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Introduction
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* This presentation covers models for nonideal
reactors with a focus on residence time distribution
(RTD) and reactor flow behavior.
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Topics to be Addressed

<
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YOUR WAY T'C SUCCES

- Residence Time Distribution (RTD)
- Nonideal Flow Patterns

* - Models for Mixing

e - Calculation of Exit Conversion

* - Reactor Performance Assessment
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Objectives

abul ] iy

YOUR WAY TC SUCCES!

* - Understand the principles of nonideal flow In
reactors

* - Learn how to use RTD for analyzing reactor
performance

» - Apply mathematical models for mixing and
conversion calculation

- Compare different reactor modeling approaches
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RTD

Model S —— . : alasl @] sy
Exit Conversion YOUR Wy TC SUCCESS

Exit Concentration

Kinetic Data |

1.The model must be mathematically tractable.

The equations used to describe a chemical reactor should be able to be solved without an
inordinate expenditure of human or computer time.

2.The model must realistically describe the characteristics of the nonideal reactor:

The phenomena occurring in the nonideal reactor must be reasonably described physically,
chemically, and mathematically.

3.The model must not have more than two adjustable parameters.

This constraint is used because an expression with more than two adjustable parameters
can be fitted to a great variety of experimental data, and the modeling process in this
circumstance is nothing more than an exercise in curve fitting.

A one-parameter model is, of course, superior to a two-parameter model if the one-
parameter model is sufficiently realistic.

To fair, however, in complex systems (e.g., internal diffusion and conduction, mass transfer
limitations) where other parameters may be measured independently, then more than two
parameters are quite acceptable.
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*So far, the reactors we have considered ideal flow patterns iz o
 Residence time of all molecules are identical

* Perfectly mixed CSTRs & batch reactors
» No radial diffusion in a PFR/PBR

* Goal: mathematically describe non-ideal flow and solve design problems
for reactors with nonideal flow
* |dentify possible deviations
* Measurement of residence time distribution
* Models for mixing
* Calculation of exit conversion in real reactors
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~Tanks-in-series model
modeling tubular reactors as a series of identically sized CSTRs abail @] gk
a parameter is the number of tanks, n ERESa=
~Dispersion model
a modification of the ideal reactor by imposing axial dispersion on plug flow
a parameter is the dispersion coefficient

Two-Parameter Models

Using a combination of ideal reactors to model the real reactor

We could model the real reactor as Considering a packed bed reactor with channellng

Channellng

two ideal PBRs in parallel with the _ss=smsw s &K . = ™
. . —*080803030308""* o
two parameter being the fluid that =298.0585030808 =
_,_.:Ooo(ooopoooooo 55
channels, v, and the reactor dead 220 1] i =
volume, V,. The reactor volume is " ) ;}'
v:vD+vS Wlth VO=Vb+VS’ Figure 14-1 {a) Real system; (b) outlet for a pulse input; (¢) model system.
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* |[deal CSTR: uniform reactant concentration throughout the vessel iz o
* Real stirred tank
* Relatively high reactant concentration at the feed entrance

* Relatively low concentration in the stagnant regions, called dead zones
(usually corners and behind baffles)

2 Short Circuiting

Dead Zone , |
1 T 7
e

&L

=

' 1

Dead Zone
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Nonideal Flow in a PBR -~ -

* Ideal plug flow reactor: all reactant and product molecules at any
given axial position move at same rate in the direction of the bulk fluid

flow
* Real plug flow reactor: fluid velocity profiles, turbulent mixing, &

molecular diffusion cause molecules to move with changing speeds
and in different directions

R
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YOUR WAY TC SUCCESS

LT (— | __1}1
S Packed bed t’{ o
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§ *, Channeli ciall Extreme short-circuiting
nneing, especially and bypass
gﬂ%@ Oc\— serious in countercurrent yP h '
-~ I-h two-phase operations . c! annelmg

o
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Residence Time Distribution (RTD) '

Flow throusgh a reactor is characterized by:

