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Rate Law

1) Types of reactions (Homogeneous, Heterogeneous,
Irreversible, Reversible)

2) Rate law and reaction rates

Reaction rate constant (k_f) and Arrhenius equation
(Activation energy)

4) Reaction order and units of reaction constants

5) Key reactant and reaction conversion (X)
6) Extent of reaction <

7) General mole balance equation

Types of reactors

8) #Batch reactor
#Continuous-Stirred Tank Reactor (CSTR)
#Tubular Reactor / Plug Flow Reactor (PFR)
#Packed-Bed Reactor (PBR)
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Types of Reactions

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

A—B8
Reversible Reaction: Can proceed in either direction,
depending on the concentrations of reactants and products ,Q =8
present relative to the corresponding equilibrium constants
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Reaction rate constant (k_f) and Arrhenius equation
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k(T) is the reaction rate constant:

Species specific, therefore subscripted to reflect which species

constant is making reference wnction on
—1y = ke(T) f(Ca.Ca,Cc, Cp, ) }emperature.
. . . on)g
NOT really a constant, but is not a function of concentrations

Described by kinetic theory of gases

A = pre-exponential factor (frequency factor)
ky(T) = Ae BIFI E = activation energy (J/mol)

R = gas constant (8.314 J/mol K, 1.987 cal/mol K)
T = absolute temperature (K)
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Example 2.1 Determination of the Activation Energy

Calculate the activation energy for the decomposition of benzene diazonium chloride

to give chlorobenzene and nitrogen

A . k (s7H) 0.00043 0.00103 0.00180 0.00355 0.00717
@ — @ N T (K) 313.0 319.0 323.0 328.0 333.0
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Unit of reaction constant
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Conversion (x)
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Where Ni is the current moles, Ni,o is
the initial moles, and.z~;is the Ne =Ngo +c¢é

stoichiometric coefficient.
ND = NDO + d 6

Calculating Moles at Any Time:

v
N, =N,y +vs This can also be written in terms of a molar flow as, 1, = n; + 1;¢

Note:z~; is negative for reactants and positive for products

Relationship with Conversion (x):
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Where x is the fractional conversion of the key reactant, and
ey 1S 1tS Stoichiometric coefficient.



Example
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#Continuous-Stirred Tank Reactor (CSTR) -

#Tubular Reactor / Plug Flow Reactor (PFR) cH N\ oo )
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Batch Reactor Design Equations

Differential Integral

Basis
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Example 2.5 Estimation of reaction time in batch reactor

consider the isomerization of species A in a batch reactor. As the
reaction proceeds, the number of moles of A decreases, and the
number of moles of B increases. What is the time needed to
decrease the concentration of A from Ny, to Ny, ?

Batch Reactor
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Example 2.5 Sizing of reactors

The bellow reaction is first order in A, =1, = k C,4, and is carried out in a tubular reactor
in which the volumetric flowrate, v = 10 L/min, is constant, i.e., v, = v. What will be
the volume of this reactor needed to reduce the initial concentration to 10%?
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Continuous-Stirred Tank Reactor (CSTR) P
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In — Out + Generation = Accumulation
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Plug-flow Reactor Design Equations

Basis Differential Integral
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Packed-Bed Reactor (PBR)

Coolant
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In— Out + Generation = Accumulation
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Determination of Reactor volume - A plot of F—;“' VS. X
i
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Stoichiometry in Liquid and Gas Systems Topic 3

"These are the topics we will cover."

1. Stoichiometry and Conversion (X) and linking molar flow rates (Fi).

2. Liquid Systems and deriving concentrations at constant volume (vo).

3. Gas Systems and deriving volume change (v) as a function of
pressure, temperature, and conversion.

4. Rate Law Applications (-rA) using the derived concentrations.
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Liquid System
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Example: LT

‘
Calculate the equilibrium conversion (X.¢) for gas phase reaction in a flow reactor
jCothermal , isobaric

Consider the following elementary reactiqu A B

evers: As K¢ ncvease
Where K;=20 dm?/mol and C,,=0.2 mol/dm?. T e exvectin

Iffeversible-
Congentrdion of product

Com@wivoction of Reactort

Calculate the equilibrium conversion for both a batch reactor (X,,) and a flow
reactor (X,).
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Stoichiometry in liquid and gas systems Topic 4
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Example

The formation of ammonia is to be carried out isothermally at 227°C in packed bed reactor
and with a pressure of 16.4 atm. Thisis an isobaric (constant pressure) flow system with
equimolar feeds of N, & H,. Assume the gas mixture behaves like an ideal gas.

<= |({evevsible
H, + 43N, - 43NH, |
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Example PFR iy

n=2 /’

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, lenperature, or reaction rate

Reactants Products

Figure 1-9 (Revisited) Tubular reactor.
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Collection and analysis of rate data Topic 5
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Example

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

— way s
Q@(@) A+ B+ 2C > D + 2E Bis> <
—~p= Kt (c Metlod 0F
excelS-
= a+b+c Experiment | [A] [B] [C] Rate
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|+ 140 :
- ’/ 1 0.1 05 0.25 0.1
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Example

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

time (s) (A] (M)
0 1.200
10 0.800
|-2506 20 0.600
yAON 30 0.480
O Y04 40 0.400
05 50 0.343
0603 60 0.300
&os 70 0.267
9ot el 80 0.240
©4 502 1 L 0218
o> 100 o=
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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 (%)

CA:O.lx(l—%):O.OSBBM 1 13 112
C,=01x(1 —%) =0.0743 M 2 34 257
C,=01x (1—%) =0.0633 M 3 59 36.7

Cy=01x(1— %) = 0.0448 M -4 120 55.2

A+B — (+0
CAO:O'].
X Iﬂk%m"/]w '« 0@\ 2w )
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If you repeat for four of the runs: '
Run t, sec ky x 10 (s*1)
1 780 1.54 :5‘
2 2040 1.46 |:> §<
3 3540 1.30 5
4 7200 1.12 o o
800 1600 2400 3200 4000 4800 5600 6400 7200
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If you repeat for four of the runs:

Run t, sec ks x 104 (s7) | k, x 10 (L/mol s)

1 780 1.54 1.63 $

2 2040 1.46 1.70 i

3 3540 1.30 1.64 i

4 7200 1.12 1.71 B0 60 20 200 AW 40 50 600 70

time, sec
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Comparison between Reactors

"These are the topics we will cover."

1. Graphical interpretation of reactor sizing
o\l (7 ©
2. Space-time and space-velocity

3. Reactors in series
4. Combinations of CSTRs and PFRs in series

5.Comparing CSTR & PFR sizing
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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

%,:0-4

(Fao/—ra)(m?) 0.89 109 133 205 354 506 8.0

\/I = Ml = (2.05) (o4) =0-32 "

- A

%2 = Og

VQ- = ‘;A'O CX?.'X}) = ZCO%—OA-\ = 2')_1/"
— a9

\[:_ V,+Vz = 402 ',,3

(STR > 159 Qi Z 2@ cids <0 0

1—)%0

=) (0&) = 64"
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K @mpation GrR of IR Sizing

Vestr > Veeg for the same conversion and rxn conditions.

Fao
v -y v
CSTR PFR

The reason is that CSTR always operates at lowest rxn rate. PFR starts at a high

rate, then gradually decreases to the exit rate.
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Graphical interpretation of reactor sizing
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Isothermal parallel CSTRs and PFR Topic7

"These are the topics we will cover."

1. Performance of Isothermal CSTRs in Parallel
2. Performance of PFRs in Parallel

3. Pressure Drop in Gas-Phase Catalytic Reactors (PBR)

Coupled Differential Equations

dx . : dr
s with the Ergun Equation o to account for pressure

4. Analytical Solution for Pressure Profile

Assuming negligible expansion ¢X ~ 0

and constant temperature (isothermal conditions).

catalyst mass g = (1 — aW)/?

0

5. Effect of Pressure Drop A F on Reactor Performance

Lower Concentration and Rate: Pressure drop reduces total
pressure (P), which directly lowers reactant concentration
(CA) and reaction rate (-rA).

Reduced Conversion: The lower reaction rate leads to a reduced overall
conversion X for a given catalyst weight W

Increased Volumetric Flow: Pressure drop causes gas expansion



ISO‘H\QWW\QJ/\) '/)\}b—gy\g;’:lglvoﬂ J>\>3)\)’)\’Q.>)>
OQets 11 ks wnlng ond , (T=To) Jelin 57

a0 en(}o-l-hermic 5] EXothevmi jgl,;_:J) SWin S

20 P\ P
71 e i) S

B <end 5 51 i (ooling Jacket Yoo
= i S
ST S Ko pom i (K) o\ Ul &8 Ledt &

dCS"ﬁ)"‘ NN \e =< > Clao EneryY Balau@ I s\eo SNzlo (9

1. Performance of Isothermal CSTRs in Parallel
S Pe\s e dypg0 (TR o0t ws SAS o9l L)

s e =l O o ls o)l e ¢
BN

o pined Doty BTR N9 Size ¥ Jolo

§low SN <’ ;/Lpll»ffo r_,élg S &

gale

s X|=X2:X3$j(”*'

{A| 5(92 :rﬁz"(‘”‘ &

362 dm’ls

7.24 dm’ls

N = Fao_ X

—(a



Conc Jugior C<TR n 35S co rolo QD 5 A8 Y

SIFTRE AV o= S ))) o Aspges Wlse
cuis A CITR L slio o] cithay ot A B3 B0
Fpe M) ] wels VSO

QQQ paatlel 3 o3 ls s o b
Yo P\ oo n LE g s e o) Q| P, O
Jool 225

Gr R\ S @ Series e 7ol Lol cald M= oo

ds <& Wqﬂ)l?b\}s(«m cffq.{\}fﬂw c=s57)] Y= w uqqc‘bl
[r="aNe ez Ll as,e Series o
PBR, AR ©30b) s L)y (oo i€ o b o ins s

Conversion S\ <> 50 9 }\{j)\ 5 el osh ) o ) ps 09
“au W)l 7‘:>IL co

gy JolS baadl cualy Jeliay A0 T slail jLa ol :Series I dla o8
Ll dasiy Toyi9 (Bypass) Jie doais (Jeliay Jlae Lo of (Parallel 4l dla o4
yaius & LY g Al ke Al 48y Lot

Late 650 U wantiiny Parallel 41w <Conversion 1l ad s olie doaatiusy Series
anng bacall bga Gl LSulsyua ¥5 LIS ¥ aaly Jeldo dloatiy L 252 Flow Rate
" Je Ll



2. Performance of PFRs in Parallel

T he Convevsion Will be Fhe Qame -
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3. Pressure Drop in Gas-Phase Catalytic Reactors (PBR)
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Joere 3= o s
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W 04+ 4x)

J.(?Ao(l-xﬂ :K Cao C1-X) (%)]2

dw 0 + 6)\)




dfaX _ K[ CaoC1-») (%)]2
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4. Analytical Solution for Pressure Profile
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5. Effect of Pressure Drop|A /Hon Reactor Performance

Variation of conversion, concentration, pressure and rate of reaction as a function of weight of catalyst
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Multiple Reactions Topic 9

"These are the topics we will cover."

