
Chapter 1 :

-> Chemical reaction Engineering (CRE] : is the field that studies the rates & mechanisms of chemical

reactions & the design of the reactor in which they take place .

Pillars of CRE :

1 Mole Balance

2- Rate Laws

3 - stiochiometry

4 - Energy Balances

S-Diffusion

6- contacting

* CRE Algorithim

Mole Balance + Rate Laws + Stichiometry + Energy Balance + Combine -> Solution(isothermal system]

-> Mole Balances : -

-> four most common types of industrial reactors

1- Batch Reactor

2. Continous - Stirred tank Reactor (CSTR)

3 - Tubular Reactor or Plug flow Reactor (PFR(

4- Packed bed Reactor (PBR)

# The Selection of a reaction system that operates in the safest & most efficient manner can be the key to

the economic success or failure of a chemical plant.

-> if a reaction system produces a large amount of undesirable product , subsequent purification & separation

of the desired product could make the entire process economically unfeasible.



Rate of Reaction 1- in)

Rate of Reaction : how fast a number of moles of one chemical species are being consumed to form another

Chemical species

#
Chemical species :

any chemical component or element with a given identity

#
Identity of chemical species : atoms

,
Number of atoms

, configuration

-> A chemical reaction has taken place when a detectable number of molecules of one or more species have

lost their identify ; change in kind or number of atomsor change in structure or configuration.

-> Total mass is neither created nor destroyed<

conservation of mass principle

-> Three ways for a species to loose it's identity
↓ Decomposition

2 - Combination

3- isomerization

-> The rate of reaction is the number of moles of species A loosing their chemical identity per unit time

per unit volume

-> Rate of Disappearance of reactant : - NA

-> Rate of formation (Generation) of a product : Up

A- B

- VA : rate at disappearance of A

TA : rate of formation of A

ro : rate of formation of B



* consider species j

- if species j is a reactant rj = - 4mol/dm3/S
example.

~ it species j is a product ri = 4mol/dm"/s

- Tj is a function of temperature , pressure ,
9 Type of catalyst .

- rj is independent of the type of reaction system

- Ij is an algebric equation ,
not a differential equation -> independent of time

#A is not the rate of reactions

=> In

· Heterogenous reactions involve more than one phase , the rate of reaction is usually expressed in measures other than

volume (reaction surface area , catalyst weight]
· for gas-solid catalytic reaction

,
the gas molecules must interact with the solid cutalyst surface for the reaction

to take place .

r : number of moles A reacting per unit time per unit mass of ratalyst

General Mole Balance Equation

> Gj &

Fir Fj

Molar flow rate of - Molar flow rate of + Molar Generation of = Molar rate Accumulation of

species j in species j out species j species j

E-fi + Gj =-numberomosa stem
+ Generation
- consumption



· if the system is uniform throught its entire volume -> spatially uniform

Gj rjV
↓ rate of reaction

(noxime volume) Norme = G;
rj product (+ ) = + G generation

& reactant (-) = - G consumption

-> if not spatially uniform

Gj- EDVi = Sid
species jatd

Belemental
volumes

element i

Fao-FA + Sind =

1- Batch Reactor

- Reactants are placed in the reactor, the reaction is allowed to proceed for some time

- closed system : no addition of reactants or removal of products during the reaction .

- Unsteady state conditions : changes in composition with time .

(d reactant
,
↑ product (

-> Ideal Batch Reactor : Perfect mixing
· Spatially constant temperature & concentration

,
but not constant in time .

closed sys.

->Mole Balance : Anot + Generation = Accumulation

JrjtV = Batch Reactor Design Equation

- if the reactor is perfectly mixed , spatially constant temperature & concentration : -

= V ideal Batch Reactor

Design Equation



ot=
-

↳ time necessary to reduce the number of molesA

from Nao to NA

2. Continous Stirred Tank Reactor [CSTR]

- Continously add reactants & remove products (open system (

- Inlet stream instantanously mixes with bulk of reactor volume .

-> Ideal (STR : Assume perfect mixing occurs in vessel

- Spatially constant temperature a concentration

composition of the exit stream is the same as that inside reactor (CA
, oriet

= Castank)
- Steady State conditions : Reaction Rate is the same at every pointa doesnot change with time

-> Mole Balance : In-out + Generation = AccumptatioSteadyState

Ejo-fj + JrjdV = 0 Steady State CSTR Design Equation

· perfectly mixed , spatially constant CSTR :

Fjo - fj + rjV = 0

V = Fjo -Fj Ideal Steady State CSTR Design Equation
- r

rj is measured
&

at the exit (jexit = Cjtank)

↳ Reactor Volume required to reduce the entering flow rate of species j

from fjo to fj at the outlet



Molar flow Rate : Concentration j x Volumetric flow Rate

[ - [i]
fj = Gxv

v= GoV - Gr

- j

3. Plug flow Reactor [PfR]

- Cylindrical Pipe with openings at both ends

- steady movement of material down the length of the reactor

- Reactants are consumed as they flow down the length of the reactor.

- steady state operation

- No radial variation in temperature ,
concentration ,

9 reaction rate

- All floids/gas elements have the same residence time

-> Mole Balance

- the composition of the floid varies from point to point along a flow path . Consequently the material balance

for a reaction component must be made for a differential element of volume DV

fal-falar "DV = 0

Tim Falvor-Fale =

ra- =v - 6

Dr

Ideal SteadyState

VA PAR Design Egrationis

volume necessary to reduce the entering molar flow rate from fo to fa

-> Degree of completion of ideal PfR is not affected by PFR shape , only volume .



4 - Packed bed Reactor [PBR]

- Cylindrical shell
, vertically oriented [gravity driven flow]

= Heterogenous reaction : fixed bed of Catalyst inside

- concentration gradient of reactant & product down the length of reactor

- Reaction occurs on the surface of the catalyst pellets

- Reaction Rate is based on the mass of solid Catalyst[W] ,
not reactor volume [V]

-> Mole Balance

fjo - fj + rjdV = 0

r= e similar to PFR
,
but expressed in Catalyst weight

Fruitsforthe rateofa b ↑Unitsfor theratemeatalyst

=



Reactors Mole Balances Summary

Reactor Differential Algebric Integral comments

NA

Batch ↓a = raV =S spatially constant

St
unsteady state

CSTR V = Fao-FA Spatially constant
- rA

steady state

PFR = ~ Steady state

PBR = we SteadyState

* CSTR -> Algebric due to constant concentration

only volume changes (residence time (



Selection of Reactors : -

Batch : - small scale

- production of expensive products (pharmacy
- high labour costs per batch

- difficult for large scale production

CSTR : - most homogenous liquid-phase flow reactor

- when intense agitation is required

~ easy to maintain good temperature control

- the conversion per volume of reactor is the smallest of the flow reactors

PfR : - most homogenous gas-phase flow reactor

- relatively easy to maintain

- usually produces the highest conversion per reactor volume

- Difficult to control temperature

- not spots can occur



Chapter2 : Conversion & Reactor Sizing

Detention of conversion

aA + bB - c + dD

-> choose Limiting reactant A as a basis of calculation

A + -B+ + D

=> Conversion Xa : the number of moses of A that have reacted per mole ofA fed to the system

Xa = molesA reacted

moles A fed

- for Batch system : moles Afed is the amount of A at the start of the reactor at (t = 0 (

- for flow System : moles A fed is the amount ofA entering the reactor

Expressing other components conversion in Terms of XA

A + 2B +

2 + D Xa-molestreact
on

↓
Basis" Limiting ↳ "Stichiometric

reactant
"

coefficient"

- Batch system : Longer reactant is in the reactor , more reactant is converted into product (until reactant

is consumed or the reaction reaches equilibrim [reversible reaction] >

Conversion (Xj) is a function of time (t) in the batch reactor

Na = Nao - CNAo][Xa] * Xa-esAreacta
Moles A in Reactor = Moles A - moles A

at time = t fed consumed (reacted) NA
consumed

= NAo .XA

-> NA = NAo(1 - XA)



reactant
↓

for B : NB = NBo - [NAO][XA]

product *It TX TNA & NAo

for 2 : Nc = N ** [NAr][XA]

for D : Np = Noo + [Nao] [XA]

for inert : Ni = Nio (norxn]

Batch Reactor : -

Moles A remaining
= Moles A initially - moles A reacted

NA = Nao-(NAo · XA)

