
@  Le-ry (Ne =0)
@ Do,y (Npi =0)

At

Semibatch Reactor



CA =NA/V
Cg =Ny /V

Co=N./V

v, =10 dm’ / min
V, =1,000 dm’

F,, =3 mol / min

Cp =Np/V

V=V, +ut

A+2B—=C
2A+3C—=D

Key components

r 2
iy =k, C\Cy

r 2 ~3
e = =k, CiCe

7 ’ 7 4 ’ 4
ha _ he _ Nic a _ e _ Mo

-1 =2 1 -2 =3 1



Differential equations

1 d(Nb)/d(t) = rb*V

2 d(Na)/d(t) = ra*V +Fao
3 d(Nd)/d(t) = rd*V

4 d(Nc)/d(t) = rc*V

Explicit equations
1 kla=10

2 k2c=15

3 Vo = 1000

4 vo=10

5 V = Vo+vo*t

6 Ca= Na/V

7 Cb = Nb/V

8 rla = -kla*Ca*Cb"2

9 Cc=Nc/V

10 r1b = 2*rla

11 rb=rlb

12 r2c = -k2c*Ca”2*Cc"3
13 Fao =3

14 r2a = 2/3*r2c

15 r2d = -1/3*r2c

16 rlc = -rla

17 rd = r2d

18 ra = rla+r2a

19 Cd = Nd/V

20 rc = rlc+r2c

21 Scd = if(t>0.0001)then(Nc/Nd)else(0)

MR T ETIET R W ORI W R WY W OEm R W ORRE R e

Variable|Initial value|Final value
1 |Ca 0 0.1034461
2 |Cb 0.2 0.0075985
3 |Cc 0 0.0456711
4 |Cd 0 0.0001766
5 |Fao - &
6 |kla 10. 10.
7 |k2c 15. 15.
8 |Na 0 206.8923
9 INb 200. 15.197
10|Nc 0 91.34215
11|Nd 0 0.3531159
18|ra 0 -6.992E-05
19}rb 0 -0.0001195
20}rc 0 4.444E-05
21|rd 0 5.097E-06
22|Scd 0 258.6747
23|t 0 100.
24|V 1000. 2000.
25|vo 10. 10.
26|Vo 1000. 1000.




Multiple Reactions in a Semibatch Reactor
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Steady State Non-
isothermal reactor Design

In this topic we will study the following:

» The energy balance

» Adiabatic operations

» Non-isothermal flow reactors with heat exchange
» Equilibrium conversion and adiabatic temperature
» Optimum feed temperature



Isothermal and non-isothermal reactions

Because most reactions we not carried out isothermally, we now focus on heat
effect in chemical reactors.

The basic design equations, rate laws, and stoichiometric relationships discussed
early for isothermal reactor design are still valid for the design of non-isothermal

reactors.

The major difference lies in the method of evaluating the design equation when
temperature varies along the length of a PFR or when heat is added/removed
from a CSTR.



To identify the additional information necessary to design non-isothermal Reactors,
let us check the example bellow:

Example 12.1:

Calculate the reactor volume necessary for 70% conversion: A—— B

The reaction is exothermic and the reactor is operated adiabatically. As a result temperature
will increase with conversion down the length of the reactor.

Solution 1. Mole Balance (design equation):
dX _ "Ta
dV  F,,
2. Rate Law:
—r, = kC,

Recalling the Arrhenius equation,

Ell 1
we know that & is a function of temperature, 7. k =k, exp L_Q {Y—] — Z_Fﬂ



3. Stoichiometry (liquid phase): v = v,

CA - CAU(I _X)
4. Combining:

Ef|1l 1
—TA =k eXPL—{ [TT — ]—FH Cpo(l —X)
1

Combining the above Equations and canceling the entering concentration, C,,, yields

dX _ k(1=X) dX _ poexp| E| L - L]]1=X
= —> p
dv Vo av

R\T, T|| v,

This ordinary differential equation estimates the variation of conversion as a function of volume of
reactor, however, we do have another dependent variable (Temperature) that varies with volume of

reactor. Therefore, how to get an expression of variation of reactor temperature as a function of
volume?



The Energy Balance

Consider the schematic diagram for a representative reactor
where the feed to this reactor is Fiy, enters with energy Hipy,
and the products leave with Fi 1 and energy Hioyr) Heat is

added to the reactor or removed (based on if the reaction is

endothermic or exothermic, respectively), and a work is added to

the reactor (as in the case of flow work or mechanical work).

(e.g., Hap)

The energy balance for the case of only one species entering and leaving becomes

Rate of Rate of flow Rate of work
accumulation of heat fo done by
of energy the system || the system
within the from the on the
system | surroundings | | surroundings |
Energy balance dE sys : B :
on an open dr Q w
system
(J/s) = J/s) — (J/s)

Typical units for each term in Equation (11-2) are (Joule/s).

+

+

Rate of energy
added to the
system by mass
flow into the

system

F_E.

in~in

(J/s)

Rate of
energy leaving

~ | the system by mass

flow out of

the system

F.E

out —out

(11-2)

(J/s)

out
(e.g., Fa)

out

L(e.g., Ha)



The unsteady-state energy balance for an open well-mixed system that has n species, each entering and
leaving the system at its respective molar flow rate Fi (moles of i per time) and with its respective energy
Ei (joules per mole of i), is

P

dEsys
dt

=Q-W+ > EF| — > EF,

i=1 in =1 out

The work term, W , into flow work and other work W_.; . The term Ws, often referred to as the shaft
work, could be produced from such things as a stirrer in a CSTR or a turbine in a PFR. Flow work is work
that is necessary to get the mass into and out of the system.

[Rate of flow work]

W= ->FPVi + YFPV{| +W,
i=1 in i=1 out

where P is the pressure (Pa) [1 Pa = 1 Newton/m? = 1 kg-m/s*/m?] and V; is
the specific molar volume of species i (m3/mol of i).



Substituting the work equation into the energy equation and
grouping terms, we have

dBys o 0 : S y
= G- Wit > F(E;+PV)| — > F(E;+PV)

i=1 in i=1 out

The energy Ei can be approximated by the internal energy (Ui ) other
forms of energy are negligible compered to internal energy, substitute in
the above equation and re-arrange

dgsys
dt

Q_Ws"‘szHm - ZFst =

=1 i=1

Where the subscript “0” represent the inlet conditions, and

F,H,= F,(U;+PV;)

Convention
Heat Added

0 = +10J/s
Heat Removed

0 =-10J/s

Work Done by
System

W= +10]/s
Work Done on

System

W = —10J/s

Energy Balance

n

i

FiU i0? Q I:il-li"""‘mfs

A |

out




n n A
i . dE ...
If the following reaction takes place inside the reactor Q—-W,+ Z FioH i — z FiH; = d;ys
i=1 i=1
A+2B — 5 ¢c+9p
a a a

The inlet and outlet summation terms in the energy equation are expanded to

In: X HFin=HpgFpgt+ HgyFpyt HeogFygt HpgFpg+ HyFy

Out: 3 H.F,=H,F\+HyFy+H.F.+Hy,Fy+H,F,

Where the subscript I represents inert species. Expressing the molar flow rates in terms of conversion

for incompressible fluids we get p

Fp = Fj(1 —X) Fe=Fy ®C+§X) Fy = 0F,,

b \
a Fp = Fy, @D+‘_ix] where O, = —2
\ a A0




d‘@sys
dt

Subst!tute these symbols fqr the molar flow O—W,+ Z FoH, — z FH, =
rates into the energy equations

=1 =1

EFmHm - stHf = Fol(Hxo—Hp) + (Hgy— Hy)Op

=1 =1
+(Hegy—He)Oc+ (Hpy— Hp)Op + (Hyy— H,)O,]
—(QHD+EHC—E—?HB—HA]FAOX
a a a
AHy,
Heat of reaction at d ¢ b
. tgmf;;tll?lli} AHg, (T) = EHD(T) +;HC(T) _;HB(T) —HA(T)

Combining some of the terms in - _ "

the energy equations above and Q—-W,+F,, Z @i(Hm —H.)— ﬁHRK (T)F, X =0
assume steady-state condition, i—1

we get




The molal enthalpy of species i at a particular temperature and pressure, H;, is
usually expressed in terms of an enthalpy of formation of species i at some ref-
erence temperature Ty, H;(Ty), plus the change in enthalpy, AH,,, that
results when the temperature is raised from the reference temperature, 7%, to
some temperature 7