1. Types of Multiple Reactions:

Parallel reactions
Series reactions
Independent reactions
Complex reactions

2.Selectivity Instantaneous  So,v=7p/7v  Qverall = 117

3.Yield Instantaneous Yp=rp/—rs Overall Yp=Fp/(Fy—Fy)

4. How to Maximizing Selectivity

Concentration Effects: Case 1 a1 > @ High CA using PFR or Batch.
Case 2 «, > oy Low CA using CSTR and feed

Temperature Effects: Case 3 Ep>Ey High temperature

Case 4 Ev> Ep Low temperature
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molar {low Cales.

1.Types of reactions muMiple Yeackon
: esident Fime diskaibuion - oL
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b o\ csy s <°
EPN RIS A
C s ks C

@) s vadon 585
A B &)‘Slﬂ:‘
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Q) Complex. (eactions
Gip— C+D ) D

In chemical processes (whether parallel
E_‘ or series), the goal is to maximize the
A+C — UL desired product (D) while minimizing the
F G undesired product (U).
>
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3.Yield n Ko,y K,y a>t V]
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Special Case for Continuous Stirred-Tank Reactors (CSTRs):

In a CSTR, due to perfect mixing, the concentrations of »//"
reactants and products are completely uniform throughout the

entire reactor volume and are identical to the exit stream
— C.

1,exit

concentrations C.

1,reactor

Consequently, the instantaneous reaction rates (rD, rU, and
-rA) are constant everywhere inside the reactor and are
evaluated strictly at the exit conditions.

yo 5o )gom’ SO/"“ =
,,)\»w c/\u_p'\.wo



4. How to Maximizing Selectivity

bk, (1)<, A—> D  (Desired)
2)9hA —— U (Undesired)
O(zlq #) U

oy
7 el
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EXAMPLE 9.1

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

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

alkene + O, ——> CO, + H,0

Calculate the maximum epoxide selectivity assuming an excess of dioxygen.

Solution k, k,
A+O — EP+0 — CD A: alkene
Y )
The reaction network is assumed to be: ks P ; o OXYEEY
: desitedd (desired)  EP: epoxide
CcD (undesired) CD: carbon dioxide

C‘G/-és}’g‘{)/lﬂ,o J'D/LQ (o —u=x0

—Typ= leACO -+ k3CAC0 . L ,‘
Spn = Kila —ales 5 )
s 19
Tep = k1CaCo = k2CrpCo Ky +Ks Ca Madnd
S oflef
Tep = k2CgpCo + k3CaCo g P Go=0 Cas 55 Jeo O
:# b)) et @l @p oo
C.k K s R 222 Lz <& w3 WK ©)
:?; Ks_vf’ei"@'f‘uuiftrs>é’, 22

A4 —HPC — CD

Instantaneous Selectivity Spu=—"
] lk’
CD
S o TEB o kchCO e kZCEBCO
PV " rep k2CgpCo + k3CyCo
—13=k1C4Co + k3C,Cp
Instantaneous Yield Y = D 1
_rA Tcp = kZCEpCO =} k3CACO

TEB _ k1CaCo — k2CppCo
=TA kchCO + k3CACO

YD -



EXAMPLE 9.2

Maximizing the Selectivity for the Famous Trambouze Reactions

Jo .
200110' {rockon

ky

Reactant A decomposes by three simultaneous DU A— X 1A= x=k,; =0.0001 mol
reactions to form three products, one that is . "3; dm’-s
desired, B, and two that are undesired, X and Y. 2) desid A ;, B = Fg= kyCx= (0.0015 57')C,
These gas-phase reactions, along with the
appropriate rate laws, are called the Trambouze U ks 2 3

3 —_— dm o)
reactions (AIChE J., 5, 384). ) A Y ora=n=kCi= (O-OOSrm)CI\

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?

g gifed
Solution o o8
L :
Instantaneous Selectivity $=— J= L, all products of interest
(/{W(’AQS)"?’/ Y \‘56(5 e'zr optimum
! [ (pse Yoy <
The instantaneous selectivity of species B with respect to i
species X and Y is "
I’B k2CA 6.72
SB/XY - = 3 588
Ity ky+kyCh -
Saxy 10
420
When we plot Sy, Vs. C,, we see that there is a maximum asg | | Selectivty. Tambouze Reactons
252 -
168 :
To find the maximum, Cy, we differentiate Sp/xy with "
respect to C,, set the derivative to zero, and solve for Cj. 000 \
Th at |S 0.00 005 0.10 0.15 020 0.25 0.30 0.35 0.40 045 0.50
Cy(moligm®)

dSB/XY=O= kz[k|+k3C,:']—k2C,:7[2k3C,:] [:> C;=JE=\/O'OOOI(m(ZVde'S)=O.IIZmol/dm’
dCy [k +k, T 0.008 (dm’/mol s)

ge/ec//vi#lo . 9-,’]5— C;LL 0
(;; mx\{\!’.sxful" iSJIL".ﬁ S



[keksta )= KiCa [2165Ca)
~_ - 5 _—

2
K! +k’$92 "'/(A 2K

< = 1Chle - K

.= C A | €

¥
Cp = {7\

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 C is
ks
* k2 o
k,Cy ks _ k, 0.0015

ke +k, G2 kitky 2 fkky  2[(0.0001)(0.008)]"?

S RXY —

SB/XY - 0.84




dieg JalSIL Jelall Jals 585300 Jans Las (Perfectly Mixed) S obsSll Lis a3y (CSTR J1 o
5o lS sl wie alaST oy Je L) 1 oy 1ia  Jusatil] 5535 Jlsls CA* 1 Ggluay (1o Gulsi g AL
tOpiC 2 < LSL& 3.3\9;\9.:5 daade

Maximize the selectivity with respect to temperature

From previous part we had Se/xy = B = kCa ~ and C, = ky
rx¥ry k,+k;Ca ks
Substitute the second term in the first one
. E\tEy p
S _ k,Cy .. ! ks _ k, 5§ S A4, exp 2 =
B/XY — 3 — — ,  — o
k+k,C2 kivky 2 [kik, VY2 A4, RT

Run at as high a temperature as possible with existing
E\+E; . . .
Case 1: If T<[:2 equipment and watch out for other side reactions that

might occur at higher temperatures

E,+E,

Case 2: If >E,

{ Run at low temperatures but not so low that a significant
conversion is not achieved

For the activation energies given in this example

- 10,000;20,000_15,000 D

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

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

. CA()_C; = 0.4-0.112
Cio 0.4

X =0.72

"Thetw



Multiple Reactions Reactor selection and design

Topic 10

"These are the topics we will cover."

1- Operating conditions
2- Reactor Selection Cases

3- Design of a batch and PFR for a series of reactions

% Operading (sndition
1. Safety —— “’3@)\33)‘;5”(3?@\ Golo $

2. Selectivity ~— S\ ool P55 5yt vl zls\ <5 ;
3. Yield ™ kgt b o) \ass WM cayb e 28N 3.1

4. Temperature Control A » J ) cus \ s 51 321 50
, A 0) o\_j'
5. Cost 7> 34T ) = \

K Reaclor Selechion Coses
rp ==k C(ylcg}

TU = kQC;){zCéz A— ‘l—@

r k .
— D 1 (yl _(12 J‘jl —"132
SD/U—__—k_Cq Cg
Ty 9



Cage@ (:[2 +11€ (eactionS ate \/I?%k\ta exothermi(

o . high
If the Desired is exothermic and the A Speed D
Undesired is endothermic: Use recycle B>;“ U
stream
&

(i) Tubular reactor with recycle

If the Desired is endothermic and
Undesired is exothermic, use
CSTR alone

U
(j) CSTR with recycle

Case(® —.Fo(' (oversible Yeacho

A= C+D iltg! Tag sle asias

Zuilibrium Dies fav 4o the feft =\l
ield 3 Yoo 5 X Jo oWV Sl o Yo, Voo L2052 guss]| I ol
‘\::‘J-?/)ég—l o ks e

ols e &l &gua o8] peiows JSut (C) soll) Wis gilsall aad Lasw 13)
gl Balll g oatl (515l L) Cpnall 523 T 531 (e and Je il
X alay il

Gas Phase vs. Liquid Phase
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Example 10.1 Choice of Reactor and Conditions to Minimize Unwanted Products

B
Given the following parallel reactions. Find all ¢, A+/' B —8 P rp =k, CZ‘ Cgl
possibilities of configuration and pathways to b1 o B
increase the selectivity of the desired product. o, A+B —> U: ae S A2C82

Solution

A::( ‘ ) D
Case 1: 0(1>0Lz, B1>B2. Let a=0(.1—(12 and b=B]_BZ 2 {U

(b) Tubular reactor

ro k. o-a, B-p rp _ K
¢ =D=_1c'""2C '2 |:|'> So=-== CC
D/U rU k2 A D/U rU k AYvB

o % i T 3 . .
To maximize the ratio r—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

2doo 705 Ao\, B, A 15 s ble lae

(c) Batch

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

a Pure A

Sou =r_D = kl CZI GZCEI B, [:> S =r‘_D - /ﬁ; initially
v kz v k,Cy

o . D . (d) Semibatch
To maximize the ratio —, the concentration of A should

Ty
be high and the concentration of B is low, Use: wiuuiuisa sy A D
(ke lasBuGL2l, B U
» A semi-batch reactor in which B is fed slowly into a (A
large amount of A (f) A membrane reactor or a

tubular reactor with side streams
= A membrane reactor or a tubular reactor with side s &lsdlos Adal

streams of B continually fed to the reactor fudlp sliiobB B

= 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 is mostly consumed before the CSTR exit
stream flows into the next reactor

Bla) gysis Jelia sl od A L]
(SBlelill 3L sle §phn ooty B

(h) Series of small CSTRs



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

rm k B -B d _ ki
S == D= =2 C = 5 E> SD/U — = ——
U "y szZCg

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

edleliiall €55 J3T sie Lails Janss oo JolS BlA 06 Suny CSTR Jelia o3 A
ACSTR D
e bl Ldidas a5k e Jaall wie deliill olgl) 5853 jadad B A

A tubular reactor in which there is a large recycle ratio

A feed diluted with inerts, -5 s el Sl Lt e Gl . ol
(i) Tubular reactor with recycle

Low pressure (if gas phase).
'
C —n Lo R =

v )t*g Volume <=2
C}‘J’{é Conevttation ¢ +so

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

b
rn  ky -y BB rn kC Pure B
Sw=2=-C G O g =D iniiall
U KLy
(e) Semibatch
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 BRER; D
A-+—
amount of B B—s T

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

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

S b5 s il ¥l ow (@se2 s

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



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 is held at this
temperature until the time it is quenched.