* Batch Reactor Mole Balance

↓NA = 0 - NAjbX =

=-NA

↳= t = 0 X = 0

t = t X = X

= t :No necessary to achive conversion



CSTR

- At steady state d =

-well mixed CrAGV = rAv

VA-fA * CSTMMole Balance

Moles A leaving = Moles A entering - Moles A reacted

Fa = fro- [foxal

V = fro-fa = v = Eno-[fao-(faoXa1]
- VA - Na

V = Fro XA Cir volume necessary to achive conversion X

- Ta

PfR

- At SteadyState = Na

Moles A leaving = Moles A entering - Moles A Reacted

Fa = Fao- > FaoXA)

d Fa = 0 - faodXA



= X= 0 V = r

X =XV = V

v PfR volume necessary to achive conversion

Reactors Mole Balance Summary in terms of conversion X

Reactor Differential Algebric Integral

Batch Nao #X =
- raV = Nao

↓ t

CSIR V=

PFR Fro = -ra

·PBR Fo : -r



Applications of the Design Equations for Continous Flow Reactors

- Levenspiel plots

~ - ra as a function of conversion

- ra = f(x)

~ Levenspiel plot ,
either (fao/ra) or (-Yra) as a function of X

~ shaded area in Levenspiel plot- > Volume of CSTR & PFR

= g(x)

- For all irreversible reactions of order > Zero , as complete conversion is approached ,
all the

Limiting reactant is used up

As X - /

- into , + &

: V= S

- For reversible reactions , the maximum conversion is the equilibrium conversion Xe

SAt equilibrium the reaction rate is zero]

As X - Xe

- ra - 0 Frae d

= V - x

CSTR :

v = nx ev=[* -- NA
Area= volume

iof CSTR v

X ,
X



PFR

v = Y Fo -
v = [[)ax & "x

Area = volume

of PFR
* CSTR volume > PFR volume for reactions above zero order due to CSTR operating at lowest

possible reaction rate , whereas PFR starts with highest 5 decrease gradually

En V

Reactors in Series :

· Given - ra as a function of conversion
, one can also design any sequence of reactors in series by

defining Xi

* = total moves ofA reacted upto Point i

moles of A fed to first reactor

*moles into first reactor -> reference .

* only valid if there are no side streams

-> Molar flow rate of species A at point i

Fai = Fao-Fao Xi

-> Reactors in series :

V

X = 0 . 2 Xz = 0 . 6
>

N
V

X3 = 0 . 65
W

7

Reactor 7 : FA = FAo-FaoX



CSTR

Vi = Fao-fa = fao-(fao-Faoxil = Fao Xi

- MA
, - VA

,

- TA
,

F
-> curve for reversible

~ reaction

XI X

Reactor 2 : v.=x

-

AUC = Volume of

PfR

+



Reactor 3 :

FAz - FAs + rsVz = 0

(fao-faoX2) - (fno-faoX3) + r3Vz = 0

Vi = Fao(X3 - Xz)

- rA3

F

-
Space Time

,
I

-> space time
,
I is the time necessary to process one reactor volume of fluid at enterance conditions.

5==moreatore
* lig -s incompressible :

· Vin = Voot
↑ due to density effects .

* Gas -> compressible : Vin # Voot

-> for <STR T= =
e for PfR t= = Cora



Space velocity

SV= SV = 1 · lianosparityiSsir
T

* Two CSTR's in series- > less volume needed than one CSTR (more efficient)

-> This case doesn't hold true for two PfR reactors in series · [the total reactor

volume needed to achieve the same conversion will be the same]



Chapter 3 : Rate Laws

Types of Reactions :

- Homogenous Reaction : involves only one phase

- Heterogenous Reaction : involves more than one phase ,
reaction on the interface

- Irreversible Reaction : proceeds in only one direction & continues in that direction until the reactants

are exhausted (complete reaction ex: Acid-base reactions]

- Reversible Reaction : proceeds in either direction
, depending on concentrations till equilibrium

Molecularity of Reaction

- Molecularity of Reaction- number of atoms
,

ions or molewles involved in a reaction Step

-> Most common unimolecular reaction :

V -- Th + He -ru = k(

- The true bimolecular reactions that exist are reactions involving free radical .

Br + CHo -> HBr + C2Hs · - Vore = KGrH

-> Probability of teramolecular reaction occuring is almost nonexistant Creation pathway

follows a series of bimolecular reactions]

2 No + 02 -> 2 NOz

-> Rate Law

· Rate Law (Kinetic expression] -> Algebric equation that relates
- Va to the species concentrations .

Power Law Model

- ra =k d = order in A overall reaction order = ↓ + B

B = order in B



· A reaction follows an elementary rate law if the reaction order agrees with the stichiometric coefficients

Ex : 2A + B -> 3)

-> if reaction follows elementary rate Law

- ra = k (a) CB

* Rate Laws are determined by experimental observation

Relative Rates of Reaction

aA + bB c + dD

A + GB +G + D

# = = =

EX: 2A + B - 34

-

ra = 10 moYm3
.
S

=

- rB == -Smol/am3 . s

= 1Smol/dm

-> Reversible Elementary Reaction

2A +B
- ra = KCACB - =C = kn(CAB- ]

- ra = ka(( (-
↳ k at equilibrium



The Reaction Rate Constant

· k -> specific reaction rate or the reaction rate constant

· not truly a constant -> independent of the concentrations of the species involved

strongly dependent on temperature ·

depends on whether or not a catalyst is present ,
3 in gas phase reactions it may be a function of

total pressure

· In lig system it an be a function of other parameters ,
such as ionic strength & choice of solvent .

-> Those variables have much less effect than temperature does with the exception of supercritical

Solvents .

Arrhenius Equation
Tex keA

k = Ac
E/T

Ty k- 0 K

AZ 10'3 -
E= Activation Energy (cal/mol]

R= Gas Constant- [cal/mol . k] * ↑K IT will a specifictemp [increasing
exponentially)

T= Temperature [k]

A = frequency factor[units of A GK repend on overall reaction order]

Inka =

InA-Intercept

* The Activation Energy can be thought of as a barrier to energy

transfer [from KE to PE]

Reaction coordinates denote the energy of the system as a function

of progress along the reaction path (reactants - Intermediate -> products]



~ for a reaction to occur the reactants must overcome an energy barrier (Activation Energy]
↓ molecules need energy to disort or stretch their bonds (break & form new bonds]

2. overcome stearic & election repulsion forces .

-> Collision Theory : By increasing the temp ,
Kinetic energy increases -> transferred into Internal Energy

to increase the stretching a bending of bonds - reach Activated State.

*↑Temp , T rate of reaction
.
↑ Activation Energy (E)



Chapter 4 : Stichiometry

-> Stichiometric tables to express the concentration as a function of conversion

A + bB + - + -D * A is the Limiting reactant

Na = Nau-Nao X

-> for every mole of A that reacts
, A moses of is react

-> Moles of B remaining

NB = NBo - NX = No-

let Op=B

Up = Nao [OB-bx]

9 for Product C

N= Nc + GNAX = Nao(Oc + =X]



Batch System Stoichiometry Table

species Initial change Remaining

A NAv
- NAoX Na = Nao(l -X)

B NBO = NAo OB - Nao X NB = Nao(Ob- EX)

C Nco = NAoOn ↳ Nao Y Nc = Nao( + X)

D Nao = Nao Op NAX Ni = Nao(Oc + &X)

Inert No = Navo, no change N , = NaoO ,

2 = NTo NT = Nio + & NAoX

&
i =

Nio = Lio=Nas
CAOYo

6. = change in total number of mot per mol A reacted [product-reactant]

8= +-
&

constant - = /

* if the reaction occurs in the liquid phase Concompressible) , or gas phase reaction in a

rigid (constant volume] batch reactor V = Vo

CA = W = Nao(l-X) = Coll -X)

Vo

<=
= NAO(OB - EX) = CA0(OB - EX)

Vo



*Suppose - ra = KCA? (

-> Batch V = Vo

: - ra = k (ao(1-X)2 . Go (OB-EX)
- ra = k (no3(1 - x) (OB - Ex)

· for equimolar feed OB = 1 [OB===
·Stichiometric feed OB=-

->write rate Law then stiochiometry

kc = 20tm3/mol

Cao = 0 .2 mol/dm 3

ratecaw : - ra = KA[CA2- kc = #

2. mole Balance [constant volume Batch reactor] :