H;=H;(Ty) + AHg,

r

2
When No phase change exists ~ AH, = J Cp dT
T,
T
Combine the above terms to have H(T)=H (Ty)+ J Cp dT
Tp '
r Tio _
H.—H,,= [HI-O(TR) +J Cp. dT:|—{HI-°(TR) +J Cp dT
Tp ' Tp ]

T
= J CP!_ dTl = CP’_ [T—T,] Constant C,,
T

i0



Substituting for H; and H,, yields

Also

ﬁI_‘IE{:‘L (T) —

i=1
d

a

Where the enthalpy of each species is given by

For the generic

reaction
A+lpcc+9p
a a a

H(T) = Hf(TRHj

T

Ty

Hy(T)+<H(T) -
/)

2 Hy (T) = Hy (T)

O—W,— F,, Z @,-CPJ_ [T—T,] — AH, (T)F,,X =0

Cp dT = H?(TR)'FCP,.(T_ I'y)

d

b

Ay, (T) = [;HB(TR) +EHR(Ty) = ZHy (Ty) =~ H3(Ty)

|

d

a

C
CFD + l:_l CFC

b

_ ;CF‘B _ CPJ(T - TR)

|




The heat of reaction at the reference temperature T,

b

o d o " y70 o )
AHRx(TR) = E D(TR)+§HC(TR)_EHB(TR)_HA(TR)
Also _d ¢ _b _
ACF - ;CPD-l_;CPC ECPB CPA
A _ d o C 770 b o o
HRK(T) _|:;HD(TR)+;HC(TR)_5HB(TR)_HA(TR)i|
. AHKT =AH°XT +AC(T—-T
+[QCPD+ECPC_E_)CPB_CPA}(T_TR) I:> . ( ) N ( R) P( R)
a a a
The Energy balance

above 1n terms of
mean or constant
heat capacities

Q - W,; —Fao Z ®ECP,.(T —T) — [A-HI?:\;(TR) + ACP(T _ TR)]FAUX =0

i=1




Standard heats of formation
and standard integral heats
of solution at infinite dilution
(25°C, 1 atm)

Standard Heats of Formation and Standard Integral Heats of Solution at Infinite Dilution (25°C, 1 atm)

AH J? X AH?.,
Compound Formula State cal/(g- mol) cal/(g - mol)
Ammonia NHs g —=11.040 —8.280
i —16,060 —3,260
Ammonium nitrate NH4NO3 s —87.270 6,160
Ammonium sulfate (NH1)»S04 s =281.860 1.480
Calcium carbide CaC, 5 —=15.000
Calcium carbonate CaCOs s —288.450
Calcium chloride CaClz s —=190,000 —19.820
Calcium hydroxide Ca(OH)2 5 —235,800 -=3.880
Calcium oxide CaO 5 —151,900 —19.400
Carbon (graphite) C s 0
Amorphous, in coke C s 2.600
Carbon dioxide CO, g —04,051.8 —4.640
Carbon disulfide CS, g 27,550
i 21,000
Carbon monoxide CO g -=26.416
Carbon tetrachloride CCly g —25,500
i —33,340
Copper sulfate CuS0y4 s —181.000 —17.510
Hydrochloric acid HCl g —=22,063 —17.960
Hydrogen sulfide H-S g —4.815 —4.580
Iron oxide FeiQy s —267.000
Iron sulfate FeSOy ¥ =220.500 =15.500
Nitric acid HNO;3 i —41.404 —7.968
Potassium chloride KCl s —104.175 4,115
Potassium hydroxide KOH s —101.780 —13.220
Potassium nitrate KNO; s —-117.760 8.350
Potassium sulfate K550y 5 —342.660 5,680
Sodium carbonate Na,CO;5 ¥ —270,300 —5,600
Na,CO;3 - 10H,0 5 =~0975,600 16,500
Sodium chloride NaCl 5 —08.232 930
Sodium hydroxide NaOH 5 —101.,990 —10,246
Sodium nitrate NaNO; s —101.540 =5.111
Sodium sulfate Nay SOy ¥ =330.900 =560
NazS0y - 10H20 5 —1,033,480 18,850
Sulfur dioxide SOz g —70,960 9,900
Sulfur trioxide SO; g —04.450 —54.130
Sulfuric acid H2S04 i —=193,910 —22.990
Water H.0 g —57.798
i —68,317
Zinc sulfate ZnS0y ¥ =233,880 =19.450

Source: F. D. Rossini el al.. Selected Values of Chemical Thermodynamic Properties, National Bureau of Standards,

Circular 500, 1952.



Neglecting W, , the ehergy balance becomes

O = F530,Cp (T = Tyg) — [AHR(T) + ACH(T = T)]F X = 0

Special Case 1: Adiabatic Operation

: F
=0 T,
Ty =T, r'”c_é
Y 206 T-Ty

_[&Hﬁx(TR) + ACP(T — Ty )]

Relationship
between X and T
for adiabatic
exothermic
reactions

5.0
nn
o o

CSTR
_ ) PFR
PBR

Batch




Special Case 2: Variation of Temperature with conversion for Adiabatic Tubular Reactor

Q - W,— Faq Z ®ECPJI.(T —T0) —[AHR(TR) + ACH(T —TR)]F 50X =0

i=1

Rearranging the
energy equation
and write it in term

T =f(X) - X[—AHR (Tg)] + EQfCPJ.Tu + XACpTy
B z(af.cpj + XACp

Special Case 3: CSTR with heat exchange

Assumption

Ws=0 UA

constant Cp. L {F‘;’(T_ TH)J-I-E@,-CP:(T— Ty)
= ’ X, =

ACp = 0. Ta*_% T EB TAHE.

large coolant flow rate

heat exchanger, UA (T, - T).



Special Case 4: Batch and semi-batch / unsteady CSTR with heat exchange

Batch dr — (FA V)(AHRr) — UA(T ~ T:;)
dt > N,.CP'_
Q—W;- Z F:’[]CPI.(T —Tjp) + [—AHR(T)I(—=rasV)
Semibatch or unsteady CSTR dT _ i=1

dt n
2 NGy,

i=1




Special Case 5: Plug flow (PFR) / Packed bed reactors (PBR) with heat exchange

PFR

Here we have differential ~ Ta Coolant

change in temperature across E E )% &:@ s séﬂ“%
the length of the reactor g -

dT _ (Heat “generated”) — (Heat “removed™) Q, -0,

av S FC, - XEG,
2, o,
—ee e e
PFR in terms of conversion dT r,AH, (T)- Ua(T - E) 0, -0

AV F,(20,C, +ACX)  F,(206,G, +AGX)

y MR\(T) - (T T )
_ Py
dW  F,,(20,C, +AGX)

PBR in terms of conversion dT




PBR in terms of molar flow rates

PFR in terms of molar flow rates

For multiple reactions in a PFR

(g reactions and m species)

re:AHR_::(T) - E(T - 1':r)

dT

_ Py
AW S FCG,

dT _ rAH, (T)-Ua(T-T,) Q,-0,

dv Y FC

P!.

q
. zf}j’ﬁHan ~Ua(T-T,)

i=1

dV m
2 FiGe,
j=1

i = reaction number, j = species

LFC,




Example 12.2: 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 klJ/mol of H, reacted.

N,+3H, — 2NH,
Solution

The enthalpies of formation at 25°C are

cal
Hew (To)=—11,020 CH: =0,and HS, =0
i, (T) mol NH, 12 N2

AHy, (Ty) = 2H§IHQ(TR) - 3Hﬁ7(TR) _HIC:I,(TD)

o o o 1
AHR(Ty) = 2Hp, (Tr) = 3(0) =0 = 2Hy, = 2(—11,020) —
2



AHR (298 K) = —22.04 kcal/mol N, reacted = —92.22 kJ/mol N, reacted

Cp. = 6.992 cal/mol H,-K
H

2

ACP — 2CPNH% - 3CPH - CPN

2 2

Cp. = 6.984 cal/mol N, K
N = 2(8.92) —3(6.992) — 6.984
Cp,, = 8.92 cal/mol NH;-K = —10.12 cal/mol N, reacted - K

3

AHRX(T) = AHEX(TR ) + A(’11?'(7"_ TR)
AHy, (423 K) = —22,040 + (—10.12) (423 — 298)
= —23,310 cal/mol N, = —23.31 kcal/mol N,

AHZ, (423 K) = —23.3 kcal/mol N, X 4.184 kJ/kcal
AH,. (423 K) = —97.5 kJ/mol N,




N,+3H, —> 2NH,

The heat of reaction based on the moles of H, reacted is

AH, (423 K) = 20N | g 53 kI
3 mol H, mol N,

kJ
mol H,

AHg, (423 K) = —32.51 at 423 K



Example 12.3: Adiabatic Liquid-Phase reaction in PFR and CSTR

The isomerization of n-butane is an elementary reversible reaction that is carried out

adiabatically in the liquid phase under high pressure using essentially trace amounts of a

liquid catalyst. It gives a specific reaction rate of 31.1 4~/ at 360 K. The feed enters the

reactor at 330 K. n-C,H,) = i-C,H,,

a. Calculate the PFR volume necessary to process 163 kmol/h at 95% of equilibrium
conversion.

b. Plot and analyze X, Xe, 7, and —r, down the length of the reactor.

c. Calculate the CSTR volume for 40% conversion.