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

b) Calculate the time to quench the reaction when the concentration of B will be a
MaxXimum, s:lll oS 585 lel sie 55 !

c) What are the overall selectivity and yields at this quench time?

@ 1. Mole Balance on A

dC dC,
ri,=—kCy,, —==r = —=—-kC
Integrating with initial condition C4 = C 4o at t =0
C
ln_A = _klt = CA — CAoe_klt
C 40

2. Mole BalanceonB  dCp
at B

np=-My=hCy mp=-hlp = ry=nptry = 1=h0y-k0y

C

dt = kICA — kQCB



Rearranging and substituting for C, = C,,e™™?

= dftBJercB 5y C gt

Using the integrating factor gives:
F Lol Lhysen o ds¥ T dayall e dadas LLALE Aulas la
d
=2+ Py = Q)

dt y=0Cp

I(t) = ef POt — of kadt — kst

dC )
ekat (d—tB+ k203> = ekt . (k,Cype ™)

d(CB€k2t)
dt

/d(CBeA'zt) — /kICAoe(kz—kl)tdt

== kl CAOe(k2_k1)t

Cgef2t = F1C0 elk2=k1)t 1 Constant
fy—ky
Attimet=0, CB =0: s
0.0 = 2740 .0 4 Constant
ky — k1
—kqt —kot
e fit _ o=k
Cr=kC
B 1~ A0 [ k2 . kl ]



3. Mole Balance on C

dC
&
Substituting for CB:
dC e—klt _ e—/\‘_t
Cp=kCy|——
TC = _TQB = kQCB = d—tc = kQCB B A0 [ k2 - kl ]
dC¢ _ k1kaCao (e kit — g=Fat)
dt ~ ky—k
Integrating with Cc =0 att = 0:
Cag
_ —k,t —kot
= Co =72 k(1 —e™) — k(1 — e
2 1
-kt é :
Cy =Cyt | .
e—k|l _e—kzl C i E
BT T mol :
2 M '
C dm3)
— _ VA0 =kl _ okt :
G 1= ]-k[1-¢ |
| t(h)




0O,

Optimum Yield
dCp ki1Cao k k
0= TR e ke 5ty =
—k;t
—kyt _ J. —kyt etk 3 %
ke ko€ p——— E elka—k)t k_l

1 ks
t = ] —&
max k2 - ]{:1 n <k1>

C,o = 2 mol/dm?

kl - 05 h_1
ky=02h"!
y 1 l 0.2 1 l 0.5 N
M 02—-05 05 03 0.2
mol] /0.5 [5253] mol
=2 g (§3) =04
. —9 mol (0_5) (E) [6253] B (%) [2%53] _ 07m_01
B dm3 (0.2 —0.5) | \0.2 0.2 o dm3

Cp=Cy—Cy—Cp=2—044—1.07 = 0.49 mol/dm?

©

Selectivity
~ C 1.07
Spio=—>= =2.2
BIC™ ¢, 0.49
HiEiel Cp 1.07

= 0.69

Y == =
P Cp—C, 20-—0.44

1 k
In -2

max k2 . kl k,'l

tmax =3.05h



The bellow elementary liquid-phase series reaction is carried out in a b%tor.

K k, PaCKeJ bed
A > B > C (éacfot’

The reaction is heated very rapidly to the reaction temperature, where it is held at this
temperature until the time it is quenched.

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

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

c) What are the overall selectivity and yields at this quench time?

@ 1. For species A

Design equation: aky /

aw ="

Rate of disappearance of A: —r'y =k Cy

Molar flow rate relation: F,=Cyvy,
V) —en, — —
0 dW 1“YA dW
The space time related to mass of packing: CL%:C_’I_\L)_ =’K\ Cﬁ
W
14 V
WV A Ko
(O (o dT
IntegratingwithC, =C,, at W=0 7 =0 ,Qn% - |

CA _ CAoe—k17J CA = Cho E:



/

2. For species B dF
B
———— 7
aw P

T/net — kICA o kQCB

Fp = Cpy
aC
’Uod—v[f = kch — kQCB
aCy

P kyCp =k Cgoe™7

(Integrating Factor 1)

—k, 7 —ko’
e " — e 2
Cp=k,C
B 1~ A0 k2 L kl
Maximizing B lead derivation of CB d_% — ()
dr’
1k

ciboe AN B 5,0 < T TR Nk

=S Ko K dp=2
T <slb W . =

e Cao

ky
k\ A
Xopt =1 —exp |—In k_z =




For species C

k,C
CC = CAO - CA()e_le/ _ M1~ A0 (e—k'lr’ . e_kQT/)
by —
kl

Co=Cyh|(1—eM) S

(e_le’ _ e—k27-’)

C “ B B
Co =720 [l = ky) (1= 757) =k (747 — )]
2 1

— CAO
Co= —

[k2 (1 — e—kﬁJ) — k; (1 _ e—kﬁ)]

SB/C — Salll 1) (B) sl g2l 8ull) dois
CC ((C) LIl Lge,k)
T/ g 005 die
g CB,max pt

Lol o B oo galill o sSLI Ty Cipal

% Fg—Fz  Cp  Cp A e Ll 3oLl oo Lilas &Ll |
B_FAO_FA_CAO_CA_CAO XA
7-/opt o) e
o CB,max CB max




Example 10.2 Parallel Reactions in a PFR

O t‘)rl ole Q f’g QJ'\" P ?19 /%/0/5“0 ,Lo
220K <1 150Kero

For the bellowéés-phase reactions that occur in a PFR, Pure A is 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 is operated isothermally at 722 K and at 1 bar.

Additional information  AHy,, = —20,000 J/(mol of A reacted in reaction 1) ol lle/
(Bl s s ) on
o AHg,», = —60,000 J/(mol of A reacted in reaction 2) fem#o
o aie K el
Lot E(1 1) E\/R = 4000 K E(1 1] dm
kia=10exp|—= | = — = || kox =009 exp| = | — — =
R \300 T fifs-f- E,/R =9000 K R (300 T )|mol-s
ovder Secja(
Solution order

dF,
dV — k 1 CTO
2
dF C 1 ]{ 02 & There are 4 unknowns (F,, Fg, F¢, Fr) with 4 equations that should be solved
dV 2 2~1T0 simultaneously to obtained the desired variables. POLYMATH, MATHEMATICA,
T MATLAB, Numerical Techniques, etc.. can do the job.



D e X B oS | M 2.

= = - > 1! =
Mo OES [REs  v] Wbk ¥ Gah ¥ Bt ————— -
i —— Variable In = - = alue Fnal vak
" ' ' ¥ v L J 1 A - - e - o
Differential Equations: 3 | Auxiiary Equations: 8 v Ready for solution 2= o el 9t Somm=r
3 E1_R <2000 . <000. <000 <000.
- - E2 R S9000. S000. S000 S000.
E2_R = 9000 s FAa 100. -2.S7I1E-19 100. 1.08-13
E1 R - 4000 s F= o o 1=2.33393 13.334993
- S FC o o <22.83253 2283253
T=722 s =T 100. s7.16747 100. s7.16747
I A . " =] LS 2. 929 +043 2. 929 +049 2. 929 4045 2. 9249
d(FC) / diV) = 0.5'k2'CA2 26 2 S7iies0s [s7iies0s  |sramesos  [szaesos
™ 11T 722 722. 722 722
FC(0) = 0 12 v o o 100. 100.
d(FB) / d(V) = k1"CA
Dxfferentml equations
| = dFO/A(V) = 0.57k2" -~
fﬁ'ﬁ‘ dOV k1"CAK2'CA2 2 somimn —hmes
(FA)/ dV) = - - 3 deFA/A(V) = k1=CA-Kk2=CA~2
FA(0) = 100 Bt cquations
V 0' = 0 E;qéz_n e=‘:.9ooo
V) = 2 E1_R — <2000
V(f) =100 — i
“ CTo = 0.1
CA = CTo*(FAFT) — R
& CA = CTo=(FA/FT)
FT = FA+FB+FC 7 k2 = 0.09 exp(E2_R=((1/300)-{ /T
CTo=01 8 k1 = 10"e>pE1_R=((1/300) (1/T))
k2 = 0.09*exp(E2_R*((1/300)(1/T))) ST w3
k1= 10%exp(E1_R*((1/300)-(1/T))) Pt o7 s s |
Sapsec e O 000 sec
Socluson metoo E_45
G 1 vpwn 1y Sme = = 2 : -
FEH B0 AL BEAB @A! £
!
,i 1.00E+2
'S
i-\. =10
-
B s [l ra
E \
2
v 6.00E+1
|
4.00E+1 ‘
2.00E+1 \
0.00E+0 4‘
-2.00E+1
-4 00E+1
-6.00E+1
-8.00E+1
0042 : ‘ - ‘ ‘ :
0.00E+0 1.00E+1 2.00E+1 3.006+1 4.00E+1 S5.00E+1 6.00E+1 7.00E+1 8.00E+1 9.00E+1 1.00E+;
v

The Ew



Steady state non isothermal reactor design \

Topic 12

"These are the topics we will cover."