1. The amount of time molecules spend in the reactor, called the RTD gl
9. Quality of mixing

. RTD = E(t) = “residence time distribution” function
*RTD is measured experimentally by injecting an inert “tracer” at t=0 and
measuring the tracer concentration C(t) at the exit as a function of time

*Tracer should be easy to detect & have physical properties similar to the

reactant
Measurement of RTD

* > Reactor ‘%\ P

Injection (PBR or PFR) Detection This plot would

o have the same
Pulse injection Cilt) shape as the
LL pulse injection
t=0

t=0 if the reactor
The "C" Curve had perfect
COLLEGE OF ENGINEERING - asssiml| 841& plug flow
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YOUR WAY TC SUCCESS
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Channﬂllng. ESDECIEH}' and byrpass

serious in countercurrent

GD%
Em_élt two-phase operations
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Nearly ideal PFR Nearly ideal CSTR PBR w/ Channeling & CSTR with
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Calculation of RTD

A The C curve

alasl olf esiagga
* RTD = E(t) = “residence time distribution” function ™
C() « RTD describes the amount of time molecules have

spent in the reactor

t
() C(t) tracer concentration at reactor exit between time t and t+At

T C(t)d sum of tracer concentration at exit for an infinite time
0
Fraction of material leaving the to
reactor that has resided in the = | E(t)dt
reactor for a time between t; &t, ]
> E(t)=0 for t<0 since no fluid can exit before it enters
JE(t)dt=1 . . .
0 E(t)=0 for t>0 since mass fractions are always positive
Fraction of fluid element in the exit stream with age less thant;is:
COLLEGE OF ENGINEERING - asssiml| 8514 JE(t)dt

0
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ow. Constructa

figure of C(t) & E(t) and calculate the fraction of material that spent
between 3 & 6 min in the reactor

“-ﬂ-ﬂ-ﬂ-ﬂ----

3
Cg/m 0

Tabulate E(t): divide C(t) by the total area under the

Plot C vs time: C(t) curve, which must be numerically evaluated

12 ) . 2
10 e(ydi=Tc(nd+ | c(t)ar
T S 0 10
£
® © "N At
o 4 [ f(x)dx =—(fo +4fy + 2f, + 4f5 + 2f4... + 4fy_1 + 1)
o 9 X0 3
° e 1[0 4D +2(5)+4(8) +2(10)+ 4(8)
02 46 8101214 ==
¢ (min) 0 3|+2(6)+4(4)+2(3)+4(2.2)+1.5
10 .
B g-min
COLLEGE OF ENGINEERING - awssiml{a5lss (f) C(t)dt=47.4 3



, e effluent concentration as

a function of time is in the graph below. Construct a figure of C(t) & E(t) and
calculate the fraction of material that spent between 3 & 6 min in the reactor

“-ﬂ-ﬂ-ﬂ-ﬂ----

3
Cg/m 0

Tabulate E(t): divide C(t) by the total area under the

Plot C vs time: C(t) curve, which must be numerically evaluated

12 00 10 14
10 [C(t)dt= [ C(t)dt+ [ C(t)dt
«’g 8 0 0 10
~ 6 X2
> 4 | f(x)dx—At(fO +4f +1,)
S X 3
9 0
0 » 14 2
09 4 6 8 1019 14 jC(t)dt:§[1.5+4(0.6)+O]:2.6
t (min) 0 B g-min g-min g-min
— [C(t)dt=47.4 3 +2.6 3 =50 3
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concentratlon as a function of time is in the graph below. Construct a

figure of C(t t) and calculate the fraction of material that spent
lﬂlﬂlﬂ!ﬂlﬂﬂ
9/m3 1.5