( AHR, = —6900 J/mol n-butane, Activation energy = 65.7 kJ/mol

K-=3.03at60°C, C,y= 9.3 mol/dm? = 9.3 kmol/m?
Additional information: <

Butane I-Pentane
Cp L= 141 J/mol - K CP,--p = 161 J/mol - K

n-

\ Cp. = 141 J/mol-K = 141 kJ/kmol - K

i-



Solution n-C,H,, —— i-C,H,,

_ n—Cy4Hyg i — C4Hy
PFR algorithm

l— C4H10 n— C4H10

E(1 1
x _ i, G il73)
FAOCW/_ Fa TIrA T (CA_KTC] k=k(T))e :
S
R \1, T
Ke=Kc(T))e
Stoichiometry (liquid phase, v = v,): Cr= Cho(1—X)



_ Cy : B 1
_rA_ {CA_?C] _rA_kCA0|:1_[1+I(—C]Xi|

Energy Balance:

Q—W;—Fu %0,Cp (T —T,) = FpoX[AHR, (TR) + ACp (T — Ty)] = 0

Adiabatic: Q=0

Nowork: W =0 jl> T _|_(—AH§X)X
— 1t
ACP = CPB_ CPA = 141 - 141 = 0 2®! CPI'




kmol kmol

)= 146.7
h

F,, =09F; = (0-9)(163

2®E-Cpi = CPA+ ®1CPI = (141 -I—(%JIMJ J/mol-K =159 J/mol-K

P jl> T = —(—6900)
=330+ X
° 30,6 330 .

T =330+43.4X

k= k(Tl)Jg [TLI_ %“ﬂ jl> k=31.1 e”‘PF@fZ?O {3(150 _ %]:|(h—l)

T — 360 ~1
k=31.1 7 h
3 exp{ 906( 60T H( )




—6900( 1 1
Ke =303 exl{ 331 [333 - ?ﬂ jl>

T -333
Kc = 3.03 exp| —830.3
: o { ( 3337 H

At equilibrum  —r, =0
K
—ra = kCyg 1_1+LX :> — C
Ke 1+ K,
T-333 4
¥ K, 3.03 el ~8303(5337)] ,  — Xemass
A T—333 : Xe Heat
1+KC 1+ 3.03¢ [-830.3(%3557)| v 2
10
300 .~ 350 400 450 500

Temperature K




Substitute for T from energy equation into mass equation and solve for T, or perform a
plot of X, vs T yields the optimum value of T necessary to achieve equilibrium

conversion:

Nonlinear equations
1 f(T) = Kc/(14Kc)-Xe = 0

Explicit equations
1 Kc = 3.03%exp(-830.3%(T-333)/(333*T))
2 Xe = (T-330)/(43.3)

Calculated values of NLE variables

Variable Value f(x) Initial Guess
1|T 360.923 -3.331E-16 400. ( 300. < T < 500.)
Variable Value
1 Kc 2.498424

2| Xe 0.714157

T =330 +43.4X Xe =

K, 3.03 e |-830. 3(T3333?}3)]
T+K 1+ 3.03 el 783 33337 )]

Xeq

— Xe mass
Xe Heat

300~ 350 400 450

Temperature K

500



d.

Volume of PFR at 95% of equilibrium conversion

X =095X, =0.95(0.714) = 0.68

T =330+43.4X

k=311 exp|7
|:> 3 exp{906(360T

T — 360

RE

> | —ra= kCAO[l —(1

|

— e

M

K-=3.03 exp{—830.3 [

T —333
333T

)

X T () k(h) Ko X, —rx(kmol/m3 - h) f—;‘fo (m3)
A
0 330 4.22 3.1 0.76 39.2 3.74
02 3387 7.76 2.9 0.74 52.8 2.78
04 3473  14.02 273 073 58.6 2.50
06 3560  24.27 257 072 37.7 3.88
065 358.1  27.74 254  0.718 24.5 5.99
07 3603  31.67 2.5 0.715 6.2 23.29




The reactor volume for 70% conversion will be
evaluated using the quadrature formulas.
Because (F,,/r,) increases rapidly as we approach
the adiabatic equilibrium conversion, 0.71, we
will break the integral into two parts

O 0204 060.8

0.7 F 06 F 0.7

Ve[ ax=| Zaxs| Imgy X
0 A 0 ~ra 0.6 — Tz
0.6

V=3 x
3

T[374+3><278+3><250+388] ; 02 [3.88 + 4 X 5.99 + 23.29]m°

V =260m




370.0
366.0
362.0
358.0
354.0
350.0
346.0
342.0
338.0
334.0
330.0

Temperature vs. volume

1 L 1 1 1 1 1

0.0 05

1.0

15 20 25 30 35 40 45 50
V(m3)

)

60.0
54.0
48.0
42.0
36.0
30.0
24.0
18.0
12.0

6.0

0.0

Rate vs. volume

0.0 0.5

1.0

15 20 25 3.0 35 40 45 50
V(m?3)



Conversion and
equilibrium conversion
VS. reactor volume

0.8
0.7
0.6

o faccocoo o2

1.5 20 25 30 35 40 45 50
V(m?)



Part (¢c) CSTR Solution

k = 14.02 h-!
Ko =273
.
V= FpoX —r, = 58.6 kmol/m3-h
1 > y = (146.7 kmol butane/h)(0.4)
kcA"[l B (1 ’ 1?] X} 58.6 kmol/m*- h
) V=10m?

T =330+43.4X

T =330+43.4X
T =330+43.4(0.4) = 347.3K

For 40% conversion



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

6
Fao i
3
) 2 -
02 04 06
X X

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?).



Adiabatic operation &
interstage cooling for non-
isothermal reactors

In this topic we will study the following:

» Adiabatic operations
» Interstage cooling



Adiabatic Equilibrium Conversion

leen. the following first order reversible and exothermic AT
reaction:
Th libri , e Kc
e equilibrium conversion: =
G * 1+K,

Therefore, for exothermic reactions, the equilibrium constant and conversion
decrease with increasing temperature.

1.0

Equilbrium Equilbrium
/ q / q




What is the maximum equilibrium conversion that can be achieved in an exothermic

reaction carried out adiabatically?

Energy Balance

i=1

O —W;—Fjy Z gfcpj(T —Tjo) = [AHR\(TR) + ACH(T —Tg)1F X = 0

jl> Y = 2 GECP,.(T —T)
—[AHR, (Tg) + ACH(T — Ty)]

Mass Balance

[Angx<L_l)]

v oo K _ K.(Ty) el ® VIR T
© 1+K, AHRy( 1 1)]
1+K.(T)el B \TRT

Equilibrium conversion Egn
1.0
Xo [
<X
&
)
\orb
\\
¢
Q’(\ ///
Adiabatic
e ] / temperature
To To1

T



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 forv, = 5 L/min ?