1. The energy balance @ = ke bt ol doledl
sl e g 85 15all ilaya

: : : Jsire 545 reactor J! Juruis
2. Adiabatic operations 7 00
S Je Ll Jala 5,),all das
3. Non-isothermal flow reactors with heat exchange ..t s Ly el
calh 53l s (T) 8,000 days uas oY
JI k¥l s ellil (of Reaction
8alll &lges &35 ¥ NoON-isothermal

el 3 L k38 (Mole Balance)
(Energy Balance) Gkl 455l gas

Mae Jgmillg 3, adl 5 (i iyl

4. Equilibrium conversion and adiabatic temperature

oSKaa (€ 3) Usal L (g
8l (bl o 5udiy Lelinss
$lelngl (3a
5. Optimum feed temperature

L feed J1 550 oy

.(Non-isothermal) 3,,all €Ll e adlgll o8 cole &l alaas
! «(Rate Laws) Je L&l de yuu cpilssy Design JI o¥ulas
O aginbl T sdpn a8 oo aalinya



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,

L s (sl a5 51 5,1 5555 reQCIOT JI £33 e | pila ol o2 iaall sl
O UG el d 5K 8, )hadl < (I CSTR I Jelés (1Le ((BFR )od /XPFR Fy
0

A — B First order.

adiabatic (JK~y .(Exothermic) &,/ ,all o, Je L&l
d_X _ __TA T g 65l Jold Sladiaeg Jgine (oia
av. Fy e Byloa il 7 Je il Eygun SLE) Lisa
sk (Jgye Jelatl Y9 (ExO Y Jelaill
3,0l ¢ La5,) ) iy oS5 T, 8,1l
reactor J!I Jala

—Tyq = ICCA

o Ll L) ol K Je Ll e en el 6 (T) a0 035 e
:(Arrhenius Equation) ua it

E(1 1
k=k exp|=|=—=
! R\T, T

(Liquid phase) &aas Jeldill o (a15560

CA — CAo(l — X)

Ef1 1
—ry = kyexp !ﬁ (1—11—?” Cyo(l — X)



dX Efl 1\[1-X

M -
v TPIR\T, T T)| o,

Do & g (lsgane (iie Lgad dalad] el g
conversion J! .1

Temperature. 2
Ol Lty Buals Aalas Jal Sy

Xa T syl ylie(Energy Balance) dulad ol Lus el Glie

X Fnef% Ba/awce . |

in ; out
(e.g., Fao) e 4 (e.g., Fa)
H; >§ H;
i / out

n
(e.g., Hao) ) L (e.g., Hp)

dE 3 . J / S
Sys ’
dt Q - W + .{F’in E \ F out E
olar flow (ate [ne(ﬂ Per wole
Units = (mTol) X (L) =§ (Watt)

mol

1=1 1=1
._23') 1"'\|“
.( Z 1,in llll iEOUtH/LOUt W: PV Shq‘ﬁ W(K (ﬂ
i=1 ~

Rate of Flow Work=F,- P- ¥, £Jow WorK



lela oL Balll ole Jall Jans oI s 1y ol sl —ZEmPV;m Jsaall e
reactor JI Jala =

Hline baal) adan Al L&kl - G e PP Y0 - ~
t’ - & Q-J 9.5“& JL e LGA‘”; g ' +Zﬂ,outpvi,out C 9,;." | die
Lage LY (ay (Jad Jors I 54 System JI ag)alls =

SlLEY) GSaty Ly oI il 5,L5) T/

=1

GSad) Zals +U i fall BLall e oS5 LIS 5L
Zilag LS all Blall Jagis Gal Lusaedsll @ls +

E~U;
(B P~ U+ PT)
H=U+ P

—_~

A+9B—>EC’+§D|
a a a

Z FyyHyy = FpoH yg + FpyHpy + FeoHey + FpoHpy + FroHy
i=1

> FH,=F,H,+ FgHp+ FoHy + FpHp + FH,
1=1



Fpot a0 — Fald g =FyHyy— (Fyg— FpX) - Hy
= FpoH g0 — FpoH g + FyoXHy

=Fpo(Hpg —Hy) + FyoXHy

b
FBOHBO - FBHB = (@BFAO)HBO - [FAO (63 - EX)] HB
b
=OpF o Hpy—OpFHp + EFA()XHB

b
= OpF,o(Hpy — Hg) + ;FAOXHB

c
FeoHeg — FoHe = (OcFy0)Hey — [FA() (90 + EX>] He
C
= @CFAUHCO - (‘)CFAUHC - aFAOXHC

C
= OcF,0(Hgy —Hg) - ;FAOXHC

d
FpoHpy — FpHp = (OpF ) Hp — |:FA0 (90 +5X>] Hp,

d
= @DFA()HD() - @DFA()HD — EFA()XHD

d
= ®DFAO(HD0 - HD) - ;FAOXHD

Fy = Fao(1— X)
b
(&
Fo = Fy (80 +=X)
d

FI = FAOGI



FIOHIO - FIHI — (@IFAO)HIO - (@IFAO)H

- GIFAO(HIO - HI)

n n
i=1 i=1

AH (1) = S (1) + S Ho(T) ~ 2 Hy(1) — Hy(D)

n
= - i=1

H,—H,,=C,(T-T,) = Hyy—H;=—-C,(T—T,)

FAOZ@ _FAOZ@ (T—T,)
H® Je2 «7
d < d b
S 2 AHG(T) = ©H(T) + L HolT) —  Hy(T) = Hy(Ti)
(Steady-State) _ d b
Q— W+Z ZFH —0 AG, ECPD+aCPC_ECPB s

AHg (T) = AHp (Tg) + AC,(T—Tp)




only £or -fee.o‘~<’

Reaclant
Trert

B lowls ress 7) Nl Ls\o\uo
vé_m)), 7)< 22X\ I <o

= o\gi\ &3

[ne/gﬁ Bolance A )%/

Standard Heats of Formation and Standard Integral Heats of Solution at Infinite Dilution (25°C, 1 atm)
AH}, AH?,
Compound Formula State cal/(g - mol) cal/(g - mol)

Ammonia NH3 g —-11,040 —8,280

] —16,060 -3.260

. Ammonium nitrate NH4NO3 S —-87.270 6,160

Standard heats of formation Amiacuitrs slfue (NH.504 . 281560 180
Calcium carbide CaCy s —15.000
4 Calcium carbonate CaCOs 5 —288.450

and standard integral heats Colcom i cach ; Tonow om0

Calcium hydroxide Ca(OH)> 5 —235,800 -3,880

o * o= H H Calcium oxide CaO s —151,900 —19,400
of solution at infinite dilution Cahon rphie) c : >
Amorphous, in coke C 5 2,600

Carbon dioxide CO, g =94,051.8 —4.640
(25°C, 1 atm) Cbon ik & £ e
! 21,000
Carbon monoxide co g -26,416
Carbon tetrachloride CCly g =25,500
! —33.340

Copper sulfate CuSOy4 s —181,000 =17.510

Hydrochloric acid HCl1 g =22,063 -=17.960

Hydrogen sulfide H,S g -4 815 —4.580
Iron oxide Fe30y4 5 —-267,000

Iron sulfate FeSO4 5 —=220,500 —15.500

Nitric acid HNO3 1 —41.404 -7.968

Potassium chloride KCl 5 —104,175 4,115

Potassium hydroxide KOH 5 -101,780 -13,220

Potassium nitrate KNO;3 5 —-117,760 8.350

Potassium sulfate K,S04 x —342,660 5,680

Sodium carbonate Na,CO; K] —270,300 =5,600

NayCO5 - 10H,0 s —975.600 16,500

Sodium chloride NaCl 5 —98,232 930

Sodium hydroxide NaOH K —=101,990 —10,246

Sodium nitrate NaNO3 s —101,540 =5,111

Sodium sulfate Na;SO4 s —=330,900 —=560

NaxSOy4 - 10H20 s -1,033,480 18,850

Sulfur dioxide SO, g =70,960 9,900

Sulfur trioxide SOz g —=94.450 -54,130

Sulfuric acid H2S04 /4 -=193,910 -=22,990
Water H.O g —57.798
] —68.317

Zinc sulfate ZnSOy4 $ —233,880 =19.450

Source:
Circular 500, 1952.

@e® Adiabatic opemtion

F. D. Rossini et al., Selected Values of Chemical Th

Q=0

5

| Bureau of Standards,

Tz'ozTo

s Ld! Je liall A1 Slhl guan
(TO) 5,1,all da




Z:?=1 @icpi (T_ TO)
[AH; (Tg) + AC,(T— Ty)]

X =

AR Batch
9 Cufves
. e e T
Xe mo.ss
{
Hslao
Ly

em‘afe with  (onverSion for o.o{ia)saniic

Case@ Vafighon of Feme

Q=0
bulay feac'l'of .
+u 0
T;O — T()

i=1

-) ©6,C,T+> 6,C,T,— XAH; (Tp) — XAC,T+ XAC, Ty =0
1=1 1=1

T: X [_AH:&X(TR)] ‘l‘ Z?:l @icpiTO + XACpTR
>, 6.0, + XAC,




Case® CATR with Hest Exclonge

W, =0 <S5 )= Mo geo

AC, =0 o120 25K kLl s> Lt exchavger’/ Jacket
AHy (T) ~ AH;,

Q — UA(Ta o T’)

gﬁ)(T T)+Z_1 7 pz(T_TO)
—AH;,

Case@®) Ioutch and Semi batch/unsteaky (TR Wi
Heat Exchavep.

4T (r,V)(AHy,) — UA(T-T,)

Nes© g N
(o aduaw(e) Zizl szi

0) Ls-o < Swo

:Batch 1l dalas .1

(eachion

:Semibatch / Unsteady CSTR 41 dulas .2

dr Q—-W,—Y FyC,(T—T,) + [~AHg, (D](—r,V)
dt Z?_lN.C




(a5e® PFR/PBR with

dI'  Q,—Q, (Heat "generated'

heat €xchanoye

Ns\®
(ag aduaneed

(eacliow (_l)__ > Lo < Suo

) — (Heat "removed")

v Y FC, > FC,
Qg
R,
PFR in terms of conversion dT  r,AH, (T)- Ua( 7;) Q,-0,
&V F (20, +AGX)  F,(20,G, +AGX)

PBR in terms of conversion dT

(- 277
b

dw
C

F\o(20,C, +AC,X)

\r\/ei';'tdL
?f}a/ys)‘

PBR in terms of molar flow rates

Ua

‘AH, (T)-—(T-T

dT B A R\( ) pb( u)
dw Y EC,

PFR in terms of molar flow rates

For multiple reactions in a PFR

(g reactions and m species)

dV m
Z FJCP,-
j=1

i = reaction number, j = species



Example 12.2: Heat of reaction

DHn
Calculate the heat of reaction for the synthesis of ammonia from hydrogen and nitrogen at 150
°C in kcal/mol of N, reacted and also in kJ/mol of H, reacted. T
) o
AHp, (T) = AH} (T) + AC,(T— T) {or elemants
- . 20 o Ls s
ool € cmlims e s

(Hable) S
%) 5> "";Ls CCP) Peoduct ~ (CP)(QKIQJ
Te= 25¢
o & Cp, = 6.992 cal/mol H,-K
Oby = 2"’%‘ Ne(R) - 3 H(T) CPN2 = 6.984 cal/mol N,-K
-l-a.l:g CPNH- = 8.92 cal/mol NH;-K

3

) x~lloaof@_o-0 = —22080[ 35

ACP — 2CPNH.‘ = 3CPH, = CPN,

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

DHRx = - 92% - Io.IZCISO -25)

— —7272z2l0 @l
= * A\§& g
Col

—= —Q0%%00 I3 _
ol Ne

1/1"{ L)?C{:l o—e (eaction e U feacleo\

/)H@x = —011;00

= 22500 7
mol Re




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 #~/ at 360 K. The feed enters the
reactor at 330 K. n-CH, > i-C,H,,

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

conversion. S X = 6-95 Xequ
b. Plot and analyze X, Xe, 7, and —r, down the length of the reactor. el rj\g
c. Calculate the CSTR volume for 40% conversion. DXL

exother'mic

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

K- = 3.03 at 60°C, Cprpo=093 mol/dm3 = 9.3 kmol/m?3
Additional information: <
Butane i-Pentane