= -

3 - stichiometry A- B

initial change remaining

A NAS - NAOX NA = NAs(1 - X)

B j & NaoX NB = Nao (o+X) OB = 0

NT= Nav NT = Nao-IyNaoX 8 = k - 1 = -



* at equilibrium - ma = 00=C-

CAe=As-X) = CA0(1-Xe

CBe = #Be = ENOXe = Cox

4. Combine(substitute concentrations into rateLaw ey]

0 = Che -
Cro (l-X" -

C)
=

Cao2(1-X)"=de
Ke CAo(l-Xe)" = Cao(kXe)

ke=Gho (x Xe) C-xe))Co2(1 - Xe)2

20 = Xe Xe = 0 .703 -> max conversion under these

2(0. 2) (1-Xe)' conditions



Flow System Stoichiometry Table

Reactor feed change Reactor effluent

A FAG - Fo X FA = fro(1 - X)

B FBO = FAOOB -

↳ FAOX fis = far (OB- *X]

C Fo = Far Oc Fox Fc = fao(Oc+X)

D Fr = FAG Op & FAoX En = fro(On + GX)

Inert Fi = fo Of no change Fi = Fas Oi

Fio Fi = fio + & Fro X

O - F = Ciot ==Car To

S=+ - - 1

Ca=

-> Concentration for flow system CA = A
->Tig phase How system + = vo [constant volume]

· (n= = fl-X) = Ca-x

· C =E = fro(OB-Ex) = CaolOB-X)
To



· if the rate of reaction was : - ra = KCACB

↳ then : -

ra = kCao(l-X) Car (OB- * X)
- va = k (ar( -X) (OB-EX(

-> Gas flow systems

Ex : N2 + 3Hz - 2NH3

4mol of reactants give Imols of product

* The molar flow rate will be changing as the reaction progresses

* Because equal number of motes occupy equal volumes in the gas phase at the same temperaturea pressure

-> The volumetric flow rate will also change [ +2

-> Combine the compressibility factor equation of state = To Ito generalize ,
not only ideal gases)

↳ Fi = G v

Go = Pr Fio = Go Vo
ZRTo

~=Wo - Volumetric flow rate in gasas

is affected by 59 P

* when T & p &, no ·
of mols

doesn't change V = to

-> Stoichiometry

=)=



CB =Go

-> Total molar flow Rate Fi = fio + &X Fao

↳ substituting Fr in V =Wo
V = % (fo + &FoX] &

Fir

V= r (1+X where 2 = ya8 (o=

V= % (1+ 2X)
t

· Ca= =C

· (B=C
=> if - ra = KCACB

-

ra = k((o (1 - x) (OB-Gx)()]
(1+ EX)(1 + 2x)

& change in total number of moles

moles of A reacted



2 = (+ - -1 = Sy

= change in total number of moles for complete conversion

total number of moles fed to the reactor

CAo = 0 . 2 mol/dm

kc = 20 (m3/mol

Rate Law - ra = kn[Ca)-

2.Stoichiometry
:

A + B

feed change Remaining
A Far - FAO X FA = fao(l - x)

B 8 FAo(X) FB : FAolOB + YX) OB = 0

Fio Fro E = fio + S Fro X

Fi = FAO-YFAoX 8 = Y - 1 =
- Yz

fi = FAo(1 - YX)

-> Isothermal T =To

->Isobaric P = Po

v = vo)1 + 2x)



CA = En = Cao (l -x

(1 + 2x)

C = E =CA ex

-> subtitute in rate Law :

- m = (i)xin]

2 = Yno8 -> pure A in feed You =

8 = -
2 = -x

-> At equilibrium - ra = 0

0 = (C - CoX

2(1+EX) KC

COL)" = CaoX i( 2((+2x)kc

X2 KcCAo (1+ EX)

2kcCao = Xe (1 + EX)

(1- x)2

2(20) (0 . 2) = Xe(l - * Xe) Xe = 0 . 757

(1 - Xa)2



Case 1 CSTR v= 1 dm3 (lig=2)

Vo = 0 .00336m3/s

> Y
Cao = IM N

[Bo = 51 . 2 M

1. mole Balance CSTR

V = Fo X
- NA

2- Elementary Rate Law

- ra = k(A(B

3 . Stoichiometry
CA= = foLlaX) = Goll-X

Vo

C = E = FAo(OB-X) = CAOCOR-X)

No OB = S = 5112

: CB = CA0(512- X) = CAO(S1 . 21 = CBO



Entering change Remaining

A FAG - fo X FA = FAo(1 -X)

B Fro OB - Fo X Fi = fao(OB- X)

E 8 2 Fo X Fc = fo (Oc + 2x)

4 . Combine

- rA=Bo CAO( -X

- rA = KCAo(1 - X)

-> into mole Balance V = Fao X FAO = To CAU

k(Ao(l - X)

V = To Gao X

k(roLl-x(

-X)

E = V = 16m3 = 303 . 03 = X

V 0 . 0033 dms 1 . 94x10-4 (S1-2) (1 -X)

X = 0 -75



Case 2 : PfR

1 mole Balance

=

2 . Rate Law

- ra = KCaCB

3 . Stoichiometry

Entering change Remaining

A Far - Fao X Fa = Fro(l-X(

B Fo OB - FAOX FB = FAo (51 . 2 - X)

C O 2FAGY F = fao (Oc - 2x)

CA= = FaoLI-X) = Co(l-x

Vo

(B==-x = CA0(312) = CB

4- Combine

- rA = Lo CAo(1 -X)

3k

= K(l-x
GarWo



=
dVk( - x) = 6XV

16V = 1 ↓ X

V (1 -X)

Integrate
, k = in (1 -X

kE = - In(1 - X)

El2 X194x10 x 0311 = -Incl -x) X = 0 . 6

0 : 0033



20 = 10 tm3/s CA0 = O -2mol/dmd

k = 0. 29 JmS/mol . s

T=o P= Po V = ? X = 0 . 9

Case 1 : PFR

↓ mole Balance

=

2. Rate Law [Elementary]
- Va = k(q2

3. Stoichiometry

2A -> 2B + C

A + B + (

~ =ro
CA = En = FAo(l -X) = carvo(1 + EX)

4. combine - ra= (carii]

= k(02( - x))

Fo (1+ 2x)
=

Fo = (AoTo



=x
KCAOCI-X)"GV = Vo21 +2x)26X

GV
= <1 +Ex"dX * integratea

(1 - Xj2

A = 2E(HEX)(C-X) +

EX

E = Yo S = ((() = (
8 = % +) - 1 = 2

KCAoE = 2() (1 + ( ·

0 . 9) (n(1 - 09) + (20 . 9 + (1 + 16209
1-0 . 9

KCao * = 17 . 14

5 = 2955 =
V = 29546m3

Case 2 : Batch V = V

1 . Mole Balance = Cao=

#

2. Rate Law -NA = KCA2



3. Stoichiometry CA= = No-X) = Co(I-X
V= Vo

4. combine - ra = k (A02(1 - x)2

#-X
6X = k(Ao(l -X12 It

#
q

= 01(0 .2) t

t = 1555



Chapter 5 : Isothermal Reactor Design



1- Batch Reactors : [Liquid]

-no inflow or outflow

-perfect mixing
- incompressible=> Constant volume V = Vo

2A -> B+

Algorithim :

1- Mole Balance * Go

-
2 . Rate Law - rA =- k(A

?