A—— B

Solution

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

K, = 100,000 at 298 K, k = 10 exp (E(L = l)mi _l)with E = 10,000 £3L
R\298 T mol



$ K = CAOXe — Xe
CA = CAO(I_X) ‘ CAO(l o Xe) (1 o Xe)

AHy, = Hg—

AHpy (1 _ 1 K,(T) = 100,000
K, (T)=K,(T) eXpl: RR (T_ _ fﬂ jl> (T) exp{
1

K, = 100,000 expL—33.78 L

-

K, (T)

“ " 1+ K.(T)

H3; = —20,000 cal/mol

—20,000

100,000 exp [—33.78(7 —298)/T]

X —
" 1+ 100,000 exp [—33.78(T — 298)/T]

1.987

|

T —298

L1
298 T

)



TABLE: EQUILIBRIUM CONVERSION AS A FUNCTION OF TEMPERATURE

T(K) K, X, k (min—1)
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 1.11 0.53 0.300
475 0.34 0.25 0.541
500 0.12 0.11 0.919

_ 100,000 exp [ —33.78(T —298)/T]
14+ 100,000 exp[—33.78(T —298)/T]




3 0,Cp (T —T,)
- [ﬁHEx (TR) + ACP(T o TR )]

Energy Balance: ¥ —

ACp = Cp,—Cp, = 50—50 = 0 cal/mol - K

:> v = EG)I'CP,.(T_ Ty) B CPA(T_ T,)
BB _AH,, —AHS,

_50(T —300) _

X 2.5 X 10-3(T — 300
EB 20,000 ( )

T(K) 300 400 500 600

Xeg 0 025 050 075



Mass Balance (Design equation):

T(K) K, X, k (min~1)
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 1.11 0.53 0.300
475 0.34 0.25 0.541
500 0.12 0.11 0.919
Energy Balance:

T(K) | 300 400 500 600

Xeg ‘ 0 025 050 0.75

1.0 O——0
Ty K, (T)
0.8 |- \ /6_1 +
0.6 | \
Cp, (T=To)
0.4 Xeg = —AHnx
&

0.2 |

0 ' |

300 400 500 600

The intersection of Xgg(7) and X ,(T) gives X,= 0.42 and 7, = 465 K.




Calculate the CSTR Volume to achieve 90% of the adiabatic equilibrium conversion
corresponding to an entering temperature of 300 K.

A > B

e.___
V= F Ao X _ CaoUoX _ VX
— X
"a kCAO(l — %) k(l — %) —ra = kCyy (1 - )?)

 in— E(f 1 1) . -1 — 208
k=107 (_( __) ) E> _ [10,000 1 _lj _ T
CXp R385 T min k =10.001exp 087 \208 T 0.01exp16.89 T

at X = 0.9X, = 0.9(0.42) = 0.38

From the adiabatic energy balance, the temperature corresponding to X = 0.38 1s

_AHRX

PA

20,000 cal
50 cal mol
molK

(0.38) =452 K

T:TO+( )=3001<+




From mass balance:

atT=452K X, = 0.50and k = 0.322 min~!

How to increase conversion for |:>
the exothermic reaction?

V:

(0.38)(5 dm’/min)

0.322 min_l(l _ 0-—38)

=24.5 dm’

0.50

Use series CSTRs with interstage cooling

500°C X
800°C 500°C

X5

Interstage cooling
used for exothermic
reversible reactions

1.0

0.8

X 0.6

0.4

0.2

X5 570°C
> > — °
700°C 500°C

500 600 700 800
T(K)




Heat transfer in Non-isothermal
reactors

In this topic we will study the following:

» The effect of heat exchange in non-isothermal reactors on conversion



Heat transfer in non-isothermal CSTR

Suppose the below reaction takes place in a non- To, Fao——1

isothermal CSTR, where a heating/cooling utility is

introduced into the jacket around the reactor. Tai I

e X/ T
A—->B+C = T
The design equation Vo= _FacX S
_FA(XaT)l
The energy equation Q—Ws—Fpo> 0,Cp(T—Tj) — [AHR(Tg) + ACH(T — Tg)1F 50X = 0
i=1

Where at this time Q varies based on the heat generated or consumed within the

reaction, i.e. Q = f(T)



An energy balance on the heat-exchanger fluid

) ) ) To Fag—s—
entering and leaving the exchanger is 0," A0
B . - y r . T
Rate of Rate of Rate of Tf'” x | T X
ener heat t f _ m
. gy _ energy _ eat transfer -0 c = T,
in out from exchanger
| by flow | by flow | | foreactor |
\_4//
UA (Tal o TaZ)

mcCPﬁ_(Tal_TR) _ mCCPC(TQZ_TR) _ln[(T—T )/(T_T )] =0
al a?

Where Cp. is the heat capacity of the heat exchanger fluid and Ty is the reference temperature

However, the heat exchange by the utility fluid is 0= m. Cp (T, —Tp)

Substitute in the above j‘> O = i Cp (Tyy—T,) = UA(T, —Tp)
energy balance ; In[(T—T,)/(T—T,)]




Solving for the exit temperature — U4
of the heat-exchanger fluid yields Ty =T—(T—T,)exp|-

7i1.Cp

c

Substitute for unknow Ty in+ O =m C, (T, — T.,,)

Q*”“*%%_”P_“%4mﬂ}
: 1ieCp.

For large values of the heat-exchanger fluid flow rate, m,, the exponent will be small
and can be expanded in a Taylor series (e* =1 — x + - - -) where second-order terms

are neglected in order to give

Q=mpunrf{v{r—“4ﬂ
‘f 1ieCp.

T, =T, =T, > |o=UvA(T,—T)




The energy equation
becomes

O —W;—Fjy Z ®fCP:.(T —T;) = [AHR(Tg) + ACp(T —TR)F 50X = 0

i=1

n
UA(T, —T) — Ws — Fy, Z 0,Cpi (T — Tyo) — [AHB(TR) + AC, (T — Tg)|FaoX = 0

=1

rearrange

v UA(T —Ty) + Ws + Fao X7 0;Cpi (T — Tyo)

—Fu0|AHR, (Tg) + AC, (T — Tg)]

Special Case:
No shaft work and ACp =0

-

X =

FAT~T,)+30,G (T~ Ty)

A0

[_AHFQX(TR)]




To further simplify, let  20.C, = Cp K = vA T = kT, + 1T,
i 0 FAOCPO ¢ 1 +k
G (A +k)UT-T,)
%(T—Ta)JrE@fCP,(T—TU) —AHR,
X FAO ! >
[—AHR(TR)] S (—AHS )(X)
‘ Cpo(l +K)




How to design a non-isothermal CSTR

There are three ways to specify the sizing of the
CSTR:

A. From the energy balance equation, Specify X
then FindVand T

B. From the energy balance equation, Specify T
then Find X and V

C. From the energy balance equation, Specify V
then Find Xand T

- Taz




Xy = Conversion
calculated from the
mole balance

Xgg = Conversion
calculated from the
energy balance

A

Specify X
Find Vand T

y

Calculate T
(—AHR,)(X)
CPO(I +k)

l

Calculate k
k = Ae-ERT

T=T+

Calculate —r,(X,T)
(e.g., —ra = k Cpp(1 — X))

Calculate V

y _ FaX
-

B C
Specify T Specify V
Find X and V Find Xand T
Calculate Xgg plot Xgg vs. T Xes
X - Cp, (1+%)(T-T,) Y - Cp, (1+%)(T-T,)
D AH D AH
l T
l FooX
Calculate k Solve V' = ‘_““;j}:‘f}
k = Ae-ERT
(e.g., for a first-order reaction)
Yoo = TAexp[—E/(RT)]
MB —
1+ TAexp[—E/(RT)]
Calculate —r,(X,T) Plot Xip and Xy as a function
(e.g., —1ra = k Cpo(1 = X)) of T on the same figure
XeB
Calculate V N ¥ Xug
y — T s
Y

—r



Example 14.1: Production of Propylene Glycol in non-adiabatic CSTR

Propylene glycol is produced by the hydrolysis of propylene oxide according to the below
reaction. If a feed of 43.04 Ib-mol/h of propylene oxide (46.62 ft3/h), 71.87 Ib-mol/h methanol
(46.62 ft3/h), and 802.8 Ib-mol/h water (233.1 ft>/h) containing 0.1 wt % H2SO4 is fed to a non-
1sothermal, nonadiabatic CSTR.

The temperature of both feed streams is 58 F prior to

mixing, but there is an immediate 17 F temperature Propylene oxide F,
rise upon mixing of the two feed streams caused by Methanol Fiyg
the heat of mixing. The entering temperature of all

feed streams 1s thus taken to be 75 F.

Too = 58°F

TUO = 58°F
Fgo Water

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.




The reaction is first-order in propylene oxide concentration and apparent zero-order in excess of
water with the specific reaction rate

— —E/RT — 12 —32,400/RT —1
k=4de 16.96 X 10% (e ) h C%;CH—CH?,—FHZO N (|3H2—CH—CH3
The units of £ are Btu/lb-mol and 7 is in °R. 0 OH OH
A is propylene oxide (Cp = 35 Btu/Ib-mol-°F) >
B is water (C'pB = 18 Btu/Ib-mol - °F)

A+B —— C

C is propylene glycol (CPC = 46 Btu/lb-mol - °F)
M is methanol (CpM = 19.5 Btu/Ib-mol - °F)

1. Can youuse a CSTR as a replacement for the leaking one if it will be operated adiabatically?
If so, what will be the conversion of propylene oxide to glycol?