Cp = 141J/mol-K Cp. =161 J/mol-K
B i-P

n-

i Cp_, = 141 J/mol-K = 141 kl/kmol - K for Tnert

-

-Cabo O- Fro= = 146-F Kmol
feeJ {ém. ato OF we = 0% (63) "
(- Pentane O -Feo= 16-3 Kmel_
—q},:léal(%ﬂ. ’

1—;5330K
A=
<
V=7
0 —Ty = kaA_kbCB
Rigmid .
P\\ﬁge —Ty = k'CA — (y) CB
C, = Cup(l—X) )
o —ra =k |Co1 = %) - ST




Eneryy Ralawce ncp= (141)—(140)=0

only Lor -€e’___e4

TR cwye

2 8iCp, = OaCen +61 (o
Ba=1

Or= Yzo_ o) zo.
on °°q

4 ®iCp; = Cen+6zCpr= 14\ +0 Mm(16l)= (697 /mol .K

—AH?
T="T, + Rx X
0t > 6,C,
TT—= 55 - —(—1§300) X =— T = 330 + 43.4X
e T— 330
43.4

T— 360
= . h_l
k(T) = 31.1exp [7906 ( 3607 )]

T— 333
K, (T) = 3.03 exp [—830.3 ( 5T )]

—TAIO

At eauilliium  —r, = kC)y, !1 — (1 + KL) Xe] =0 K, Cpo =0

(&




1 —

_T—

330

43.4

KC
1+ K,

JI oo ol X gl gy Joe | s st Lo
design J! dulas ;e sla I X JI 2o €nErgy

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

Explicit equations

1 Kc = 3.03exp(-830.3%(T-333)/(333*T))

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

Calculated values of NLE variables 1
Initial Guess

Variable Value f(x)

Xeq

— Xe mass

—— Xe Heat
&

&

P

T 360.923 -3.331E-16 400. ( 300. < T < 500. )
Variable Value -1
1/Ke 2.498424
2 Xe 0.714157
e
wbsl Loo X

Volume of PFR at 95% of

equilibrium conversion

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

450 500

300 350 400
F Temperature K

7 =330 +43.4X

>

3607

k=311 exp [7906 (T — 360]}(}1“)

K- =3.03 exp|:—830.3 (

=

T'—333
333T

)

>

(&

x T (K) k(h 1) Ko X, —ra(kmol/m?3-h) gf;—" (m3)
A
0 330 4.22 3.1 0.76 39.2 3.74
0.2 338.7 7.76 2.9 0.74 52.8 2.78
0.4 347.3 14.02 2593 0.73 58.6 2.50
0.6 356.0 24.27 2.57 072 37.7 3.88
0.65  358.1 D774 2.54 0718 24.5 5.99
0.7 360.3 31.67 2.5 0.715 6.2 23.29




3 Simpson 25 Lraw
Vi =§h[yo +3y1 +3ys +ysl oo

o — 0- 6
Vi = 2(0.2) [3.74 + 3(2.78) + 3(2.50) + 3.88]
V) = 0.075 x [3.74 4- 8.34 4 7.50 + 3.88] = 1.75 m®
1 | .
Vo =ghly +4yy +y,| h=005 S imp so =

Vy = =(0.05) [3.88 -+ 4(5.99) + 23.29]

W| =

V, = 0.01667 x [3.88 + 23.96 + 23.29] = 0.85 m?

Vopgr = Vi +V, =1.75+ 0.85 = 2.60 m*®

@ Temperature vs. volume Rate vs. volume

/.,4-6-'3 & 8,1l daya o8 el £ L&Y

60.0 (astiy] dolas) Lot K(T) depedd| ol
54.0 |
48.0 }
I 420 QALQA_‘I r\_\.u.uj NN rate J!
ds Wl =0 2., S Ui A Tl 3ol 5553
T=309 7 96,0 e > T3 0l 5Y 1 e Je il L1y
-Q=0 30.0 Lagling (geeeal) o L) e
18.0 } Lileall eyl | acai o Lie el
120 } Sieall glons
6.0 }
3300 1 L 1 1. 1 L 1 L 1 00 1 N 1 1 N N N
Lene 20 09 AU s 20 25 B0 345 4 4 B8 00 05 1.0 15 20 25 30 35 40 45 5.0
gy V(m?) V(m?3)



0.8

Conversion and 07
equilibrium conversion 0.6 |
vS. reactor volume 06
05 F

. . 0.4
5,Lall ¥ Xe J& Lo« sl o |
JIE58 a3 oyl Jeldill e 3ulgill o2 |
Ke oln¥ ! cnls 01 }

0.0

00 05 10 15 20 25 3.0 35 40 45 5.0
V(m3)

@ T = 330 + 43.4X = T = 330 + 43.4(0.40) = 347.3 K

347.3 — 360
360 x 347.3

347.3 — 333
K. =3. —830. —2
e = 303 exp { 3303 (333 x 347.3)] &

k= 31.1exp [7906 ( )] =14.02 h!

1
_TA = kCAO [1 — (]. ‘I—?) X]

C

—r, =14.02 x 9.3 [1 — (1 —i—%) (0.40)} = 58.6 kmol/m? - h

C Fy- X 146.7x 0.40 .

v ~ 1.0
i 58.6 -




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

e

=

- N W s OO0
5

- N W s o

(m®) CSTR (m®) PFR
i i
02 04 06 02 04 086
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 m3).

X=0.68 sic Ll ol Wis Suic oo sla

OIxYl e s U Jeladl) e you alins) ¥ CSTR I ope Juadl PFR J1 < (X = 0.68) JI wic
S S CSTR Il ana ol

Loy aans (aaa JAls deyou uadly X = 0.40 o] Jseasll) Y57 CSTR 53 950,6Sas Jall (6
.0.68 I Jelaill JLSY PFR

The Ew



Adiabatic operation & interstage cooling
for non isothermal reactors

Topic 13

1-Adiabatic Operation

2-Interstage Cooling

JLad (suas reactor JI dal Las deyan T (ol Ol gandl T pein Lina
3l a2y (Exothermic) &, Ll oyl Jeldillg adiabatic
Lga Gl judl Lo ¢y 9as alaall Al aS(i Jeldilf (e il

9 ot Ty ol g b

OIAY 1 Caals GALAASS () (susa JelaLl JAa 81l daya ¢ L,
. exothermic J/ o)< ldill (Ke)

Oladng (Yield) (ladsg ((X) Oladld (o8 s Ke olianl
(-rA) Lslall Jeoldilf 4s you

99 S perii] QS

(CSTR) wilelio guie (osa U

Jaldl (= (Interstage Cooling) o8 J=J

1.0

Equilbrium Equilbrium
/ q / q




i=1

Energy Balance

X

Z?zl @z Cpi (T o TO)

T — [AH (TR) + AC,(T—T3)]

K Alliy (L 1)]
——Rae (1 __ L
Mass Balance |y _ c ||y _ Ko (1) exp |5 (7, — 1
e e AH; (1 1
“Rr (= __ =
1+ Kc 1+ K (1)) exp [ = (TR T)]
Equilibrium conversion Egn
1.0 /":)"°$ = 0
L X? ok
x Xe - o /////
& Vd
& d?*((, " To1>To
’b\'bo & P
7 0 "
/, ‘g\\ /// —-—
(%) 7z
Qj\ ///’
Adiabatic
rd { temperature
To To
T

Jos*) B cws Qe I caiad
diflore v Volue of T s ket

feed JI 5, a0 by 5,5811 (94

Jaal (ldis exothermic 4y wadiie 5y ols Ledlaas LaMAll
clialzog k J3 (lds rate JI o85S £ ) Jslalls (s X 4asd jas) (ole
cooling interstage J| Lilad clua Lic ;as/ reactor volume o/

Al yaas cad 3209 &y (950 Je il ldis dlgdaa T 85l am Tana
X dasds &9, Oless



reactor J/ Saa ,a58 (099 Adiabatic sau dus cub
299 L dis allag Y9 8yl (alAas Lag (ol Lylya Jg3os
.-reactor J/ Jala ol gkl

Ty (39 il dilass

(Interstage Between Reactors):

e l&ill <557 g reactor JI Jalo faal dyans Lo oy yaill

Jeol ¢l 1 g3¥/ (o8 231 (External Heat Exchanger) sais (5 9su
(Bl Jeldlig J oYl Jelalf (ns

Reactor 2 ols Jaus Lo a8 Reactorl (4o adlbs odf 3y didaldg
dadais To o

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
CPA = 50 cal/mol - K CPB = 50 cal/mol - K

K, = 100,000 at 298 K, k = 10 exp (E(L - l)mi “‘)with E = 10,000 2L
R\298 T mol

CA — CAo(l — Xe)7 CB — CAOXe

K) = € — € f— € ) _—
((T') CAe C'AO(l _Xe) 1_Xe 1+K€<T)




AH; (11
K (1) = K.(T;) exp [ 7 (T1 _T>] T, =298 K

K, (298 K) = 100,000

—20, 000 ( 1 1)] AH;, = —20,000 cal/mol
1.987 \298 T

€

K.(T) = 100,000 exp [
R =1.987 cal/mol - K

K, (T) = 100,000 exp [—33.78 (T_T2 98)]

KM
=R

100,000 exp [—33.78 (£32)]
~ 1+100,000 exp [—33.78 (£=22)]

X.(T)

X — Z?zl @’I,Cpl (T_ TO)

ACP:O
T, = 300 K

- — [AHR, (Tp) + AC,(T—Tg)|

- Cp (T—T,)  50(T— 300)

X = = 2.5 x 1073(T —
BB TAm T —(—20,000) 20 X 107(1'=300)




Mass Balance (Design equation):

T(K) K, X k (min—')
1.0 >
298 100,000.00 1.00 0.001 . K, (T)
350 661.60 1.00 0.012 \ Xo= o
+ K. (T)
400 18.17 0.95 0.074 0.8 |- e /
425 4.14 0.80 0.153
450 1.11 0.53 0.300 0.6 |- \
475 0.34 0.25 0.541 x Cp (T_To)
500 0.12 0.11 0.919 0.4 |- +—X Xeg= —2
—AHgx
02 |- .
Energy Balance:
T(K) | 300 400 500 600 0 | 1
300 400 500 600

p. A | 0 025 050 075

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

B

X =0.9 % X, pqip = 0.9 x 0.42 = 0.38

X =0.38 sic Jelabl 5l daya

0.38 = 2.5 x 1073(T— 300)

T'=452 K

( 1 1 1
k(452 K) = 1073 exp [ 0,909 (

1.987 \298 452

T— 298
K, (T) = 100,000 exp [—33.78 ( - )]

K_(452 K) = 100, 000 x 0.00001003 ~ 1.0

)] ~ (0.322 min—



K, 10 10
X6(452K>_1+K_1+1.0_2.0

€

= 0.50

—Ty = kaA — kbCB

—Ty = kaA()(l — X) — kbCAOX

—ra = kCyg [(1 —X) — EfX]

N s

X
—T'y :kCAO (1—Y>

€

_FA()‘X Fpag = vy Cyp

V
_TA



VC 49X

N kC 4, (1 _ %)

Vg + X
k(1-x)

€

1V —

(5 dm? /min) x 0.38

- 0.322 min—! x ( — %)

= 24.5 dm? ( L)

How to increase conversion for |:>
the exothermic reaction?