3. Stoichiometry CA = (Ao(1-X)

4 . Combine - ra = k (A (1 - x)2

*Cl-X-
: koll

5 . Evaluate dx : k(ao(l-X)
*

St

↓ X = KCAoft
(1 - X)2

#
= KLAot toKo



CSTR

1 mole Balance v= Fau = Casto

V = CaoXWo T-
- VA

2. Rate Law - Va = KCA

3. Stoichiometry Ca = (Ao(l - X)

4 . Combine -

ra = k(Ao(1 -X)

T = CAoX = X

k(Ao()=X) k(l -x)

X-E
-> to increase [K : 1- increase T to increase K => ↑ X

2 . increase I by increasing volume T :* * ↑X

3 decreasing volumetric flow rate ↑T =

-> Second order Reaction in CSTR

Rate law - rA = KCA
<

stoichiometry (A = Cao(1 - X)

combine V= Caoto X :- x2KCA02(1 - x)2



X = (I + 25KCA0) - NFHEKCAO
It KCA0

Damkohler number Da = [KCAo

: X = (1 + 1Da) -Na
2 Da

-> At high conv (67%)
,

Increase in reactor

Volume will only increase conversion Up to (88% )

-> CSTR operates under the condition of the lowest

reactant concentration

The Damkohler number gives a quick estimate of the degree of conversion that can be

achieved in continous flow reactor

Da

=
U = Rate of reaction at enternet

Entering flow rate of A

-> first order reaction Da= K

-> second order reaction Da = [K (A0

if Datal X90

if Day 10 X 70 . 9



CSTR's in Series [V = 2)

-> effluent from first reactor

Cal=k

-> mole Balance on reactor I

V = faiFA
-> Concentration of second reactor

Can=k +C+ k)

* same size1
=[2 =Es

same temp K ,
= kz = k3

-> n CSTR's in Series

CAn = CAO -achCl +Ekj4

-> The rate of disappearance of A

- ra = An = kalh

*When entering molar flow rate is divided into two CSTR's in parallel -> overall conversion is

same as single CSTR
,
for two CSTR's in series - conversion is greater than single CSTR

True for isothermal reactions with power rate law with reaction orders> Zero.



Tubular Reactors

-> A Fo = -rA : must be used for pressure drop

v= OX : if no pressure drop

Ex : lig phase no pressure drop PfR reaction [Algorithim]

2A -> B

1 . Mole Balance V= Y

2 . Rate 19w - ra = k(nz

3. stoichiometry Ca = (no(l - X)

4 . combine - ra = k(as(1 - x)2

v=F
VTo (i *x] * kis outside the integral eisotheaa

= "Ko-X)

X = IKCAO =

ItEko



Ex : gas phase no pressure drop PfR reaction (Algorithim]

1 mole Balance :

v=
2. Rate Law - ra = k(q)

3. Stoichiometry V = vo)( +2x))) isothermal , isobaric

==
+2x)

- 2 = SaoS

4 combine -

ra = K (no (1-X)2

(1 + EX2

v =F

v [23(1+ ) incX) +x+



Effect of E on conversion

- The effect of change in the total number of moles in the gas phase on the relationship between conversion

9 volume. [for constant + &P]

r = v(1 + 2X)

1 : E = 0 8 = 0

-> no change in number of moles in the reaction ex : A - B 8 = 1 -1 = 0

2 = Yq08 = 0

-> The fluid moves through the reactor at constant volumetric flow rate

2= To
,

as the conversion increases .

12: 20 So

- Decrease in the number of moles in the gas phase

2A -> B take A as Basis

A3yB
5 = k - 1 = - 2 = 1) - () =

- 4

V = v (1 - 0 .5X) ↓T

-> The volumetric gas flow rate decreases & the conversion increases

-> Gas molecules will have longer residence time resulting in higher conversion

= TT (higher residence time
,
+X]

↳3 : 270 ST0

- Increase in the total number of moles in the gas phase

A- 2B

8 = 2 - 1 = 1 2 = 1(k) = 1

v = v(1 + x) ↑ V



-> The volumetric flow rate will increase as the conversion increases

-> The molecules would spend less time in the reactor , resulting in smaller residence time =>

less conversion

↓ I= Clower residence time
,
+x]

Vot

V= Vo

To t

Pressure Drop in Reactors

-> The effect of pressure drop on the rate of reaction when Sizing a lig reactor - negligable (incompressible)

- In gas phase , the concentration of the reacting species is proportional to the total pressure .

Pressure Drop & the rate law

C = Cho(
Oi= 2 : Syno Vi = stoichiometric coefficient

EX : IA- + B

1 . mole Balance to : - &Differential form of mole Balance]



2. Rate Law -r = k(n

3. Stoichiometry CA =Cho

4. combine Gassume isothermal

- r =k

=KC ()

* we now need to relate the pressure drop to the catalyst weight in order to determine

the conversion as a function of the catalyst weight .

* The majority of gas phase reactions are catalyzed by passing the reactant through a packed bed

of catalyst particles

Eurgen Equation

=jpp (1-0)(1904-M1 ITurbulent

↳Laminar

8 = porosity = volume of void

Tot bed volume

Dp = Diameter of particle in bed

M = Viscosity of gas passing through the bed

y = gas density
G = gu = superficial mass velocity

1 - 0) = fraction of solids



-> The only parameter that varies with pressure is the gas density y

-> PBR operates at steady State :

mo = m

50%: gr

-> V=To
-> j

: Jo = To
-> combine :

= ()/1s0x -pu +1754]
Dp

Bo -> constant that depends only on the properties of

the packed bed (atm/ft) or (Palm

↳Bo

-> The catalyst weight up to a distance I down the reactor :

W = 2A . ]
, =-)T density of solid catast

solids

Ip = (l-0) - brik density

-> Rewrite in terms of Catalyst weight

*



-> let x = 2Bo

-, 9 p-

-

=> 62%)
=

- E pos # (1 + EX) for single reactions

Ju

* when 2 is negative DP will be less [higher pressure] than that for a= 0

* When 2 is positive DP will be greater [lower pressure] than that for E = 0

-> for isothermal reactions :

6 24/00) : -

&(1 +2x)
tw

For E = 0

= CH

-when W = 0 < y =

b = - dow

g2 = 1 - au

g = (1 - aw)" * isothermal 2 = 0

P- =

y : -du

* Conversion when no DP higher than conversion with DP

* Concentration when no DD < concentration with DP



* when P decreases
,volumetric flow rate increases , less residence time -> less conversion

Equimolar fo = 0 . S

1 mole Balance -m
Far

2. Rate Law - r = KCACB

3. stoichiometry Ca =

C 2 = y8 = 0

Ca = Cao(l -X) y

CB = CA0(@BX) OB = 1 Vi = -1

2= 0

CB = Cao (1-X) Y

-

4 . y5w relationship

: zydy =
Lintegrate

yz = (1 - aw)

w= 0 y = 1 = y = (1 - aw)

& only when 8= 0

E= 0



5 . combine - r = KCA (1-X12y2eK(ab(l-X)" (1-aw)

= KCACI-X(1-aW

FAG
separate ↳
E Integrate

FrodX = KCab(1-X(
"

(1-1) Ch

o
Boundary conditions : W = 0 X = 0

,
W = W X = X

#12 (100 - 0 .00
X = 0 . 6



=

1. mole Balance #

1. Rate Law - ra' = k(AC"

3. Stoichiometry 2A = Co (1 - X) y
(1 + 2x)

CB = Co (OB-2x) y GB = 2

(1 +2X)

4.Relationship + EX

F= = (1 + Ex)

Y

2=%08 (1 - 2 - 1) = (1) - 2 =
->

Boundary conditions: W = 0 X = 0 y = 1
,

W = 100

-> solve in polymath (2F0)



-> what if we decrease the catalyst size by a factor of 45 increase the entering pressure

by a factor of 3

2 = 2

Ac(1-0) & Po
↑ Al-plycio(

-> Using Aug molecular weight of gas & I deal gas Law

To it
-> Substitute :

x = 2 RT Mw a 120(1 - 03m + 1 -754]Ac3
, 9cPo' DpQ3

[
DP

1) If Laminar flow is dominant

* we only consider change in G
, Dp , Ac ,

Po
,

x = GTO To

Ac Dp2 Po

se ↓= (()(in (i)
"

2) If Turbulent flow is dominent

↓=
G

:

To

Ac Po DP

e &= (() (h) (i)



-> if the mass flow ratem is the same for two cases G=

d = n
. (*) ())(

Ex : Increase to by factor of 33 Decrease Do by factor of 4

Poz = 3 Po
, Doz= Do

,

① Laminar

a = G To
Ac Po Dp2

=( = Pa

② Turbulent

↓ = G To

Ac Pol DP

42 = d (f) (*) = d



Chapter 6:othermal reactor Design : [Moles & Molar flow rates]

The molar flow rate Balance Algorithm

-> membrane reactors & multiple reactions taking place in the gas phase necessary to use molar

flow rates instead of conversion

-> Modify the algorithm by using concentrations for liquids & molar flow rates for gases

as dependent variables.