2. If acooling coil with 40 ft? surface is used to remove the excess heat using a large amount of
cooling-water flow rate at temperature of 85 °F can be maintained. A typical overall heat-
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 is used?



Solution The reaction 1s predicted experimentally

A+B —— C to be first-order in propylene oxide
concentration and apparent zero-order in
excess of water

The design equation in terms of X is
—ry = kC
_ FpoX i i

4 —r, k =16.96 10'? exp[-32,400/R/T] h!

(liquid phase, v =v,): C, = Cyy(1—X)

po_ FaX  _ uX
kCro(1—X)  k(1—X)

Solving for X as a function of 7T and recalling that 7= V/v, gives

—E/RT
Ttk TAe /

1+ 7k 1+ 1de

—E/RT




The energy balance for this adiabatic reaction

v - UA(T —T,) + Ws + Fao 2i=1 HiCpi(T — Tio)
—Fa0|AHR, (Tg) + AC, (T — Tg)]
X p G)ECPI;(T_ Tfo)
P —[AHR, (Ty) + ACy (T — Ty)]
Calculations:

Vg =Upp TUmo T Upg 40.1 ft3

r=L = C_ —0.123h
= 46.62 +46.62 +233.1 = 326.3 ft*/h > Vo 3263 ft'/h

V =300 gal = 40.1 ft3 o —Fao _ 43.01b-mol/h
A, 326.3 ft3/h

= 0.132 Ib-mol/ft3




FMU _ 71.87 Ib-mol/h
Fao 43.0 1b-mol/h

For methanol: ©,, = = 1.67

_ Fyy _ 802.8 Ib-mol/h _

. or- _I'po _ = 18.65
or water B F,, 43.0 Ib-mol/h

v th o _ r4e E/RT —ry = kC,
MBI Tk |4 de E/RT k = 16.96 10'2 exp[-32,400/R/T] h-!
v — _(1696X 102 h1)(0.1229 h) exp (—32,400/1.9877)
MB 1 4 (16.96 X 1012 h=1)(0.1229 h) exp (—32,400/1.9877)

(2.084 X 10'2) exp (—16,306/T)

_ o
MB = 172,084 X 1012) exp (—16306/7)° =




(b)  Evaluating the energy balance terms
(1) Heat of reaction at temperature T

AH, (T) = Alex(TR) + ACP(T - TR)

ACp = Gy, — Gy, — Gy, =46 —18-35 = -TBtu/lb-mol/°F
AHy, =-36,000-7(T - T)
(2) Heat capacity term

20,6, = Cp, +0 Cp +0,Cp Ty = Tpy+AT,, = S8F + 17°F = 75°F
— 35+ (18.65)(18) + (1.67)(19.5) _ 535°R
= 403.3 Btu/lb-mol - °F I'y = 68°F = 528°R

Yo = _ % 0,Cp (T—Ty) v — _(403.3 Btu/Ib-mol - °F)(T — 535)°F
FB AHS (Tp)+AC,(T—Ty) FB —[—36,400 — 7(T — 528)] Btu/lb-mol




— 403.3(T - 535 (2.084X 10™) exp (—16306/T) . .
Xip = ( — : <:> MB = T 2.084 % 1012 —16306/7) | SR
36,400 + 7(T — 528) 2. ) exp (— 16, )

1.0 —

r Xyvp XEB s L Xeg Xy
(°R) [Eq. (E12-3.10)] [Eq. (E12-3.14)] R

535 0.108 0.000 o7 |

550 0.217 0.166 S o5 - |

565 0.379 0.330 2 o L |

575 0.500 0.440 §ou L |

585 0.620 0.550 L |

595 0.723 0.656 |

605 0.800 0.764 T |

615 0.860 0.872 o1 |

625 0900 0980 535 l 5|55 | 5'|I'5 l 55|)5 | 6‘1|5 l 6;5 |

T(°R)

Intersection point is at 83% conversion and 613 R. At this point, both the energy balance and mole
balance are satisfied. Because the temperature must remain below 125 F (585°R), we cannot use
the 300-gal reactor as it is now



Part b: using a cooling to remove excess heat

The energy balance

v - UA(T = Ty) + Ws + Fyo 212 0;Cpi (T — Tjo)
—Fa0|AHR, (Tg) + AC, (T — Tg)]

~~

¥ E(*DJ-CPI,(T—TO)—I— |UA(T —T,)/ Fpl
B —[AHR (TR) + AC(T —Ty)]
ud _ (100 Btu ) (40f>)  _ 929 Btu
F, h-ft2-°F/ (43.04 Ib-mol/h)  Ib-mol - °F



Recall that the cooling temperature is
T,= 85°F = 545°R

_ 403.3(T — 535) +92.9(T — 545)

Xgg —
36,400 + 7(T — 528)

Nonlinear equations

ok

(2.084 % 10'2) exp (— 16,306/ T)

, I'1s iIn°R

1 f(T) = x-2.084e12*exp(-16306/T)/(1+2.084e12*exp(-16306/T)) = 0
2 f(x) = x-(403.3%(T-535)+92.9%(T-545))/(36400+7*(T-528)) = 0

Calculated values of NLE variables

Variable Value f(x) Initial Guess

1T 563.6994 -4.519E-08 550.

2% 0.3632108 1.864E-09 0

T =564°R and X = 0.36




Heat transfer in non-isothermal PFR

Heat transfer across the length of the PFR AQ = UAA (T, —T) = Ua(T, - T)AV
varies with reactor length and the type of BN
a A
the reaction. <
X
Fg — SFH —=| T > SFH, F,
A—B+ C To \ T
JF .
The design equation ?d“Vj =r,=v.(—ry) vovsav
The energy equation Q—Ws—Fpo> 0,Cp(T—Tj) — [AHR(Tg) + ACH(T — Tg)1F 50X = 0
i=1

Where at this time Q varies based on the heat generated or consumed within the
reaction, i.e. Q = f(T)



Differentiate the energy equation w.r.t. volume, V

0—W,— FA[JIZ ®sCPr_(T —T9) = [AHR(TR) + ACp(T = Tg)|F 5o X = 0

i=1

dQ dT ax T ax dT
dV FAO 2 6 Cpl dV AHRX(TR)FAO W + jRACp dT FAO W + FA()X ACp W - 0
Re-arrange
dQ —F Zec + X AC, ar AHS. (Tg) + jTAC dT || F 0
R A0 17
av. A bt av |7 R — dv
Substitute for the rate of reaction —r, =F ax



T
AHS, (Tg) + ( j AC, dTﬂ (=1,) = 0
T

R

d0 - dT
1=

dQ  d(mCy(T, —T))

v T =Ua(T, —T)

ar  Ua(Ty =) + |= AHE(Te) = ([, A, dT )| (=)

— = =f(X,T,T,)
dv Fuo(X1,0,Cpi + X AC,) .

We need to have a relation between T, and T



Balance on the Heat-Transfer Fluid

TaO \
A. Co-current Flow Fao. To )
Tao /

Heat Transfer Fluid
Reactants

inat V out at V+AV

Rate of heat
{Rate of energy} _ {Rate of energy} ate of heat added

the inner wall

JW.ZCI_[C|V - meClV—FAV + UG(T—TQ)AV

dH

C

—m,——+Ua(T—T,) =0

dv
H T : >
dczcda

dVv Pe qv

T by conduction through| = 0

AT,

av




Balance on the Heat-Transfer Fluid

B. Counter-current Flow

dT, Ua(Ty-T)
"8 = = f(T,T,)

mcC

I’//////////////o]////1/////////|

V=0 V V+AV V=V



dX -
Mole balance = A= f(X,T,p)
v~ F,
dp
Pressure drop — =—h(p,X,T)
dV

dP _ _ G =) | 15000 =) | | 75| Po| T | Fx
dz P &. Dpd’ Dp P \T,)Fr
Bo

Special case: For liquid-phase reactions, the rate is not a
function of total pressure, the mole balance is

F
—L =1+eX
FTO

dX: _rA =f(X,T)




Design of non-isothermal PFR with heat exchange
(conversion approach)

Suppose the following reversible reaction takes place in a plug flow reactor where the
pressure drop 1s negligible. The cooling/heating utility flows co-current with the reaction
effluents to the reactor::