500°C — Xy X2 % | 57000
800°C 500°C 700°C 500°C

1.0

Use series CSTRs with interstage cooling

Interstage cooling 08

used for exothermic X 0.6
reversible reactions 04

0.2




Heat transfer in non isothermal reactors Topic14

1. Design of non-isothermal CSTRs in the
presence of external heat exchange.

2. Design of non-isothermal PFRs and the impact of
coolant flow direction and pressure drop

Q Guic ©l topic13 ye aling I y5a

8,5l a0 iy ((Endothermic) i (Exothermic) JelsS suie o6 W
o Jelill il lelg3s o Lee i) o 8,1l (slgs aSaST G Liie T Jelill Jal
s Eoaaslal 8,1 dapu Jaan Sa/uyn il DA e e (Jacket)

.Ta2 s,

K lHeat +ansHor in non TaHhermal CSTRX
Q Loss Clwad (p3dy kb Lie

(Overall Energy Balance) () = mcCpo(The — T)1)

(Incremental Heat Transfer) Q —UA - LMTD




Feed stream

T 8,1l days
0 (@) oS oty

FA() A delill sulall sl 38l Juss

Inside the Reactor

(Well Mixed) Jlis bis @uic
Je il Jals dads 5T od G laglio X Loy T 8,1 a01 daja clia (yLie
(X5 T) Tl o salbasy (ol agunds dan

Jacket System
Je L&l 8, ya aSaill (pad of w s Gile
Tip < ellass T 855m Aoy 10385 Janes YA,
Samj Zt_éjju :Lafg T(Ll

s ouallie s T,

e add or @movedk
Rate of energy in — Rate of energy out — Heat transferred to reactor = 0

UA(Tal o Ta?)

T_Jjal
In (T—T 2)

a

=0

m,C . (T,—Tp) —m.C, (T, —Tg)—

c~'pc c~'pe

gl b Jl] A= 15\
Ko\ blp wso

m,C,.(T,; — T,s) o —Tw) _

c~pc\~"a a




T M Cpe
cok2\ i (uP
—UA

) =m,C .S (T, —T) |1—
Q c~' pc ( al fZ—’) exp mc Cpc

Jala Laddll juaty ey, = 00 S S w il & Ball (< U
el Al — & bl die aniiai Jaa 5 Y|

—UA UA UA
l—exp | = ~1—[1—- = —
m.C,. m.C,,. m,C

c~'pc

UA
m,.C

c~'pc

Q — mccpc (Tal o CZ—') — UA(Tal o CF)

L, 4l jacket J1 5515a days dasy olle 3805 uielisa Lo )
sl USalb Wilall o Ty & Ty = T,




GBI v, .3 0., Ty — (A (T + ACT— Ty FrX — 0
=1

[AH} (Tg) + AC,(T—Ty)| FaoX =UA(T, —T) — W, — FAOZ@ (T—T})

zpz
=1

UA(T—T,) + W, + Fy S 6,0, (T— Ty)

1 pz(

X =
—Fy [AHR, (Tg) + Acp(T_ Ty)]
W, =
UA n
X — Fuo (T 1 ) + Zizl @icpz’(T_ TzO) AC =0
— " p
_AHRX(TR)
sasad bl Ly
ol oa UA
O Fo = KCy
1 pt T
’iCpO(T_ Ta) T Cp0<T_ TO) = Cp() [K’(T_ Ta) T <T_ T())] UA
— Cyo [KT— KT, + T—T,) A FAOCpOI
= Cp [T(1 + k) — (kT, + Ty)]
= Cpo(1+ k) [T_ (nll‘a;:ro)] T kI, + 1)
¢ 1+ k

Corrected Temperature
Ue il 15kl Jgas Bylpa o s
(Ta) sl 358,055 (TO)




jacket JI 8,48 s, K
(UA) 8,1 all Jas ole

Jelio S Joadd Jeldll 4oy £ =0
(Adiabatic CSTR)

L8 oylo (i Lgiend oS LS
Sl G (ol lle 8,08 Lgd aa
Lsls)

How to design a non isothermal CSTR

We have 3 cases

V T X 4
Case (a) ST @Ry A S

6l o 8 putlse X agas
T olual 3,300 dalad)

{(K) Je il deps cnlB uand T cangl

k‘ = Ae_E/(RT)

—ry = kC (1 — X) ¥4 Oy Je L& Sls



Case (b)

Vs X T dégns

slasy L @50 Uslas o B yiileo LpdgasT (slas
XEB

1(K) Je it ey enls Gliwa
k’ = Ae_E/(RT>

_ FyoX o(v) delitl pas Gl

T 5 X s V gy

clell yudiy gt T g X Gline 45y dadl sla
Graphical solution JI b ¢,

ol LalS iy asiiine ki

T 8,lall da s
=
V X N X
—_———— (—
vy k(1—X) k(1 — X) b sl ge antical | Al L ol () dadill
o I aasall ddass sla
Xyp T i 8T bdgs o(T) 85l oo 13 Susee by S35

1B~ - —E/(RT)
1+7k 14 1Ae (X) s L @sganll jpall ol



Xve = Conversion
calculated from the
mole balance

Xeg = Conversion
calculated from the
energy balance

A
Specify X
Find Vand T

y

Calculate T

B
Specify T
Find X and V

J

Calculate Xgg

C

Specify V
Find Xand T

(—AHR)(X)
CP()(] +K)

!

Calculate k
k = Ae-ERT

T=T,+

|

Calculate —rp(X,7)
(e.g., —ra = k Cpo(1 = X))

l

Calculate V

VzFﬂ_X

—ra

XEB -

—AHg,

_ Gy (1+x)(T-T,)

plot Xgg vs. T Xis
. Gy, (14%)(T-T,)
EB —-AH:(_(

l

Calculate k
k = Ae-E/RT

|

Calculate —r,(X,7)
(e.g., —ra = k Cpo(1 = X))

l

Calculate V

V:QE_X

—

l 3
Solve V = _M_
—ra(X.,T)
(e.g., for a first-order reaction)
Ko = TAexp[—E/(RT)]
1+ TAexp[—E/(RT)]

J

Plot Xz and Xy as a function

of T on the same figure

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 ft/h), 71.87 Ib-mol/h methanol
(46.62 ft’/h), and 802.8 Ib-mol/h water (233.1 ft3/h) containing 0.1 wt % H2SO4 is fed to a non-
1sothermal, nonadiabatic CSTR.

The temperature of both feed streams 1s 58 F prior to

mixing, but there is an immediate 17 F temperature
rise upon mixing of the two feed streams caused by

the heat of mixing. The entering temperature of all
feed streams 1s thus taken to be 75 F.

Propylene oxide 1s 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.

Propylene oxide Fpy —

Methanol Fy;g —

Too = 58°F
= Too = 58°F

Fgo Water




Cp ~ Cpplaa 5,08 GLAL AU LS Y

The reaction is first-order in propylene oxide concentration and apparent zero-order in excess of
water with the specific reaction rate

k= A e R =16.96 X 1012 (e732400KT) h~! CH,—CH—CH, +H,0 223 CH,—CH—CH,
The units of E are Btu/lb-mol and 7 is in °R. \0 (l)H (l)H

A is propylene oxide (Cp, = 35 Btu/lb-mol - °F)°
B is water (CPB = 18 Btu/lb-mol - °F)

C is propylene glycol (CPC = 46 Btu/lb-mol - °F)
M is methanol (CPM = 19.5 Btu/lb-mol - °F)

A+B —— C

1. Canyouuse 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?

L catalyst J eliy, Sl Gaalag Jsiliall ssass el ge wsleasl cabusyd) Je i
IENVITY gt

Jlswall oble dayu &liduls oo (A delsit) 30U - Propylene Oxide) sals

2 3 ot | & - o

5y n e Iad) wie 17°F luias Ty68 @i LSy « 58 F Laslall ulsll 5, a
TO = 75F Je il wie Luladll feed JI 8,/ )~ il ((Heat of Mixing)

(Solvent) sl couieS Cilay Jsiliall
(Catalyst) jise < Ldd aalgis s cnie ¥ dlelite 30L< Jaw ¥ Hy SO,
Je L&l & e

(Part 1)

599 Lyla Jsyae)adiabatic < (300gal) Je Ll Juits oSas Ja 15l
ENHD EIVAEENCPR JER-T (VST PN RS

L)lgo g XEB Ll 45550 adalis oye dailll T dluiiall 5, L,all da,s qouns
aall 1ia eyglad 13 Gl liulin Je ikl 56 T'< 125°F walS 15l . XMB
Ly Josul]



(Part 2)

adiabatic J/ Juzatl <l adlal )

Jeldll Jala (Cooling Coil) au s Cils dalea) By 84 ¢ San e

J&5 Jolrays T, = 85°F 8,5a dayas s clog A = 40 ft? 4o lesa
85 s i o wsill Ja U =100 Btu/h - ft2 2 F K350~
999125 T garul | andl cans Je 4L

43.04 Ib —mol/h  46.62 ft3/h :(A) wlaSyl plusgyll
71.87 b —mol/h  46.62 ft>/h (M) Jstutl

ol (il 7 fo
L)y cas 802.8 Ib—mol/h 233.1 ft3/h  :(B) .Ul
m = 43.04 1b — mol/h x 58.08 1b/1b — mol = 2500 1b/h
] Ib/h ;
4= % - 5?23 lb//ft3 46,628/

C,4 = 35 Btu/lb —mol -° F
C,p = 18 Btu/lb —mol -° F

C,c = 46 Btu/lb —mol -* F
C,n = 19.5 Btu/lb — mol - F
—32, 400
k= 16.96 x 102 ( ’ ) h—1
exp BT

V=300 gal = 40.1 ft3

TR — 680F



(Part 1)

Fpo- X design
V= « Cauatior

you will lose too much oxide by

—T4 vaporization through the system

(g suslo é
—Try = k - CA e ZXCQQSQ')% Q'q’uld Pl’ﬁge
SCI| J P’; Vel
k=16.96 x 10" exp (_i’:’?o) (A -’—CAO ("XA)