* In molar flow ratea concentration Algorithm -> mole Balance on each 3 every species

Algorithim
↓ Mole Balance on all species present

2. Rate Law

3. Relative rates of reaction

4. Combine

* Liquid Phase

-> No change in either volume V or volumetric flow ratero - Concentration is the preferred

design variable

gA + bB - c + dD

Relative rates of Reaction #= = = * used to couple the mole

Balances



A + 2B -> C

↓ Mole Balance on each species : =rA=

2. Rate Law - m = k(c - ]
3. Rates of reaction = =

VB = 2rA r = - VA

4. Stoichiometry [conc . in terms of molar How rates]

-> Gas phase : CA =Goo

CB =Goi

-> liquid Phase use concentrations Ca
,
[B

3 . Gas prase pressure Drop = ()() p=



Gas phase :



Algorithm to a microreactor

Micro reactors are characterized by their high surfacearea to volume ratios[trbes or channels

· Reduces or eleminates heal- a mass transfer resistences
.

· surface catalyzed reactions can be greatly facilitated

· not spots in highly exothermic reactions can be minimized

· highly exothermic reactions can be carried out isothermally

* Used in production of toxic or explosive materials

* Include Shorter Residence time .

* Heal Q
, can be added or taken away by the fluid flowing perpendicular to the reaction channels .

In modeling Assume in plug flow

=

A- B + C

T= 425
°

C P = 16 . 2 atm

elementary Rate Law

fr = 10 tons/year

X = 0 . 85

Fao = 0 . 0226 mol's

k =0 . 29 dm3/mol-s

↓ mole Balance = A

= Differential Equations
into Polymath

= R



2. Rate Law - ra = kch2

3. Relative Rates #
= 2

rB =
-

TA r =- Na

4. Stoichiometry [Gas phase]

Ca = Go
CB : Go

C = Go
5. Combine

- ra = k Go (A)

&A = Go

= -k Go (2 Differential Equations

(combined

=G

-> Go:atm/molk = 0282 mol-

F = Fa + FB + Fc * ExplicitEquations into

polymath



Membrane Reactors

* Used to increase conversion when the reaction is thermodinamicallyLimited
, 3 to increase the

selectivity when multiple reactions occur .

-> These higher conversions are the result of Le Chatelier's principle , you can remove

reaction products & drive the reaction to the right.

* To accomplish this a membrane that is permeable to the reaction product , but impermeable

to all other species is placed around the reacting mixture .

· hert membrane reactor with Catalyst pellets on the feed side (IMRCF) : membrane is

inert E, serves as a barrier to the reactant & some of the products.

· Catalytic membrane reactor (CMR) : The catalyst is deposited directly on the membrane
,
4

only specific reaction products are able to exit the permate side

W = IV -> solids weighti &. = (l-$)9
,

-> bulk solid density

3)
-> density of solids

AgC Stay behind , B goes through the membrane

Mole Balances
a

In-out + Generation = 0

Fao-fa + DV = 0

PfR :

=A

within the reactor

=



-> Mole Balance on species B

In-out-out membrane + Generation = o

Fro-FB-RBDV + rBDV = 0

= (r-R

R = moles is leaving through the sides

Volume of Reactor

* The rate of Transport B out through the membrane (RB)
,

is the product of the

molar flux of B normal to the membrane (Wrs) , 3 the surface area per unit volume of reactor.

RB = WB a

->Lonc. of B in swept gas channel

WB = Ki (CB- (s) = mor flow rate through membrane [i]
overall mass d Surface area of membrane

transfer coefficient

a : membrane surface Area = ADL - ]
Reactor volume DL

Ro = ki)(b-los] a

Let kc : kca

& CBs = O

RB : KcC [m]



1 Mole Balances

=A

= -R

=

2. Rate Law

-

ra = k[CA - ] k = 0 . 7 min

3 . Relative Rates # = B =

iB =
- rA rc = - TA

4
. Transport Law RB = K

,CB kc = 0 . 2 min't

5. stoichiometry (a = Go E

C : Go EB
Fi

C = Go
f = FA + FB + f)



6. combine

---
= A

↓B = -ra-Kc Gof

= -

EX : Isothermal membrane Reaction with no DP
,

membrane only permeable to <[PBR]

A = B + 3

1 mole Balances

=

=

=
- R Rc = k

, G

= -K kc = 0 . 5

2 . Rate Law

- ra=[- kc = 200 ka = 10

3. Relative Rates == rB =
- rai

ri = - 30



4 Stoichiometry CA = Go

CB = Go Fi = FA + FB + Fc

C = Go E

-> Combine in polymath with givens :

Go = 0 . 2 FAo = 18

ka = 10 kc = 0 .
S

kc = 200



Semi batch Reactors

Semi batch reactors can be very effective in maximizing selectivity inLiquid phase reactions.

A + BE D (Desired) rp = k(2(

A + 1 Ever Cundesired] u = kCA(p

Selectivitya
↑ La ↓ l e ↑ Sorr

Mole Balances

A + B -> C * Ainvat , Badded in Slowly

-> Mole Balance on A

In-out + Gen = Accumulation

m
* The volume V varies with time , volume at any time -> Overall mass balance

mass in-mass out + Gen = AC

mo -0 + 0 =
98 = 69V

Ot

-> for constant y
=Jo [lig]

= 2 at V =VG + = 0

V = Vo + Vot



: -To C + Vra =V

Mole Balance on Species A

In-out + Gen = Ac

o -o + raV=

=V

=-

Mole Balance on species B

In-out + Gen = Acc

Fro-O + risV=

# = +C

FBo = CBOTo * = Vo

↓B = B + ((BoCB

V

Mole Balance for(3D ---

=-

=-
* if the reaction order is other than zero or first order

,
or non-isothermal

=> Numerical techniques .



A +B -> C + D

[Bo = 0 .02Smol/dm3

Vo = 0 . 03 6m3/S

Vo = 5am3

Cao = 0 . 05 mol/Gm3

↓ mole Balances -

↓B
= Vo ((Bo-CB) try

V

e
2. Elementary Rate Law

- ra = kCaC

3. Relative Rates == = rp

4. Combine

#AKCA-

#B : Vo(CBO-CD) - KCA

v

↓= KALB-V

= KACB-



5. Stoichiometry V = Vo + Yot

X =

NAOW
6. Evaluate in polymath.

Equilibrium Conversion in semibatch Reactors with reversible Reactions .

A + B- C+D

~ Rate Law - ra = k[CAB - E
- CA = NAo(1 -x)

v

[B = (fBot -NaoX)
V

C = Cp = NaoX

V

* At equilibrium - ra = 0

kc = Ge &ye = NceNoe = Nao Xe

Ge Cae NaeNise (1-Xe)(frot-NaoXel



Three forms of Mole Balance

1 Molar Basis =

= Fro +V

2. Concentration Basis = ra-V

# =+)

3. Conversion Basis =
to



Chapter 8 : Multiple Reactions

Types of Reactions

↓ Parallel reactions (competing reactions) : Reactions where the reactant is consumed by two different reaction

pathways to form different products

A- D

A- y

2.Series Reaction (consecutive reactions) : Reactions where the reactant forms an Intermediate product ,
which reacts

further to form anotherproduct

A E Enc

3. Independent Reactions : occur at the same time but neither the products nor the reactants react with themselves

or one another A - B

C -> D

4. Complex Reactions : Multiple Reactions that involve combinations of series& independent parallel reactions .

A + B + C + D

A+ c - E

* with multiple reactors either molar flow rate or number of moles must be used[not conversion]

selectivity

- Desired & Undesired Reactions

In parallel sequance form : A Supp * D -> Desired

A su * v - undesired



InseriesSequence A God He

->We want to minimize the formation of U & maximize the formation of D

selectivity tells how one product is favored over the other (in multiple reactions)

Instantaneous selectivity of D with respect to U is the ratio of the rate of formation of B to

the rate of formation of w

Instantaneous Selectivity Son=

overall selectivity SD = -Exit molar flow rate of desired product

Exit molar flow rate of undesired product

overall selectivity for Sar= & Number of moles at the end of Reaction time (

Batch Reactor

Yield

Reaction yield based on the ratio of reaction rates

-> Yield at a point can be defined as the ratio of the reaction rate of a given product to the

reaction rate of the key reactant (Basis of calculations A)

Instantaneous yieldYo:

Reaction yield based on the ratio of moler flow rates

-> Ratio of moles of product formed at the end of a reaction to the number of moses of key

reactant A
,
that have been consumed .



overall Yield for ↑
D

=
No

Nao - NA
Batch system

overall yield for Y
p

=
fo

FAO-FA
flow system

Ex : A +B= D
r = K

, CA
2

CB

A +B u ru = KICA CB

SDx== KICA =
Kz Ca CB

To maximize Selectivity of- D
, use high conce of A & PFR reactor .