A+B —— 2C

1. Mole Balance: dX _ TTI'a

E| 1 |
k=k,(T Ll 2
C(zj 1( 1)'3?‘11{}2[:(1 Tﬂ
2. Rate Law: —ry = k| C\Cg— —




3. Stoichiometry (gas phase, no AP):

T
Cy=Cho(1—X) 2 T“ Cp = Cao(Op —X) = - Co = 2C, X =

4. Energy Balances:
dT _ Ua(T,—T)+(—ra)(—AHg,)

Reactor: =

Co-current Coolant: dT, — Ua(T—T,)
d m Cp

X dT

d
Three equations: AT and o = are varies with the volume, V with three

unknowns: X, T and T,



Design of non-isothermal PFR with heat exchange
(molar flowrate approach)

Similar to the reversible reaction takes place in a plug flow reactor where the pressure
drop 1s negligible. The cooling/heating utility flows either co-current or counter-current
with the reaction effluents to the reactor::

1. Mole Balance: dfy _ Fa @Jﬁ =1y dfc _ ¥
dv dv av ¢
El 1 1
k=k (T - =— =
2. Rate Law: —ry =k, | C,Cq— ]_5‘2
C AHg [ 1 1
KC_Kcz(Tz)eKP{ - {iT



3. Stoichiometry (gas phase, no AP):

g = Fa
A+B —/—— 2C
FC__ZFA
F. T Fyg 1,
Cp=Cry—= = Cg = Cry =
A TUFTT B TUFTT

FTZFA+FB+FC

N kl{CACB_
F~ T
Cec = Cpy i }_0



4. Energy Balances:

dT _ Ua(T,—T)+ (—ry)(—AHg,)

Reactor: =
dV FACPA+FBCPB+FCCPC

Co-current flow dT, _ UaT—T,)
d V mcCP )

dT, Ua(T,—T)
dv m Cp

Countercurrent flow

dF, dFp dFc¢ dT
av ' av ’ av ’'av av
unknowns:F,, Fg, F., T and T,

Five equations:

dr, . . L g
and —= are varies with the volume, V with five



Example 14.2: Isomerization of an exothermic reaction of n-butane to
i-butane in non-isothermal, non-adiabatic PFR

The 1somerization 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 #~7at 360 K. The feed enters the
reactor at 305 K. The coolant media enters at 315 K with m, = 500 kg/h and heat
capacity of €, = 28 k] /kg.K.

n-C,;H,, —— i-C,H,,

[ AHg, = —34,500 kJ/kmol Ua = 5,000 kJ/m3-h-K.

Cao = 1.86 kmol/m? Fro=14.7 kmol A /h
Additional information: < Butane i-Pentane
Cpn_B = 141 J/mol - K CP{__P = 161 J/mol -K

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

1=



Solution A 5
T —1360

k =31.1 exp| 7906 -

P 1 eXp[ ( 3607 ﬂ

v Fao Re K. =3.03 ex [—830 3(T_333ﬂ
c =2L2EXP “\ 73337

X, = tc
- 1+ K,

dT _ r\AHg, — Ua(T— 7:.:) _ IZWAHg, - Ua(T— 7;)
dv Fro20,G, FroCo,

| —

Ce,

Co-current Heat Exchange 91 _ Ua(T - T,)




Differential equations

1 d(Ta)/d(V) = Ua®(T-Ta)/m/Cpc

2 d(X)/d(V) = -ra/Fa0

3 d(T)/d(V) = ((ra*deltaH)-Ua*(T-Ta))/Cpo/Fal

Explicit equations

Cpc = 28

m = 500

Ua = 5000

Cal = 1.86

Fa0 = 0.9%163*.1

deltaH = -34500

k = 31.1%exp((7906)*(T-360)/(T*360))
Kc = 3.03%exp((deltaH/8.314)*((T-333)/(T*333)))
Xe = Kc/(1+Kc)

10 ra = -k*Ca0*(1-(1+1/Kc)*X)

11 Cpo =159

12 rate = -ra

O NN A WN

(‘ilculated values of DEQ variables

2
3
g |
s
.
7
s
3

—

0

—

1
1

[

3
14

1
16

1
.
5

Variable Initial value Minimal value Maximal value Final value
Ca0 1.86 1.86 1.86 1.86

Cpc 28. 28. 28. 28.

Cpo 159. 159. 159. 159.
deltaH |-3.45E+04 |-3.45E+04  -3.45E+04 -3.45E+04
Fa0 14.67 14.67 14.67 14.67

k 0.5927441 |0.5927441  63.21931 6.80861

Kc 9.512006  |0.8200563  9.512006 2.641246
m 500. 500. 500. 500.

ra -1.102504  -24.31058  -0.1181808  -0.1181808
rate 1.102504  0.1181808  24.31058 0.1181808
T 305. 305. 372.0171 336.7102
Ta 315. 314.5286 335.6949 335.6949
Ua 5000. 5000. 5000. 5000.

v 0 0 5. 5.

X 0 0 0.7185996 0.7185996
Xe 0.9048707 |0.4505664 | 0.9048707 0.7253687




Variation of T and X vs V in exothermic, non-isothermal, non-adiabatic
isomerization reaction with co-current heat exchange

----"‘-—\—__

318.0 0.72 X /

e
316.0 0.64
314.0 0.56
312.0 0.48

N

T(K) 8100 X 0.40 X
308.0 0.32
306.0 0.24
304.0 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 30 35
V (my) 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

%

kmol
m3h

|

8.00

8.10

7.20

6.30

5.40

4.50

3.60

2.70

1.80

0.90

0.00

0.0

0.5

1.0

1.5

2.0

25 30
V (m,)

(c)

35

4.0

4.5

5.0



Topic 15. Unsteady-State, Non-isothermal
Reactor Designs

This lecture

v The Unsteady-State Energy Balance

v’ Energy Balance on Batch Reactors

v Semi-batch Reactors with a Heat Exchanger
v Unsteady Operation of a CSTR

v Non-isothermal Multiple Reactions



The Unsteady-State Energy Balance

F‘ y
out

0- Ws + Z EH;:|. - Z EHi| C (CL?E) (8. Fu > _{ * J_ ) eg.Fy
i=1 R o ! i PN "

out
L (e.g., Ha)

A

in
(e.g., Hag) )

Egys = zNE N,E,+ NgEg+ N-E.+ NpEp + N|E,

Neglect

Eyo= > NE = > NU = {ZN(H PV)} ZNH PZ
i=1 j sys L

i=1 i=1

Ve

The term P Y1~ N;V; always smaller than the other terms in this equation and can be

neglected



try>

:||> 2 dH. dN.
s = N.H.- ‘*&E) — [ZN '+ SH }
y ;21 - ( dt ) dt : dt Ly,
T
o dH. dT
i i (Ir) JTR P, 7 CPi 7
. . dH. dN .
O— W, +SFoH,| —SFH)| [E,N S 2 punkd J
n ou dr dt. sys

dT dN



The mole balance on species i 1s

dl = —v, 1r\V +F,,— F
dt
O IV + Sy~ SFH, = NGy 4L+ 3 1,

NS

dT
O~ W, +XFoHy— XFH = S N;Cp 7 + X v Hi(—=raV) + X FioH; — X F;H,

> v.H; = AHg,

-

dT _ Q=W =X Fyy(H;— Hy) + (—AHg,) (=74V)
dt ZNECPI.




Substituting for H; and H,, for the case of no phase change yields the
energy balance on a transient CSTR or semi-batch reactor

dr _ Q= Ws= > FCp (T =Ty + [~ AHg (T)I(=74V)
di 2 NG,

For liquid-phase reactions where C, 1s usually small and can be
neglected, the following approximation 1s often made

Cp

K—A_\

2 N;Cp =2 NigCp, = Nag 20,Cp = NaoCp, (J/K)

Also Z F}OCP!- — FAOCPS (J/S . K)

Cp 1s the heat capacity of the solution

A
r—_—'\
-A_,B & Heat



Energy Balance on Batch Reactors (BRs)

The general transient energy balance:

a7 _ Q= Ws = FuoCp (T = To) + [~ AHp (D) (=1a V)

Cit ]\{A{)(:}z
Reduces to:
dT = Q_ WS+ (_AHRx)(_rAV) ‘
dt Z Ni Cp_ Half-pip .\ II’. -
! alf-pipe ‘-\~: | ine-type
jacket Q:I Iii baffle
Srle I

Conventional

At steady state condition, where there 1s no shaft work, the heat P

generates, (Q4p, equals the heat removed by the jacket, Q.