—ry =k - Cy(1—X)

v (Cag - vp) - X

T k-Cy(1—X)
_V_ X
"oy k1-X)

k
‘)( T

:1—|—Tk



Vi 40Lft
r=s — = - = U.
ve  326.3 ft3/h

2.084 x 10'% exp (—122%)

1 +2.084 x 1012 exp (—2%)

32, 400) Xyp =
R-T

k= 16.96 x 10" exp (

7tk = 2.084 x 10'2 exp (_16’ 306)

T

X — 2?21 @szI<T_ T()>
(8 — [AHp, (Tg) + AC,(T— Ty)]

T, = 85°F 4 460 = 545°R
T, = 535°R
Tp = 68°F 4+ 460 = 528°R  AH},(T;) = —36,000 Btu/Ib — mol

S 0,0, = Ci+ 00,5 +0,C,y OV\)zj for {eed

@A'CpA:1X35:35

Op-C,p = 18.65 x 18 = 335.7
O+ Coay = 1.67 x 19.5 = 32.565
Y 0,0, = 35+ 335.7 + 32.565 = 403.265 & 403.3 Btu/Ib — mol * F
AC, =46 — 18 — 35 = —7 Btu/Ib —mol -* F
AHg, (T) = AHg (Tg) + AC,(T—Tg)

AHg (T) = —36,000 — 7(T — 528)



403.3(T — 535)

EB ™ 36,400 + 7(T — 528)

XMB — XEB

1
(2.084 x 10'2) exp (—52%) 403.3(T — 535)
1 —
1+ (2.084 x 1012) exp (—1%2%0) 36,400 + 7(T" — 528)
r Xy Xgp :,: I LIS,
°R) [Eq. (E12-3.10)] [Eq. (E12-3.14)] S O
535 0.108 0.000 0T :
550 0.217 0.166 g os |- :
565 0.379 0.330 [ |
575 0.500 0.440 5oi L :
585 0.620 0.550 L !
595 0.723 0.656 ' :
605 0.800 0.764 2T |
615 0.860 0.872 o |
625 0.900 0.980 | | | | | | LY | | ]

535 555 575 595 615 635
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

Because 153°F > 125°F (safety limit), we cannot use the
reactor as it is now.



(Part 2)

2.084 x 10" exp (=%2%)
T 1+2.084 x 1012 exp (153

Y VRSTRIRPW Y UNTS

IS ¢ 58 e 3l 5 Lila

UA
—— = 92.9 Btu/lb —mol -° F
Fyo

403.3(T — 535) + 92.9(T — 545)
36,400 + 7(T— 528)

XEB -

496.2T — 266,396
B 736,400 + 7(T — 528)

XMB — XEB

(2.084 x 10"2) exp (—%2)  496.2T— 266,396
1 4 (2.084 x 1012) exp (—82%) 36,400 + 7(T — 528)




Nonlinear equations
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 T = 564°R and X = 0.36
u 563.6994 -4.519E-08 550.
2|X 0.3632108 1.864E-09 0

Because 104°F < 125°F (safety limit), the reactor is now
safe and operable after adding the cooling coil.

sl e ST s (A e J3T B o, lu Conversion I 4o <) s
dngacall 3,Lall Sroass Loy 5Le¥ ) ole Ladlas edgll udty

2. Design of non-isothermal PFRs and the impact of
coolant flow direction and pressure drop

AQ =UAA (T,—T) = Ua(T, - T)AV

T, l/AV
X
FiO e — ZFiHi —_— T E’FiHi Fi
To \ T

V. V+AV

dF;

L —1rp

av - T Vi(—74)

Q—W,—Fy ) 6,C,(T—Ty) — [AHp (Tg) + AC,(T—Tg)] FpoX =0
1=1 [

z . 1/ - . _ A
Jolatll o ole ity il Ll Q5 loall s o o DA



s Lewss 3,54

:CSTR 1l Jelis 53 .1

2 O JAaTs s 6T (o8 8, adl s e JSii Lagline Jileal|
Je L) ual dasle 4 pua dlalas aadiis clia lise (g AL die Lgeuds
Baaly 30 SalS

PFR 11 Jelia 4.2

Js e il Jals €l crand X Jpal Lussdy T 55051
ol i ol B Felba. by i

anall Tl LBl £ Luua elea e

< Fyu (D6, pz) — Fyo [AHp (Tg) + AC,(T— T)] =5 — FoXAc, Y =

e dole AT S =

dT dX
— I (Z ©;C,; + XAC ) o [AH(Tg) + AC, (T Ty)] Fag > =0
dF',
A
v — 4
dF, d
' Foo— Fun X
L Ua(Ta _ T) dV dV[ A0 £ A0 ]
dF aly _ dX dX

— F —F

dX
Faogqy =74



ar Uall,=T)+ |~AHy (Ty) - | AC,dT| (-

o n = X, T, Ta
dv FAO (Zizl GZOp’L + XACp) f( )

Sl Elas (Ta s T) s,all layy o8 o smiie (ole adial dolall
Jad Glae T g Ta ons oy 5 dddle slas)
counter sl co current L o !

Balance on the Heat-Transfer Fluid

Teo —S S
A. Co-current Flow Fao To ) ) ) ) N m:::tc ;l'ar:tr;sfer Fluid
beg Choice To—/ 1/, 1{, /.. R N
When We have V V+aAv
endothermic
Rate of heat added
Rate of energy | _ | Rate of energy | by conduction through | = 0
inat V out at V+ AV y the inner wall £
mchlV - mch|V+AV + Ua(T_Ta)AV =0
dH
—m, <+ Ua(T—T )=
dv ATy _ Ua(T Ta) _ = F(ILT)
dH, _ ., dT, av a
dv  leav

oY) Jelill Jase sie Llisinne slel 8 Jelitl] e 55K o8, hall 3, Lkl ete L] g
o Dl g T Tadid ) pm S i (oo ole il 355

B. Counter-current Flow Balance on the Heat-Transfer Fluid
\Deq— (hoice G o lSIL Je Ll Sk (ole @iy 3,05m olays (3,8 ole Lilay counter current JI
TXothermic
dr, a Ua(Ta T)
= D) = (1,1,

V f‘éA” AJQJ sl _,‘.S.uc»s,m @LU
oudll Sl Gl 8,Ls] Jumnis




dxX -
Mole balance = _ f(X.T,p)
av F
Gas phase
deyeug oIy 1 S0 JIy biall jalaas)
Pressure drop Q = —h(p, X,T) opilalas Jal o srand o(-TA) Jelil
A%

dP_ _ G- {150(1—@»“,75(;} I_)Q[T]fl

dz PochP¢3 Dp P \T,)Fr

Bo

Special case: For liquid-phase reactions, the rate is not a
function of total pressure, the mole balance is

Design of non-isothermal PFR with heat exchange
(conversion approach)

Fy

TO

=14+&X

9X _ " _ p(x,T)
AV F,,

Suppose the following reversible reaction takes place in a plug flow reactor where the

pressure drop is negligible. The cooling/heating utility flows
effluents to the reactor::

co-current with the reaction

A+B == 3¢

1. Mole Balance: dX _ ~Ta

E|l1 1
k=k(T o -
2. Rate Law: —r, = k| C,Cg—

AH?
Ko =Ko (Ty) exp{ = (-Tl-— %ﬂ
2



¢ =7e(o

3. Stoichiometry (gas phase, no AP):

r  § y §
C,=C,(1-X)=2 Cyg = Cro(Og—X) =2 Co=2C, X =
Y i T T
\—/
Jeldll jue i 8,lall dapu oY
4. Energy Balances:
— + — —
Reactor: 4T = ValT,=T)+ (=r)(—AHy)
dVv FAO[CPA+®BCPB+X AG]
Co-current Coolant: T, _ Ua(.T— Ta)
m,. Cp .
Three equations: 2 , L and £ are varies with the volume, V with three
av’ av av
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::
A+B — 2C
1. Mole Balance: s _ A L Y ci v
dv dv v °
& R\T, T
2. Rate Law: —r, = k| C,Cq — ITC
C AH, (1 1
Ko =Ky (Ty) exp{ RR (72_ }H



3. Stoichiometry (gas phase, no AP):

rg =Ty _
A+B — 2C —ra = k| CACg—
rC__er
F, T Fg T Fe Ty
C.=C,, 220 Cg=Cro—=— —= Cc=Cn = =

FT=FA+FB+FC

4. Energy Balances:

dr _ Ua(T,—T)+ (—ry)(—AHg,)

Reactor: =
dv F\Cp, + FyCp_ + FcCp,
Co-current flow dT, _ Ua(T—T,)
Countercurrent flow T, _ Ua(T,—T)
dV mcCP_
dF, dFpg dFc d_T dﬁ

, , ,— and
av '’ av ’ dv ' av av

unknowns:Fy, Fg, Fc, T and T,

Five equations:

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 isomerization of n-butane is an elementary, reversible and exothermic reaction that is
carried out in the qu1d phase PFR under high pressure using essentially trace amounts of

a liquid catalys glves a specific reaction rate of 31.1 27’ at 360 K. The feed enters the

T reactor at 305 K. The coolant media enters at 315 K with m, = 500 kg/h and heat
0

capacity of €, = 28 kJ/kg.K.

[ AHg, = —34,500 kJ/kmol Ua = 5,000 kJ/m3-h-K.

CAO = 1.86 k.l'l'l()l/ln3 FAO = 14.7 kmOI A/h
Additional information: < Butane i-Pentane
Cp = 141J/mol-K Cp , = 161J/mol-K Inert
Cp = 141 J/mol-K = 141 kl/kmol - K
\ Pip mo © E_ 05700 7906
R 8314
The feed consists of 90% n-butane and 10% i-pentane Ko =3.03,333 K

Formulate the system of differential
equations dX dT' d1, gnq explicit equations
dv'dv’ dv
&2 TA, k, KC’ X

Determine the maximum reactor temperature
(Tmax) and the reactor volume (V) at which it
occurs (Hot Spot).

Q3

Calculate the exit conditions at V=5 m?:
Exit conversion (X).

Exit reactor temperature (T).

Exit coolant temperature (Ta).

€



Q4

Plot temperature profiles (T and Ta) versus reactor

volume (V).
Plot conversion profiles (X and Xe) versus reactor

volume (V).
Plot reaction rate profile (-rA) versus reactor

volume (V).