Algorithm for multiple reactions

1) Mole Balance

Flow Batch

= GA
= rA

= = r

for each i every species

2) Rates

- Rate Law for each reaction - Via = KIACACB

-

ra = Kza Ceda



-> Net Rates ra = [riA = MA + rA + ---

-> Relative Rates=

3)Stichiometry

-> Gas cn =c)(
-> liquid Ca = An

Parallel Reactions

A
" D ro = kp Ca

A Eu ru = ku Cpd2

-> Net Rate - ra = ro + ro : KpCA" + koCad2

-> Instantaneous Selectivity Spir==
Maximizing the Desired Product In Parallel Reactions

A +B D ro = kp((pP
- *T

Cp
& (pBrD = Ape

->

A+ 13 Es ( ru = ko Ca92 (pB2 ru = Are T Cad2 <

k(T) = Ae
- ERT

-> Net Rate of disappearance A - VA = Pp + N

-VA = An e *TBa



- Instantaneous Selectivity Sou==
An
Avi Cad2 (pB2

SDN : ApsaidB i

& Maximize Spir to maximize Desired product production -

& Temperature(affects K]

1 if Fo > Eu

↑ Ex-Er de Specific rate of desired reactionKo increases more ranidly with increasing [

Cuse higher T for more D]

2. iffo > Ep

↓ ED-El = Ye specific rate of desiredKp increases less rapidly with increasing [

Luse lower T for desired
,

not so low]

② concentrations

1 . <17dz + x, - C27 large CA (PFR
,
Batch)

2. 12741 - 91-22 <0 Small CA (CSTR)

3 . B, B2 -> P .
- B2 >0 largeC (PFR

,
Batch

4. BCTB1 + Bi-Be < o Small Cp (CSTRS



Concentration Requirements & Reactor Selection

1. PBRor PfR : concentration is high at the inlet & progressively drops to outlet conc.

2. CSTR : concentration is always at its lowest value Texit conc.
7

3. Batch : concentration is high at += 0 > progressively drops with increasing time

4. Semibatch : Concentration of one reactant is high at =o 3 progressively drops with time
,

cone of other

reactant can be kept low at all times

& TG2 (T(A) 91<G2 (t(A)

B > B2 (PCB) Batch reactor/PFR & PBR ↑FR or PBR eside streams for ↓CA

(no inert
, hight no dilvent) Semibatch -> Slowly feed A to high B

CSTR's in series

9 < B2 (N(B) PFR/PBR -> side streams for CB CSTR

Semibatch -> Slowly add C to high CA PfR or PBR with high recycle

CSTR's in series - dilute feed with inert

low p

#Conditions to maximize selectivity
-

20 eA + c HoD rD : 800 e

- 300

A + c Ery ru = 10 e F Ca (c

↓ Temp Ep-Er (EDTEr)

2000 - 300 -> Me -> highest possible I

2 . Con n - 22 (92(1)

OS-1 = -0 . 5 - lowest Ca possible



Spir
-> kp increases faster than ko as the temp increases[operate at high temp)

-> CA low to maximize (p with respect to Cu

-> changing C
, doesnot influence selectivity -> high C will increase the reaction rate & offset the

Slow reaction that is caused by low CA

Use : PFR/PBR withCa in side streams

Semibatch feeding Ca Slowly

Ex : A + C HoD ro : 800ec
A + c Eng U, ru i

10 e 3 Ca(

D (He Un irz : 10 Cla

- Maximize Son ,
Y Sploz

& previous ex

Spare =

800 echo
106 C Cp

-> Ep > Er -> low T conflict with SDNI

-> di > Lui => Keep &A high conflict with SP/U I

-> high C will offset the rate decrease due to low Ca

-> low up reduces the productional be conflict with Spiri

* Consider relative magnitude of Spo
,

9 Goin as a function of position in PFR

-> PfR with side streams feeding low Ca

· High T
,

Le is initially high , CA islow



· Initially 2 = 0 -> Voz : 0 Both gradually increase down the reactor

-> high Spiri

-> Initially high Spra[Cp islow] -> gradually decreases down the reactor .

when significant amount ofa have formed Spa becomes significant with respect to SDNE

At this pointe lowt
, high Ca , 3 low (

SpNitUz =
800 echo
lo (a@ + 10 420

Spiritua =
800 ecp10 . E

ioccin + 106 11

Sanitu =
80 e
e

- 30
+ 1052

-800

Plot T US SDNtOr to find T that maximizes Spiritua



-
-out + Gen=

- fr + rBV = 0 -
- Cro + BBV = 0

rB= =
2= -( : 25

Far-FA + raV = 0

CAoVo -Caro + rAV = 0

CAoVo-Calo = -rA

- ra Y = Cao-CA

- rAT = CAO-CA - T
=



↑B = CB

Cao-CA

-> to find CB

O - FB + rBV = 0

- CBTo + iBV = 0

- ↳Vo = rBV

C = rBE rB = 2 = 3

-> to find I Ca - rA = VB + rc

- ra = 2 + kcCA

- Na = It CA

I = 4 - CA
CA = CAo (1 -X)

2 + CA 4) (1 - 0 .9) = 0 . %

I= Tmin

=2=2

YB : Tay = 0 . 83



TB=A CBVo -Ca
CAoVo - CA Vo

-> mole Balance

=
6 = 2 65

CB = 2 T

= ra = rB + rc

ra = 2 + CA

- at - in - 2 -G
= t

- 2 - CA

CA = (Ao(l-X) in
E

4(1 - 0 .9)

CA = 0 . 4 T = 0 . 92

(b = 2(0 ·92) = 1 . 83

↑B=4

= 0 . 5



ReactionsIn series

for series (consecutive reactions)
,

the most important variable is time(5 for flow reactor 3 real

time for batch reactor]

A Ed BEs

Ex : Batch Series reaction :

A- B - (

A + B ki

B - C kI

1) mole Balances

=Ar V = V =

= rB =

= =

2) Rate

Rate laws :
- NIA = K

, CA ,

- rIB = K2 (B2

Relative Rates= Bi
= -VAI

=

Nel-Rates - ra = KICA n

rB = rB1 + 532

rB = K
, CAl - KzCB2



3) Combine -Kia
-kit

speratel Ca = Coe= - K
, CA

= KiCA-Kz

- kt

# + kz(z = K
, CA

Integrating factor [Appendix A .1]

15 = exp)kzdt = ekzt

6)Get) = eKetk,
*Yo

= k ,
eC42-4st Cho

↓ t

at C = 0 t = 0 - C=et

C = CA0- CA-GB

[Kali-e kill-+]



EX : CSTR series Example

A + B - (

1) Mole Balances LaoVo - CATo + raV = 0

Cao-CA + PAE = 0

0-CBVo + rBV = 0

- CB + rBE = 0

2) Rates

Rate laws - ra = K
,
LA I

-

rBC = kzLB2

Relative Rates = I
= PA

=

Net Rates rA =
- KICA)

r = VB+ B = KILAl - KzCB2

3) Combine

CAO-CA + k , CAT = 0

CA-=
1 + kit

- CB + ( , <A - Y2(B2)T = 0

= An



CB =
K

, Cao [

(1 +k ,t) (I +kzt)

1 + kIt + kit + KikzE2

->maximum t gives max CB

-

↳= 0 = kiCno(Ith[ +kitthikcE)-kiCAoT (kztikk

[( + k , t) (1 + k25)]2

KCAo + Not+KI + KikzCoI -t+T + IkikzCoT = o

KICA0-K12kzCAot
?

= o

KICao = K , <kz CAot2

[2: Emai



Complex Reactions

A + 2B - L

Algorithm : 2A + 3C -> D

1) Number Every Reaction

2) Mole Balance on every species

3) Rate Law

-> Net Rates of Reaction for every species

ra = EriA

-> Rate laws for every reaction

- ria = K
, La (2

-

rea = Ki Ca< (c

-> Relative rates of reaction for every reaction

#

4)Stoichiometry

concentration of Gas : CA :Go fi= FA + fz + f) + Fi

Concentration of Liquids CA= Ca=



2

1) Mole Balances =

=

of = R

=

2) Rates

Rate laws ↓ IA = -Kia (a (B2

Ec = - KacCacc

Relative Rates RB = ZA D = -Fa

= RA = Egr2s rid = Ygi

Net Rates rA = riA + rA

Na = - Kia CACB" - 3(kzcLA" (3 ]

rB = rB

rB =
- ZkiA Cal

rc = nL + r2c

r= KICACB2 - kzCn" (c3



Up = RD

To= kzLaC?