Et) O 002 01 016 02 016 012 008 006 0.044 003 0012 O

* A 0-min
J C(t)dt =50 3 Plot E vs time:
0 m
Tabulate E(t): divide ) _ C(t) 0.95
C(t) by the total area Ry 0.2
under the C(t) curve: (j)C(t)dt 17’5\0‘15
£
E(ty) =2 =0 E(ty)=— =002 £ 01
50 50 ¥ 0.05
S 8
E(t,)=—=0.1 - ° 0 .
12)=55 Ells) =5, =016 0 2 4 6 8 1012 14
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the effluent

a o e lOW.
Construct a figure of C(t) & E(t) and calculate the fraction of
material that spent between 3 & 6 min in the reactor

lﬂlﬂlﬂ!ﬂlﬂﬂ
1.5

9/m3
Et) O 002 01 016 02 016 012 008 006 0.044 003 0012 O

Fraction of material that spent between 3 & 6 minin
reactor = area under E(t) curve between 3 & 6 min

E vs time:

Evaluate numerically:

I f(X)dX = gAt(fO +3f1+3f2 +f3)

6
jE(t)=§(1)(o.16+3(o.2)+3(o.16)+o.12)
0 2 4 6 8 1012 14 3 8 ;
t (min)  [E(t)=051
COLLEGE OF ENGINEERING - dsssiml| a4l& 3



Disadvantages of pulse input:
e [njection must be done in a very short time TR
e Can be inaccurate when the c-curve has a long tall
e Amount of tracer used must be known

bl gl] sl

Alternatively, E(t) can be determined using a step input:
e Conc. of tracer is kept constant until outlet conc. = inlet conc.

4 injection 4  detection
C.
In C
CO out CO
/ The C curve
> >
t t t t
t d(C(t)
Cout = Co E(t)dt E(t)=[j
ou dt\ C, step

0
COLLEGE OF ENGINEERING - dsssyml| 8414
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1. Which of the following graphs would you expect to see if a pulse trac

test were performed on an ideal CSTR?

A B

>
>

Tracer Conc
Tracer Conc

>
t t

Tracer Conc

>

C

T

t
2. Which of the following graphs would you expect to see if a pulse tracer
test were performed on a PBR that had dead zones?

A B

>
>

Tracer Conc
acer Conc

> =

Tracer Conc
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F(t) = fraction of effluent that has been in the reactor for less than timedtisn 222

t F(t) =0 when t<0
F(t)=[E(t)dt F(t)>0whent>0 1-F(t)=E(t)dt
0 F(o0)=1 :
Fy 4
0.8 [===7~ 80% of the molecules spend 40

min or less in the reactor

> t
40
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F(t) = fractiPn of effluent ttl1at has been in the reactor for less than time tui g saya

| Slope=EysTN ok
: F(t)= [E(t)dt
Fi|———————— 0
F, () |
| @
Joll| 8
- c
0 §E | 8 > 1
0 =olllE
A =1y
Clt
| E(t)=— U
JC(t)dt
0
Ll |

, : .l I .
E(t)= Fraction of material leaving reactor that was inside for a time between t, &t,

COLLEGE OF ENGINEERING - dsssyml| 8414



e
Cum RTD Function F(t)

> >
t t t
Nearly ideal Nearly ideal PBR with CSTR with
. PFR CSTR channeling & dead zones
F(t) = [E(t)dt dead zones

0 F(t)=fraction of effluent in the reactor less for thantime t
A
F(t)=0whent<0  F(t)
F(t)>0whent>0 (gl ----

F(oo) =1

1-F(t) = TE(t)dt
t

COLLEGE OF ENGINEERING - > t(min)
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Mean Residence Time, t,, .« <%

* For an ideal reactor, the space time 7 is defined as V/u,

. , . S : . bl ¢lf siapyha
 The mean residence time ¢, is equal to 7 in either ideal or nonideal reactorgr=-=

) tE \
m ! (t)dt:j(o)otE(t)dt:T —=r=1
[ E(t)dt Yo

By calculating t_, the reactor V can be determined from a tracer experiment
2
The spread of the distribution (variance): o° = Jo (t—ty) E(t)dt

Space time t and mean residence time t_, would be equal if the following two
conditions are satisfied:

* No density change

* No backmixing

In practical reactors the above two may not be valid, hence there will be a

JGQUEGEQFENGUIEERING - dwsiml| dyls
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All the molecules leaving a PFR have spent ~ the same amount of time in tRe!PER=
so the residence time distribution function is:

E(t)=6(t—7) where 7=V/y,

The Dirac delta function satisfies:

oo whenx=0 " o
0 when x =0 [2 8(x)dx =1 [Z.9(x)d(x—7)dx =g(7)
...but =1 over the

entire interval

5(x) =

Zero everywhere
but one point

ty = [to(t—7)dt=7
0

COLLEGE OF ENGINEERING - dssaiml| a4l&
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Significance of Mixing .« %

*RTD provides information on how long material has been in the reactoruu o cays

*RTD does not provide information about the exchange of matter withinthe
reactor (i.e., mixing)!

*For a 15t order reaction: dX

& =k1-X)

* Concentration does not affect the rate of conversion, so RTD is sufficient to
predict conversion

*But concentration does affect conversion in higher order reactions, so we
need to know the degree of mixing in the reactor

* Macromixing: produces a distribution of residence times without specifying how
molecules of different age encounter each other and are distributed inside of the
reactor

* Micromixing: describes how molecules of different residence time encounter

each other in the reactor
COLLEGE OF ENGINEERING - dwssiml| 4414
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*RTDs alone are not sufficient to determine reactor performance
*Quality of mixing is also required Sl
Goal: use RTD and micromixing models to predict conversion in real reactors

2 Extremes of Fluid Mixing

Maximum mixedness: molecules are
free to move anywhere, like a
microfluid. This is the extreme case Gases and ordinary

early mixing not ‘JFI‘}I’ ju:jisr:uus
iquids

.

\_Individual molecules are free
to move about and intermix

COLLEGE OF ENGINEERING - dssaiml| a4l&
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Quality of Mixing

*RTDs alone are not sufficient to determine reactor performance

* Quality of mixing is also required

abaal @] szdgyla

YOUR WAY TC SUCCESS

Goal: use RTD and micromixing models to predict conversion in real reactors
2 Extremes of Fluid Mixing

Maximum mixedness: molecules are
free to move anywhere, like a
microfluid. This is the extreme case of
early mixing

Gases and ordinary
not very viscous
liquids

\Indiuidua! molecules are free
to move about and intermix

Complete segregation: molecules of a

given age do not mix with other
globules. This is the extreme case of
late mixing

MNoncoalescing droplets
Solid particles
Very viscous liquids

LT I\"l'.:\"::_"_Ju'-\''\-'n'\u_,;"_'l.'-d-}'\:'-C\- =

. = @ o Lo}

L. T \_""__'-'- ]

.3 g f o n

e i M fluid =2 2.

=220 Macrofluid =< ;

";u i u".;n 1] .g."l_r 'Ulq_l:'_‘ﬂ L a
E—— nﬂ"‘: 2P aly "\-I:\':_:'-: 'r.:\:l"-n e —
a M oaf ® 2% a2 me P ogo Ge g% Ba U ogo

4— “ag U T Sy Y oy ‘a ey a%ag M Yo T
5 o0 ] ooty o o op 7, Ty Se—
o o g L= 1] o o - 4 = =TT [
ke 7 o = L L L] P A  ——
ZI\:: Jn‘;=: .-ﬂ-n.'lnﬂ . 8
o L= o
D4 =] L O
D R o "ai e Yol o
" @ a2 o c.;
]
-] 5 o - L] . [

\ Molecules are kept
grouped together in

aggregates or packets




44 Mixing of different
‘age groups’ at the
last possible
moment

* Flow isvisualized in the form of globules

e Each globule consists of molecules of the same residence time
e Different globules have different residence times

* No interaction/mixing between different globules

The mean conversion is the average conversion of the various globules in the

exit stream: X, = Z/:]XA (tj ]‘E(tj )g

Conversion achieved after Fraction of globules that spend
spending time t; in the reactor between t, and t; + At in the reactor