O = (AHR)(=1yV) Qrb=n%cpc(r—ral>{l‘ew{‘ - ﬂ

mCPC

Tp=T—(T— Tal){l - exp{— v4 ﬂ

m Cp

C
For liquid phase reaction, the number of moles are related to

conversion Reminder: The sign
convention

N; = No(0;+v,X) Heat Added

0 = +10J/s

Heat Removed

The unsteady energy | g7 Q— W+ (—AHg,) (—r,\V) ) — _10/s

balance
dt >N ; CPi Work Done by
System

We=+10J/s

dT _ ng . Qrb Wé)r};tggne on
dt N,y (X0, Cp +ACHX) W =—10J/s




Special Case 1: Adiabatic operation in unsteady batch reactor

ax dT _ (—AHR )(—1\V)
N, .22 = — — X
AQ dt rAV <:> dt ENiCPI_

Substitute for —7, I/ from design equation into the energy equation, and multiply by dt

_ (~AHgy) (Nap 4X)

dT
Z Ni Cpi

Integrate the above Y 0,Cp (T—T,) o T =7T,+ [—AHR, (Ty)1X
equation to get X = —AH, (T) Z O.Cp, + X AG,




Special Case 2: Heat Exchanger in a Batch Reactor

dX  —r\V . dT_Q_Qr
i N:o Neglecting ACP the energy balance is dr Ni OCPS

Qr = ".%CP {(T_ Tal)|:1 - exP[fUA H}
¢ mcCPC

-

Qg = (—1AV)(—AHR,)




Example 15.1 Unsteady state batch reactor with heat exchange

Suppose a batch reactor 1s used for the production of propylene glycol from hydrolysis of

propylene oxide according
H,SO

CH,—CH—CH,+H,0 —— CH,—CH—CH,
(@) 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, CPA = 35 cal/mol/K, CPB = 18 cal/mol/K,
Cp =46 cal/mol/K, and Cp,, = 19.5 cal/mol/K.



Solution

The number of A: Ethylene oxide: N,,= (13.7 mol/dm?) (4 dm?) = 54.8 mol
moles of species > B: Water: Npo = (55.5 mol/dm?) (10 dm?) = 555 mol
fed to the reactor M: Methanol: Ny = (24.7 mol/dm?) (4 dm?) = 98.8 mol
=Y 0,C, = + Cp O —C = 555 98.8
Cp, =20,Cp =Cp, +Cp, 05 + Cpy O 30,C, = Cp =35+ 18(54.8 +19.5( 22
— 35+182.3+35.2 = 252,54
mol-K

Cp, = 2525 cal/molV/K  Cp = 4.16callg/s m. =10 g/s

N,, = 54.8 mol, UA = 10 cal/K/s

T =290K,T, = 286K



1. Mole Balance,
2. Rate Law:

3. Stoichiometry:

dx _ =V
di N
—rIa :kCA

Ny = Npo(1 —X)

ax _ ..
|:>< o =k(1-X)

297

. E _ _ I 1] -1
with 2 9059K |:> k= (2.73 X 107%) exp {9059[( (— ?ﬂs

4. Energy Balance:

( 0, = n‘zccpc{(r— Tal){l - exp(

dT_ ), — .r N o e e
T _ Q=0 [ {0, = (~n¥)(—AHR)

Al = Nagk(1-X)

/" for liquid batch V = V,,

k= (471 X 10%) exp [(R s




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

Explicit equations

UA=10

DeltaH = -20202

Tal = 290

Cpc = 4.18

Cps = 252.5

mc = 10

k = .000273*exp(9059*(1/297-1/T))
Ta2 = T-(T-Tal)*exp(-UA/mc/Cpc)
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

O W NN A W N

Cilculated values of DEQ variables

1
2
3
4
5
6
7
8
9
10
11

[

0
12

13

14
15

Variable Initial value Minimal value Maximal value Final value
Cpc 4.18 4.18 4.18 4.18

Cps 252.5 252.5 252.5 2505
DeltaH |-2.02E+04 -2.02E+04 -2.02E+04 -2.02E+04
DeltaQ |-129.0831 -1911.68 458.3634 155.5053
k 8.446E-05 |8.446E-05 0.0224452 0.0007724
mc 10. 10. 10. 10.

Nao 54.8 54.8 54.8 54.8

Qg 93.50797 0.0004292 2329.262 0.0004292
Qr -35.57509 -35.57509 508.6372 155.5058
T 286. 286. 347.1903 307.4848
t 0 0 4000. 4000.

Tal 290. 290. 290. 290.

Ta2 289.1489 289.1489 302.1684 293.7202
UA 10. 10. 10. 10.

X 0 0 0.9999995 0.9999995
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Unsteady state semi-batch Reactors

The general transient energy balance:

dTl’ _ 0~ WS—EF’;‘OCPI.(T_T;()) — [AHR (D)](—r\V)

dt 2 N,Cp
Reduces to:
_ Ogs = (1 V)(AHy,)
Q — Qgs - Qrs
di SNC, | Where
i . . . - UA
Ors = ZF}OCP.(T_TiO) tmCplT =T, 1 —exp| —
* mCp

ﬂ




For large coolant flow rates, the energy balance reduces to

Qgs Qrs
ar  (aV)QHg) = [EFCp(T—Ty) +UA(T—T,)]

dt 3N,Cp

The design equation is written based only on one flow stream; whether there is a feed
IN or product OUT. The general mass balance is

Mass Mass Rate of Rate of
rate — rate + mass mass
in out generation accumulation



Example 15.2 Unsteady state semi-batch reactor with heat exchange

The second-order saponification of ethyl acetate is to be carried out in a semi-batch reactor
according

C,Hs(CH;COO)(ag) + NaOH(ag) ——— Na(CH;COO)(aq) + C,HsOH/(aq)

A + B %5 C + D

Aqueous sodium hydroxide is to be fed at a concentration of 1.0 kmol/m?, a temperature of 300 K,
and a volumetric rate of 0.004 m3/s to an initial volume of 0.2 m? of water and ethyl acetate. The
concentration of water in the feed, Cyy, = 55 kmol/m>. The initial concentrations of ethyl acetate and
water in the reactor are 5 kmol/m3 and 30.7 kmol/m?, respectively. The reaction is exothermic and it
1s necessary to add a heat exchanger to keep its temperature below 315 K. A heat exchanger with
UA =3000 J/s-K 1s available for use. The coolant enters at a mass flow rate of 100 kg/s and a
temperature of 285 K.

Plot the reactor temperature, T, and the concentrations, C,, Cg, and C as a function of time.



Solution

Cwo i
Additional i tion.’ Cgo
itional information —
k = 0.39175 exp [5472.7 [2% - %H m3/kmol - s R NS L
. H
K = 103885:44/7 m,, T, g A oED)
CWi CAi CBi
AH%, = —79,076 kJ/ kmol N

Cp, = 170.7 kJ/kmol/K = 170,700 J/mol/K

C D Py P

B

Feed: Cwo = 55 kmol/m?  Cg, = 1.0 kmol/m?
Imtlally CWi = 30.7 kmOl/m3 CA:' =35 km()l/m3 CBi =0



1. Mole Balances: C,Hs(CH;CO0)(ag) + NaOH(ag) ——— Na(CH;COO)(aq) + C,HsOH(aq)
—

A + B — C + D
Ny o0t
_ — _ r
dt A
Cwo i
Also, the rate of disappearance of A is Chgo i -
rAV — dNA — d(CAV) _ VdCA-|— CAfi_‘/ rhc,Ta1 N A A AL A A
dt dt dt dt . g @
The overall mass balance n'fzo — 00— 0 = d—m (| Cw Ca Ca
dt
——
vy - 0+ 0 = 4D

For a constant- _ dv _ dC v
density system Po—P dt Yo fl> —2=r AT VOCA




For component B (which is only fed IN)

AN,
—_— =7 V + F A A AL A A
dt B BO m,, T, g
Do)
ANy d(VCy) av.. . VdCs Mot (B =T
7 — T — ECB-I_ dt- - I‘BV‘I'FBO: I“BV+UOCBO L CWi CAi CBi
dCyg _ n y(Cpo — Cp)
dt %
Similarly for C and D ‘% — CC;/UO Cp = Cc
And water %’ -



2. Rate Law: 3. Stoichiometry:

—ra=k CACB_CCCD AT TIg = fc = Ip
K¢ Ny =C,\V
V= V0+ Uof

Nyw; = V;Cyo = (0.2 m?)(30.7 kmol/m?) = 6.14 kmol




4. Energy Balance:

dT _ Qgs— Ors
dt 3IN,Cp

Only species B (NaOH) and water flow into the reactor, The heat removal term

reduces to

Qe

s = (raV)(AHgy)