3) Stoichiometry (liquid (

Ca= = E

CB = E Cp = E

Typ = E only if Vy0d Jesse o

-> Define parameters for softwares
.

Complex Reactions in Semibatch

1) More Balances A = rAV + FA
For
t

JFas-3 mat

: Vo = 10

Nao = o

= NBo = (Boo

0. 2 (10) = 2

= N2o = 0

Noo= O



1) Rate

Rate laws ↓ IA = -Kia (a (B2

Ec = - KacCacc

Relative Rates

=
Net Rates rA = riA + rA

Na = - Kia CACB" - 3(kzcLA" (3 ]

rB = rB

rB =
- ZkiA Cal

rc = nL + r2c

r= KICACB2 - kzCn" (c3

Up = RD

To= kzLaC?

=> same as previous Example

3)Stoichiometry V = V + Not

Ca = ↳ = N

CB= (=



selectivity :



Ch . 11 Steady State Non-isothermal Reactor Design

Energy Balance , Rationale & overview

↓ Mole Balance [PFR]

=

2.Rate Law ra = - k
,exp(( - -)] Ca

3 . Stoichiometry CA = CAo() - X)

4) Combine =
exp -G)](x -x)

Fas
& to solve this equation X has to be a function of either VorT

=> Energy Balance

1. Adiabatic(STR ,
PFR

,
Batch or PBR

WS = 0 ACp = 0

↳ Hert
capacity

XeB = Zilpi (T-Tol T = To + 1 - BHrxn) X

- Altrxn 28 Spi
hear of a
reaction

TP Th

( -AHrxn) > o
(-DHrxn)[0



2. CSTR with heat exchange
CSTR heat exchange

->
ambient temp

Area . 9
Q =WA(Ta-T) & large coolant flow rate

overall heard
transfer coefficient

Xt = ((T - Ta)) + 20iCiCT - To

- DHrxn

3. PfR/PBR with heat exchange

= volant
FAG

# = (Heatgen-heat removed ( To- &
2Fi Cpi

= Qg- Q

EFiCpi

↳ 3 .
A PfR in terms of conversion

Pg -Qu

#
= rADHCT) - VaCT-Ta = Pg-PR

Fao([diCpi + D(pX) fao([DiCpi + D(pX(

↳ 3 . B PBR in terms of conversion

GT = r BHrxn(T) - -(T - Ta)

su
Fao(EO : Cpi + D(pX)



- 3 .
C PFR in terms of Molar Flow rates

# = raDHrx(T) - VaCT -Ta)

EFiCpi

↳ 3. D PBR in terms of Molar Flow rates

= rnAHrxn() - (T -T

2 fi Cpi

4. Batch Reactor

= CrAV) (DHrn) - UACT-Ta)

ENiCpi

5.Semibatch or unsteady (STR

# =
D-Ws - 3F[T-T) + -DHr(t)c-r]

Spi

6. Multiple Reactions in a PfR

↑ summation (reactions)

= Erij DHrnj-VaCT-Ta)

2 Fi Cpi

↳ summation (species)



convection

Energy Balance -> Heat added (+ )

-> Heat removed L-1
-> Reactor with no spatial variations

e work done by sys
(+)

① w
-> work done on the

sys (-(

↓
Fin Fort

Open System -

Ein > Four

Rate of ACL .

o E within the system

= neut tosystem Work done by sys Energyinto sys Energyora
see

for one species: = Q-w + fintin-foot fort

for multiple species = Q - w + EFE/n - Efflor

↳ Replace V by Vi = Hi - Pri

↳ Express It in terms of heat capacities

↳ Express fi in terms of conversion or rates of reaction

↳ Define Altrxn

↳ Define &Cp

Intro to Heat Effects

Assumptions

Ei = Vi+ other energies (Potenial Kinetic) are small compared

to internal Energy



- produced by stirrer in LSTR or turbine

w = Flow work+ shaft work
in PfR

work necessary to get d

the mass into our of the system flow work = - EfioPoVio +EfiPiv = my mo

Pressured ↳
specific molar volume

-> Substitute in Energy Balance Equation

= Etro-Efr + Q-C-EfioPoVio + EfiPVi + ws]

Ho H

of : Efo [Uo + PVo] -Ef(U + PUJ + Q - wa
F

= Efoto-EfH + Q-Ws General Energy Balane

SteadyState : 0 : Efotto-EFH + Q-WS

Intro to Heat Effects

- Oi=fr
EfioHio = Fro &GiHio

&Hrxn--Heal of Reaction

EFilti = Fao[(oi + rix) Hi = fo Pitti + Fox Evitti

Stoichiometric &
coeff.

Q-Ws + Fo ([Oi CHio-Hi) + FroXDHrxn) = 0

↳ phase change

=> for no phase changes

Hi(T) = Hi <Tr) + [piGT * heat of formation of all

↳
Enthalpy of formation at

elements (2x : H+ , Ne ,
--1 at T = 25%

Hio = 0

TR



Q-rig - Fo [OiCpi[Ti - Tio] - DHrn(T) faoX = 0

=>Constant Heat Capacities

HiLT) : Hi (ir) + [pi (T - Tr)

Hio - Hi = Cpi(T-Tol

Eviti = Evitio + [viCpi(T-TR)
↳ Heat of reaction at

Temp T

DHR(T) = DHR(TR) + Dp(T - TR)

[vip = Dip = & + &[p
,

- Gipp - IPA

& - ws-faoX (DHR(TR) + B2p(T-TR)] - FaoEDi[pi(T-Tio) = 0

-> Unless the reaction is carried out adiabatically ,
the equation is still difficult- to evaluate

,

because in

Non-adiabatic Reactors the heat added to or removed from the system varies along the length of

the Reactor

Adiabatic Energy Balance

-> Adiabatic Q = 0 9 w = 0

T = To - X (DHRCTR) + ACp(T-TR)] = To - XIDAp(T)]

S0i[p
,

+ X Dip 20 [pi + 5CpX



Example : Adiabatic PfR

A B

1) Mole Balance

2) Rate Law -
k = k

, exp() + - 1)
ke = keexp[(-)

3) stoichiometry (a = CAo(l - X)

(B = CaoX

4) Energy Balance T = To +
- DHX

Edi (Pi

->Calculate maximum conversion [adiabatic equilibrium conversion] (Temp that gives max conv

- ra = k[CA-
0 = CA- CA=

CAO(1-X)=
1-x = F
Xe = Ke

1 + ke



1) set X

2) calculate T T = To+- Dic
T-To:

X = (T-TolEOiCi = X at every T

- DHX

3) solve for rate Law

↓ Fao/ra use levenspiel plot

Ex: Adiabatic CSTR

Cao = 2 Ca = 164

Cp== 18

ke198 = 0.