@ dFA
av -4
dF d
d{/él — dV[FAO o FAOX]
dF, dX dx
a ~ 0~ Fpo =5 v —Faogy
dX
FAO dV — T4
dX _ _TA %
av- Fy,
ar UelT, TH‘{ AHy, (Tp) - f&&(T] _(XTT)
dv_ FA() <Zn @chz + X | ’

dI'  (—r4)(—AHy, ) —Ua(T—T))
dV Fp0Co %

Cho=Cps+6;-C

Cyo =141 + (0.1111 x 161) = 141 + 17.89 = 158.89 ~ 159 J/mol -



>§{< Co-current flow

—T/A =k (CA _[C(_lz)

Cy= CA(J(1 —X)

Cp = CL0X

—’', =k [CA()(l - X) _Cf/?cX]
X

—r' , = kC, {1_X__]
0 Ko

o [1 - (1 +KLC) X] >§<



Efl 1
= kw1 (7 7))
1

T — 360 XX
—31.1
o o [7906( 3607 ﬂ

—AH, (1 1
Ko = Koo | =" (7. 7)
1

T — 333 >§<
K. =3.03 ~830.3
C eXp[ ( 3337 >]




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/Fa0

Explicit equations

1 Cpc=28

m = 500

Ua = 5000

Ca0 = 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

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

I IN|O N D|WIN |-

Ca0
Cpc
Cpo
deltaH
Fa0

k

Kc

m

ra

10 rate
11T
12/ Ta
13 Ua
14|V
15X
16 Xe

-yl YA e U5YT e 51all algi @slainn’5 anall sic

1.86

28.

159.
-3.45E+04
14.67
0.5927441
9.512006
500.
-1.102504
1.102504
305.

315.

5000.

0

0
0.9048707

1.86

28.

159.
-3.45E+04
14.67
0.5927441
0.8200563
500.
-24.31058
0.1181808
305.
314.5286
5000.

0

0
0.4505664

1.86

28.

159.
-3.45E+04
14.67
63.21931
9.512006
500.
-0.1181808
24.31058
372.0171
335.6949
5000.

3.
0.7185996
0.9048707

(_T,A)372 K (_AHR:U) = Ua(372—T,)

1.86

28.

159.
-3.45E+04
14.67
6.80861
2.641246
500.
-0.1181808
0.1181808
336.7102
335.6949
5000.

5.
0.7185996
0.7253687

drl’
=0
dV

Variation of T and X vs V in exothermic, non-isothermal, non-adiabatic
isomerization reaction with co-current heat exchange

vev.v v.uv \
0.72 X d

0.64

0.56

0.48
T(K)
0.32

0.24

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 40 45 50

V (my) V(m,)

Jaangil e o @i (T) Je Ll s)lﬁ.(a) . o fb) e e
= sy KC 51591 elt o Jlis T 8,0 pall oy ¢ L)

(T2) sl 8515m Loty (A o3 23l Kas ol ST la ala338 X Lasd Lol X 2o

sl (3 )M S g o a8l 5 Cayslaiiy Lo Xe sa dhags

Jelill Ll o8 Lalas 5, Al




Effect of reactor volume on rate of isomerization of n-butane in exothermic, non-
isothermal, non-adiabatic reaction with co-current heat exchange

9.00
G| £ LE5,Y 1 50 0K (0.5 wial s
- - . 7.20
sl o (K) 85 adl daya o8
N “ - s 6.30
&iyid S (el e (558Y s y
c oS Sty oleY de ] L [kmol) e
ealeliil] <55 La3ls 0.5 s *Umdh .
OIFRY e Je Ll Qyitg 5 S 270
oSt 5a S ke jrand
553 8,58 deyan de | 53004 -
J'.:"AJI 0.00
00 05 10 15 20 25 30 35 40 45
V(m,)
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Unsteady State,non isothermal reactor design

"These are the topics we will cover."

The Unsteady-State Energy Balance

Energy Balance on Batch Reactors

Topic 15

daly oIl Glall goloiila(Unsteady-State) dla o6
Je i) i s Blall oS5 Jlia 5580 (Il s dallls oI g

R el ae yudls

dES”lS
—»+0 Batch Reactors J!

>§< T\ne unﬁ%ewlg ﬁoeﬂyﬁ Ba lance

e

: T dE9 S
Q—W,+ ZFz'OHiO - ZFz'Hz = d;fy

E..=Y NE ~)Y NU,

Esys - ZNi<Hi - P‘Z) - ZNZ'H@' - PZ NiVi

(Incompressible fluid) LLasU L&l e aSlsl) o4
dles) 238 YO NH, L Byl5s Taa e PY NV,



E,,. dN,
y Z “dt ZH@ dt

N.
s dt

Q W+ZEOHZO ZFH ZN pzdt ZH _VTAV+EO_FZ)

Q—W,+ Z FyH;y — Z:/)I/I_Il = Z N;C,, %"’ Z v H;(—r,V) + Z FiyH; _%il_li

Q— W"‘ZonHzo Z Z TAW+ZFiOHi

D y,H, = AHp,

ZNiCpi T Q—W,— Z Fyy(H; — Hyy) + (—AHpg,)(—74V)

dT Q— W, — Y Fyy(H; —Hjy) + (—AHg,) (-1, V) §
dt ZNiCpi %

Qges 3 soum Youts 7) 21 Y) Adlpel) <

Casel No phase change

Jaby = HiO — Cpi(T_ Tz‘0>

dt N Z NiCp’L




Case2 (Liquid Phase) W el it ol e 5 g

iLasIl Je la1l1 3,1 ,a0 4, L5 (negligible)

ZNszz ~ NAOCps Ws — O

dT Q= FyoCpy(T—Ty) + (—AHg,)(—74V)
dt B NAOCps

Je Ll 8T E o Amg Jaan bl (ad day 3lae sl g8 LSS
‘I:;O — () Half-pipe

jacket

d_TI_ Q T Ws T (_AHRQ:>(_TAV)
dt > N,Cp

:E::]VQCZR-:: Ny (:E::()i(ZR-+‘Zk(jp)(> "‘.--—"/’fpﬁ — DJAO(()i'% Vr)()

UA ACp =) v,Cp
1 —exp 0
E,

Tp=T—(T—-Ty)




d_T _ ng - Qrb
At Ny (Z 0,Cp + ACPX)

Reminder: The sign
convention
Heat Added
O = +10J/s
Heat Removed
O =-10J/s

Work Done by
System
We=+10J/s

Work Done on

System
W =—10J/s

Case 1: Adiabatic operation in unsteady batch reactor

dX | Design equation
N g at T4V gn &9

i _ (=AHg,)(=74V)  Epergy balance

dt Y. N,Cp

d_CF: (_AHRx) (NAO %)
dt > N,Cp

(=AHR,)(NadX)
2_N:Cp

dl' =

N; = N4 (0; + 1, X)




Y NCp=> [Ny, +v,X)Cp| =Ny () 6,Cp + XD v,Cp)
ACp=>» v,Cp
Y N,Cp =Ny () 6,Cp+ XACh)

Ny (3 6,Cp + XAC))

~ (—AHg,)dX
DY 0,Cp + XACE

dl’

X

/ (D 0,Cp + XACy) dT = / (—AHp,)dX

T, 0

(D_8,Cp + XAC) (T—T)) = [-AHg,(Ty)] - X

2. 9,Cp(T-Ty)

—AHR,(Ty)]X

X > 6,Cp + XAC;

T=T,+




Special Case 2: Heat Exchanger in a Batch Reactor

d_cr _ ng o Qrb
dt Ny (32 6,Cp, + ACpX)

ACE Neglecting

. . ACp=~ 0
d_fr_Qg_Qr
dt N, Cp
dX_—TAV
dt Ny

UA
1 —exp — 0
c P(;‘

}

Qr — mcCR {(T_ Tal)



Example 15.1 Unsteady state batch reactor with heat exchange ~(ase g_.

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

propylene oxide according
CH,—CH—CH,+H,0 "% CH,—CH—CH,
NH

@) 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. T

m..
¢ AHg, =—20,202 cal/mol, Cp, = 35 cal/mol/K, Cp, = 18 cal/mol/K,

Cp =46 cal/mol/K, and Cp, = 19.5 cal/mol/K. £ _ 4.9
R

k(297 K) =2.73 x 10~*

Joldl (o8 saan 75 350key) glaiy Jeldll 8yl Candlyl 13)
DAY crn Las Sudin )l s (s 9als

8yl Ay ool 5ald o pill a3 (pe ST 80 L
350K ciad Je Ll 8,38 Ji gl Jelit

N9 = Cypue X Vi = 13.7 mol/L x 4 L = 54.8 mol

55.5 mol /L x 10 L = 555 mol

NBO — CB,pure VB
N]\/[O —_ Ol\/l,pure X V]\/[ — 247 mOl/L X 4 L —_ 988 m01

Voo _ 555 _ 14 198 ot 580 Lalk A8 T

N A0 54.8 Density 1000 g/L

OB pure = Molar Mass _ 18 g/mol = 55.55 e
N 98.8
M~ —1.803

N, 548

@B:

On =



CPs - Z @ZCR — CPA ™ @BCPB ™ @MCRU

555 08.8
Cp =35+ (m) (18) + (%) (19.5) = 35 + 182.3 + 35.2 = 252.5 cal/mol - K

—Tyq = k‘CA
= Ns - Nall =)
—r, = L (NA()(;_ X))

—TAV: kNAO(l — X)

d_X_—TAV
dt Ny
dX
k- x

k(T) = k(T;) - exp {}Ez (:/1“1 %)]



k=273 x 10~ exp |9059

d_T1_ Qg o Qr
dt  NyCp

ng = (—AHg,)(—=T4V)

Qg = Nyp - k(l — X) ‘ (_AHR:C)

Qr — mcCPC(T_ Tal) l—exp | —

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

Explicit equations

1 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 NV A WN

1

1

297 T

UA

mcCP .

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

Cpc
Cps
DeltaH
DeltaQ
k

mc
Nao
Qg

Qr

/o N|alunlalw|N|=]

—
o
—

11t
12 Tal
13 Ta2
14 \UA
15X

4.18
252.5
-2.02E+04
-129.0831
8.446E-05
10.

54.8
93.50797
-35.57509
1286.

0

290.
289.1489
10.

0

4.18
252.5

-2.02E+04

-1911.68
8.446E-05
10.

54.8
0.0004292
-35.57509
286.

0

290.

289.1489

10.
0

4.18
252.5
-2.02E+04
458.3634
0.0224452
10.

54.8

|2329.262

|508.6372

(347.1903

4000.

290.
302.1684
10.
0.9999995

4.18
252.5
-2.02E+04
155.5053
0.0007724
10.

54.8
0.0004292
1155.5058
1307.4848
4000.

290.
203.7202
10.
0.9999995 |

ELEYT Gl gl 5ue Llel& Y ualy Jeags Sule ol
X sl sl o & o s e pml s (pn JLis ol 55,

=1



T

max

<350 K

350 Batch Reactor with Heat Exchange
1.0
o T §%
343 T'la a1 %b 09 |
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Batch Reactor with Heat Exchange

8.0E+3

2.7E+3 |- |—Qr(J/s)
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Ll Qr Jealss Lai edle @) alés wie Haall (I Qg padas,
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CHEMICAL REACTION ENGINEERING |

REACTOR

SAME ELEMENTS.
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