At—0 t X,A(t) is from the batch
COLLEGE OF ENGINEE’MN% &mmlluli reactor design equation
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Complete Segregation Example -4

i*‘i“é";ff(
First order reaction, A—Products asl ol dyshs
Batch reactor dX, dX,
design equation: Nao dt AV —~Nao dt =KCpV
Xa Xa
_)NAOd?—kCAO(l Xa)V _)NAOdT_kNAO(l Xp)
dXa
—kt
> g —K@-Xa) X () =1-e

To compute conversion for a reaction with a 15t order rxn and complete

segregation, insert E(t) from tracer experiment and X,(t) from batch reactor
design equationinto:
Xa (H)E(t)dt  &integrate

O — 8

COLLEGE OF ENGINEERING - dwsiml| a4l&
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Maximum Mixedness Model = 4%

i LB
Hagd L sle 2
In a PFR: as soon as the fluid enters the reactor, it is completely mixed radially C“*{“‘jfﬁf
with the other fluid already in the reactor. Like a PFR with side entrances, wheram1@1m)b
each entrance port creates a new residence time: venaE

A —>o0 UOE(Z)AA N >0
Uo
Vi+AL — Uy
V=0 A+AN A V=V,

A: time it takes for fluid to move from a particular point to end of the reactor

L(A): volumetric flow rate at A, = flow that entered at A+AA plus what entered
through the sides

VoE(A)AA: Volumetric flow rate of fluid fed into side ports of reactor in interval
between A+ AL & A

Volumetric flow rate of fluid fed to reactor at A: v (4)=vy[; E(4)dA =1y [1/— F(A)]]

Volume of fluid with life expectancy between 4 + A1 & 4: ) )
fraction of effluent in reactor for less than time t

COLLEGE OF ENGINEERING - dsssiml| iyl AV =vg|1-F(1)]AA
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Maximum Mixedness & Polymath -~ %

— residence time distribution fun
Mole balanceon A dX, Tra E(A) X Al @l sy
— A YOUR WAY TC SUCCESS

. = A 4
BIVeSt di  Cpo 1-F(4)

fraction of effluent in reactor for less than time t

*E(t) must be specified
» Often it is an expression that fits the experimental data
9 curves, one on the increasing side, and a second for the decreasing side
 Use the IF function to specify which E is used when

A

See section 13.8in E E, E,

book

t
Also need to replace A because Polymath cannot calculate as A gets smaller

z=T-1 V\Shere T is the longest time measured

dX, ry E(T-z y
dz  Cpp 1- |:(I-_|- ~7) A Note that the sign on
COLLEGE OF ENGINEERING - dssaiml| a4l& each term changes

Tikrit University - cu)$5 asola J




Review: Nonideal Flow & Reactor Desig’ ;

E Bas,

L Bwawlliil

" (

Real CSTRs Real PBRs Caaehe v
* Relatively high reactant conc at * fluid velocity profiles, turbulent
entrance mixing, & molecular diffusion
* Relatively low conc in stagnant cause molecules to move at
regions, called dead zones varying speeds & directions
(corners & behind baffles)
—¥ —\\ Short Circuiting 2 | channeling
/ . ::o —
1 T e 16
(Q <IDead Zone ‘\* R TT—" —i D ,
\ sy =308 Bo8oEE
* ) - -
7}““/ Ny Dead zones
(<‘4Z—._ W
Ty 1

Dead Zone

Goal: mathematically describe non-ideal flow and solve design problems for reactors with

COLLEGEOF ENGINEERING - dwaiml| a4l&
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RTD = E(t) = “residence time distribution” function
RTD describes the amount of time molecules have spent in the reactor

RTD is experimentally determined by injecting an inert “tracer” at t=0 and
measuring the tracer concentration C(t) at exit as a function of time

Measurement of RTD ‘ A ‘ The C curve

abal @l szaggs

|

Pulse injection Detection

jg’ C(t)dt sum of tracer conc at exit for infinite time

E(t) C(Y) tracer conc at exit between t & t+At

0 E(t)=0 for t<0 since no fluid can exit before it enters
JE(t)dt=1 E(t)=0 for t>0 since mass fractions are always positive
Fraction of material leaving reactor that has

been inside reactor for a time between t, &t, Jtz E(t)dt
COLLEGE OF ENGINEERING - awauml| a4ls
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YOUR WAY TC SUCCESS