Qrsl

Qrs2

-

O = EFBOCPB + F Co (T — Toj + n:chPC [T — Ta1]|:1 - exp{ _

UA

m.C
cPC

I

UA

= ZFiOCP].(T_ Ti) +m Col T — Tal]{l — €xp{_,—

|

mcCP



’ C
Fiyp = v,Cpy = (0‘004£)(1km§)1) _ 0’004km01, C:f
m3 kmol kmol . A A LA A
F, =v,C,, = (0.004—)(55 3 ) = 0.220 Mg, T
S m

S
r-hc ’Taz

Cp, = 170,700 J/kmoV/K, Cp = 75,246 J/kmol/K

{
|

@\
])
\
U

CWi c;Ai CBi

NCp = Cp,Np + Cp (Ng + Nc + Np + Ny)



Differential equations 6 CwO =55

1 d(Ca)/d(t) =ra-(vO*Ca)V 7.dh =-7.9076e7
2 d(Cb)/d(t) =rb+(v0*(CbO-Cb)/V) 8 k = 0.39175%exp (5472.7*((1/273)-(1/T)))
3 d(Cc)/d(t) = rc -(Cc*-vO)/N 9Cd=Cc
4 d(T)/d(t) = (Qgs-Qrs)/NCp 10Vi=0.2
5 d(Nw)/d(t) = vO*CwO 11 Kc = 10/(3885.44/T)
12 cpa =170700
Explicit equations 13 V = Vi+vO*t
1 v0 =0.004 14 ra = -k*((Ca*Cb)-((Cc*Cd)/Kc))
2 Cb0 =1 15 Na = V*Ca
3 UA =300 16 Nb = V*Cb
4 cp = 75240 17 Nb = V*Cc
5TO =300 18 rb=ra

19 rc = -ra



20 Nd = V*Cd

21 rate = -ra

22 NCp = cp*(Nb+Nc+Nd+Nw)+cpa*Na
23 Cpc =18

24 Tal =285

25 mc =100

26 Qrs2 = -mc*Cpc*(Tal-T)*(1-exp(-UA/mc/Cpc))
27 Ta2 = T-(T-Ta1)*exp(-UA/mc/Cpc)
28 Fw = Cw0*v0

29 Fb0 = Cb0*v0

30 Qrs1 = ((FbO*cp)+(Fw*cp))*(T-TO)
31 Qgs =ra*V*dh

32 Qrs = Qrs1 + Qrs2

Calculated values of DEQ variables

Variable| Initial value | Final value
1 |Ca 5. 3.981E-13
2 |Cb 0 0.2682927
3 |Cb0 1. 1.
4 |Cc 0 0.6097561
5 |Cd 0 0.6097561
6 |cp 7.524E+04 |7.524E+04
7 |cpa 1.707E+05 |1.707E+05
8 |Cpc 18. 18.
9 |CwO 55. 55.
10]dh -7.908E+07 |-7.908E+07
11 |Fb0 0.004 0.004
12|Fw 0.22 0.22
13| K 2.379893 |4.211077
14|Kc 8.943E+12 | 3.518E+12
15|mc 100. 100.




31 300. 309.6878
32|70 300. 300.
33|Tat 285. 285.

34| Ta2 297.1669 _ |305.0248
35|UA 3000. 3000.
36|V 0.2 1.64
37]v0 0.004 0.004

38| Vi 0.2 0.2

16|Na 1. 6.529E-13
17 |Nb 0 0.44
18|Nc 0 1.

19|NCp 6.327E+05 |6.605E+06
20 |Nd 0 1.

21 |Nw 6.14 85.34
22|Qgs 0 6.19E-07
23|Qrs 2.19E+04 |1.993E+05
24|Qrs1 0 1.633E+05
25|Qrs2 2.19E+04 |3.604E+04
26 |ra 0 -4.773E-15
27 |rate 0 4.773E-15
28|rb 0 -4.773E-15
29|rc 0 4.773E-15
30|t 0 360.
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Topic 16. Unsteady-State, Non-isothermal CSTR
and PFR operation

This lecture

v Unsteady Operation of a CSTR

v Non-isothermal Multiple Reactions



Unsteady Operation of a CSTR

The general transient mass balance is similar
to that of a semi-batch reactor where there is
variation in volume, as well as, concentration

with time.

A+B—— C

d NA Heat Exchanger
Coiled Tubi
dt — FAO _ FA + TAV oiled Tubing

dN dN
_B:FBO_FB-I_TBV d_;:FCO_FC-I_rCV

dt dCt Vin Vou
% — v Ciin— 7 Ciouwt +7i




The rate of disappearance of A is

and
Combine the above equations: »
Similarly for component B:

And for C: (F;, = 0)

V= dN, _ d(C,V) _ VdCy , c.dv
dt dt dt dt
dN,
W — FAO FA + TAV
@ =r, + (Cao — CaVg
dt V
dCy _ o (Cgo — Cp)Yy
dt V
dCe CeUo
dt |4



Energy Balance:

ro.
. _ O, =(ryV)(AHg, )
dT o ng _qu < : A QR p QRZ .
at  NCp O =Fpo 20,Cp (T =T, )+1it.Cp (T—T,,)| 1-exp —uA
\ 1 ‘ mcCPC




Unsteady Operation of a PFR

The general transient mass balance is similar
to that of a semi-batch reactor where there is
variation in volume, as well as, concentration

with time.

A+B—— C

dN,
FzFAO —FA+T'AV
WZFBO_FB-I_TBV W:FCO_FC-I_TCV i

% — v Ciin— 7 Ciouwt +7i




Energy Balance: algiys = A0 — Avp, —

Z FiH; ly+av — Z FH; |y

o= SNE = SNU, - {ZNf(H;-—PVf)}
Sys

i=1 i=1 i=1

EsysZZNiHi—PENiVi:ZCiHiAV_pAV Nizcl.AV

0C; oP
SyS ] o or
[z g at 3 ot

[ZC 9H; ZaClH _OP] _AQ _ Ay [YFiHily+av—X Fillily]

otl AV AV AV




Rearrange, AV — 0

6Q aWS BHL 6Fl aCl aHl dP
Hi - Ci
Z ot ot

F. _
v v i 3y av T ot

Unsteady-state mole balance for PFR

dN; C: OF: daC; OF;
- = 1AV + Fily = Filysay ) SrEn—a > mi=o-+os

Substitute in the energy equation

90 OWS ZH()_ZC
v v ‘av ik ‘at ot




Write the energy balance in term of the key component, for example (A)

90 v 2 Hi( B z C
v v Fi aV vita) = ) Gi at

Assumption: No
variation in shaft work )

and pressure with time

A. Co-current Flow

B. Counter-current Flow

n where | 7, = v;(=1)
%_ ‘av - Qv = ) 6 at
=T = (1T
T = T = f(T, )




0

ZH( ViTy) =

v Lt av l at
0H; oT
But = Cpig and =) Hy(=viry) = (=12) (AHp)
aT
> Ua(T, —T) — ZF cpl +( r)(—AHg) = [20 Cot | 57

Co-current Flow

0Tq _ Ua(T-Tgy)

v = e, — (T Ta)
Either of these equation aC;
must be coupled with ¢ JilaT

design and rate equations

oF,

dt

Counter-current Flow

% __ Ua(T,-T)

ov mcC

=f(T,Ta)

and 14 = f(C)




If the system is under steady state condition, these energy equations

Reduce to

aT
oy T (CTa)(=AHR) = [2 Ci Cpi

Ua(T, —T) — [Z F; Cp;

oT
ot

dr  Ua(ly =) + | = AHR(Tp) = ([, AC, dT )| (=)

av Fuo(X,0,Chi + X AC,)

=f(XT,Ta)

And the unsteady state design equation

Reduces to

aC; oF,

E =ViTy — E and Ty = f(Cl)
oF; oF; B
0=ViT'A—E or E_VirA_ri

ra = f(C)) ri = f(C)




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

q
i, Cp (T, — T)[1—exp(~UA/m,Cp )1+ Y 1, V AHp (T 2 oCoi(T—Tp)
dT i=1

dt L
2 N o Cp
i=1

q m
V' 2 1y AHpey = UA(T=T)= > Fy Cp (T T0)

i=1 ji=1

2.N,Ce
j=1

For large coolant dT _
flow rates dt