E = 10
, 000

-> A + 21 + B

=> AUC

1) Mole Balance V=
2) Rate Laws - ra = kCA k = k

,exp() - F )]

3) stoichiometry CA = CAo(1 - X)



4) Energy Balance

Adiabatic (p = O T = To

+
T = 300 + - 1- 20000) X

On (pa + Je CPI

T = 300 + 20,000 X

1(164)+ (18)

T= 300 + 100X

A T= 300 + 100 (0 . 8) = 380

k = kexp((t -)
0. I exp[i(z)) = 3

v

:
= Ex = 510

.8) = 2 . 626m3

KCAo(l -X) 3 .81(2)(1 - 0 .8)

13) k = 0 . 1 explici (50)] = 1 . 8

T = 300 + 100X

360 = 300 + 100X X = 0 . 6

V= 5(0-6) = 2 . 05 am3

1 .83(2)(1 - 0 - 6)



xX -T - k - --

for X = 0 T = 300 + 100 X

300 + 100 (0) = 300

k = 0 .
1explic =

- TA = 0 . 11) (2)(1 - 0) = 0 . 2238

A8
: 21 . 3

↓ repeat till X = 1

↳ max conv & plot
-

Fry
ra

Vs X



1) Mole Balance V = En

2) Rate Law - ra = k(CA- k = k , exp(t) + - F))

kc = kcexp(( F)]

3)Stoichiometry CA = (Ao(l - X)

CB = CAO X

4) Energy Balance T= 300 + 100X



Adiabatic Conversion

The highest conversion that can be achived in reversible reactions

Endothermic equilibrium conversion ↑ with &T

Exothermic equilibrium conversions with T

In Exothermic Reactions
,

to determine the maximum conversion that can be achieved
,

Find the Intersection

of the equilibrium conversion as a function of T

* if the inlet temp is increased from

To to To , - the adiabatic equilibrium Adiabatic equilibrim
conversion decreases

conversion &
Temp

O
↳ entering temp

Reactor Staging

higher conversion can be achieved for adiabatic operations by connecting reactors in series with interstayed

cooling

=> Exothermic Reactions ↑T ↓ Xe

=> Endothermic Reactions TT TX2



Optimum feed Temperature

-> Using very high feed temp
,

the specific reaction rate will be high & reaction will proceed rapidly

but equilibrium conversion will be close to zero - very little product will be formed

-> Using very low feed temp , very little product will be formed because the reaction rate is so low .

-



Chapter 12 : Steady state - Nonisothermal Reactor Design [Reactors withneat exchange]

SteadyState Tubular Reactor withhear exchange

[PFR]

Tubular reactor with heat either added or Removed

No Radial gradient in the reactor

-> Energy Balance on Volume DV

Efitil - E Fittilyp + VaCTa-i) DV = 0

a : heat exchange area per unit volume of Reactor

a = ADL - E
D2L

-> Dividing by AV & taking Limit Dr + &

- d[Fitti + VaCTa-T) = 0

-V

filti
=(E]

-> Mole Balance on species i

= ri = vi)-rA)

-> Hi = H i + <pi(T - TR)

= Gi



-> combine

- Fitti = -[Sfi Citi VC
EtiVi = Altran

-> Back into Energy Balance

- [EfiCPi + BHrxn[-rA)] + Va(Ta-T) = 0

[fiCPi = DHryn(PA) - VaCT-Tal

Heat gen
↓

Heat removed

= BHrnCA)-VaCT-Tal

EFi Cpi

* for exothermic reactions (Agen) will be a positive number

Qg > Or => Temperature will increase down the reactor

Pr > Qg = Temperature will decrease down the reactor

* For endothermic reactions (Agen & Qr) will be negative numbers ->> Ta >T

-Qg)- Qu => Temp will decrease

- Pr > -Qg = Temp will increase

-> EfiCpi = Fao[Edicpi + ACpX] if C = 0 then

= (A)(-GHr) - VaLT-Tal

Far EdiCPi



User friendly Energy Balance for [PBR]

Y(Ta-T) d + Efitio - Efiti =0

-> Differentiating with respect to w

↓ (a-T) +O-E-E

-> Mole Balance on species

# = = vic-

-> Enthalpy for species i

Hi = Hi (in) +1 :
6

=O
-> Combine

* (a-T) + Eviti-Epi = 0

L

Altrxn ↳ Fi = fao (Oi + Vix)

- Back into Energy Balance [Terms of cour]

-Tr = f(x ,
T)

Fo (Edicpi + D(pX]

- Back into Energy Balance <Terms of Molar flow Rate]

= (Ta-T) + rDH

Fi (pi = gx,



User friendly Equations Cases :

1 . Constant Ta

2. Variable Ta [Co-current]

= VaCT-Tal Vi : Ta = To
in (pool

3. Variable Ta [counter-current

= VacTaT) Vo :T

↳ Guess Ta at V= 0 to match Tao = Tar

#exit

Variable Ta (Co-current ]

* The near transfer fluid will be a coolant for exothermic reactions & heating medvim for endothermic

coolant between R
, GR2 Cannulus]

Q = heat added to the system

Reactant & coolant flow in the same direction

1. Energy Balance on the coolant

In-out + Heat added = 0

Mickely-metlyp + VaCT - Ta) = 0

↳ temp of near

Transfer firid



2. Divide by DV & takinglim - L

-

mc + VaCT-Ta) =

3. coolant Enthalpy

Ha = Hi + Cpy(Ta-Tr

=C
4. Combine

=
VaCT-T V = 0 Ta = Tao

mic Cpc

↳ The variation of coolant temperature down the length of Reactor

Variable Ta [counter - current]

Reacting mixture 3 heat transfer fluid flow in opposite direction

At reactor enterance V= 0 Reactants To
,

coolant Taz
↓

in Your

At the end of the reactor Reactants T
,

coolant Tao
↓

our
↳ in



Energy Balance on the coolant

In-out + heat added = 0

mcHc! - mcHalypr + VaCT-Tab = 0

mcG + ULT-T) =

:
- At the enterance V= 0

,
X = 0 ,

Ta = Tar

- At the exit V = VF , T = Tao

& solution to counter-current : Trial & error [exit conversion & temperature]



1. Mole Balance *

2 Rate Laws -

ra = k[CA -
k = k

, exp((f - F)]

kc = kc
,exp( - F))

3 . Stoichiometry Ca = Cao(l - X)

CB = Co X

4. Heat effects # = [DHXn)(-rA)-VaCT-Ta) ACp =

Fo Edicpi

Xeq:
EiCpi = (1) <pa + Of CP

=

-> needed parameters
:AArxn ,

E
,

R
, T ., Tz

, Ta ,
K

, , K , Va ,
Fro

, Car ,
CPAc(pt ,

Of

- VA



Ex: Adiabatic PFR Algorithim

1 Mole Balance =
2. Energy Balance
Adiabatic A(p = 0 Na = 0 T = To + (- DHrxn) X .

20; Cp;

EDiCp = CPA + OICPI

PBR & PFR Design with Heat Effects

Study Example

12 . 1 & 12 . 2



CSTR with Heat Effects [Multiple Steady States in CSTR]

Plot of XMB & XEB VS T

-> Intersections of T & XA satisfy both the Mole Balance & Energy Balance -> Steady states

-> Reaction must operate near one of these steady states

-> Steady State Energy Balance on CSTR

considering a jacketed CSTR , with constant heat capacity , negligable shaft work
, DCp = 0

,
first order

Kinetics
,

Tio = To
,

constant To in jacker

Q = UA(Ta -T)

-> Energy Balance : (-DHrxn) FaoX- FaoEOicpi(T-To) - VACTa-T) = 0

EDiCpi(T-Tio]
-

TS = -BHCMX

I ↑ ↑ ↑

Hear Removed RCT) Heat Generated GCT)

G(T) - R(T) = 0 => Steady State



EDiCpi(T-Tio]
-

TS = -BHCMX

Spo = ZOilpi V=YAe Xa

-> Substitute :

Co(T-Tio) -

As
= -BHRICTRs(

↑
non-adiabatic parameter

= - TE Tofopo +

VATVA + CoFAr

=> (po(I + k)(T - Tc) = -DHri(
#Heat removed RCTI Heat Gen G(T)

Hear Removal Term RCT)

Tc [Intercept] Increases

K=Fr
↓Ear +Y

*V 3 Tc are used to simplify equations for non-adiabatic CSTR



Heat Generation Term GCT)

G(T) = - DHExn 1- rA)

-> to obtain a plot of heat gen as a function of temperature -> solve for X as a function of T

V = Ex = Car

k (no(l - x)

i=x
5=x)

X=K

-> substituting for X

GC)=
G(T) = - DHixnt A e-EIRT

1 + [Ae FIRT

I



Ignition & Extinction Curves

The points ofIntersection of GCT) & RCT)
, give us the temp al which the reactor can operate

at a steady State

By increasing the inlet temp (To) , the GCT) curre remains unchanged , but the RCT) line would

more to the right



=> By plotting Ts VS. To [Temp Ignition - extinction corve]

- As To Increases
,

is increases

Extinction
Y

- Ignition temp : T where jump from Tslower to Tsupper

· ccurs

- Ignition
- Extinction temp : T where drop from Tsupper to Tscower

OCCUrS -

-Points 558 e unstable steady states. (Avoid working

on their corresponding temperatures (

When To exceeds Tignition -> Transition to

X
the upper steady state will occur

undesirablea Dangerous

Runaway Reactions : RCT) only intersects with upper steady state