- >

T t t t
Nearly ideal Nearly ideal PBR with dead CSTR with
PFR CSTR zones dead zones

The fraction of the exit stream that has resided in the reactor for a period of
time shorter than a given value t:

F(t) is a cumulative distribution function
f(t)E(t)dt - F(t) F(tj‘
FEMU=1-FO) |, zem

F(t) =0 when t<0
F(t )>Owhent20

80% of the molecules
spend 40 min or less in
the reactor

F(oco
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* For an ideal reactor, the space time t is defined as WV,
* The mean residence time ¢, is equal to 7in either ideal or nonideal-reactorgr=-=

) Vv
b E(d_ o lE(t)dt=7  —=7=1

By calculating t., the reactor V can be determined from a tracer experiment
2
The spread of the distribution (variance): o° = Jo (t=ty, ) E(t)dt

Space time t and mean residence time t_, would be equal if the following two
conditions are satisfied:
e No density change
* No backmixing
In practical reactors the above two may not be valid, hence there will be a

difference between them
COLLEGE OF ENGINEERING - dssaiml| a4l&
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Mixing of different
| ‘age groups’ at the
| lastpossible

1 moment

* Flow isvisualized in the form of globules

e Each globule consists of molecules of the same residence time
e Different globules have different residence times

e No interaction/mixing between different globules

The mean conversion is the average conversion of the various globules in the

exit stream: X, = ZJXA (tj ]‘E(tj )g

Conversion achieved after Fraction of globules that spend
spending time t; in the reactor between t, and t; + At in the reactor
At—0 g 7
>Xp =] Xa (HE(t)dt X,(t) is from the batch

0 . )
COLLEGE OF ENGINEERING - as=imlla4l&  reactor design equation
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Review: Maximum Mixedness Mod’

In a PFR: as soon as the fluid enters the reactor, it is completely mixed radially W
other fluid already in the reactor. Like a PFR with side entrances, where each enikanegs
port creates a new residence time: EESS =

A —>o0 UOE(Z)AA L —0
Uo
Vi+AL — Uy
V=0 A+AN A V=V,

A: time it takes for fluid to move from a particular point to end of the reactor

L(A): volumetric flow rate at A, = flow that entered at A+AA plus what entered
through the sides

VoE(L)AL: Volumetric flow rate of fluid fed into side ports of reactor in interval
between A+ AL & A

Volumetric flow rate of fluid fed to reactor at A: AN =0,[7E(A)dA =0n| 14F (A
0(2) = o0 E(1) 04 = oo [1IETA]]

Volume of fluid with life expectancy between 1+ A1 & A:  fraction of effluent that in reactor for less than time t

COLLEGE OF ENGINEERING - dss=iml| 8414 AV =uold—F (4)]a4
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in the table below. The irreversible, liquid-phase, nonelementary rxn A+B>C+D,
be carried out isothermally at 320K in this reactor. Calculate the conversion for (1)

D function E(t) are given
anldealP

(2) for the complete segregation model. alaal @] sy

Cro=Cpgo=0.0313 mol/L & k=176 L2/mol2-min at 320K ainiii
tmn = o 1 D) 3 4 5 6 7 8 9 10 192 14
Cg/m* ¢ 1 5 8 10 8 6 4 3 9.9 1.5 0.6 0

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

COLLEGE OF ENGINEERING - dsssyml| 8414



) TD function E(t) are given @

in the table below. The irreversible, liquid-phase, nonelementary rxn A+B—C+D, Tp=
will be carried out isothermally at 320K in this reactor. Calculate the conversion for (1) anide
and (2) for the complete segregatlon model. alail @] gy

Cg/m3d

E(D 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

Start with PFR design eq & see how far can we get:

dXA —I'p dXA kCACBZ
dv Fao dv Caolo A AO ( A ) B BO ( A )
2 3 . XA V 2
dXA B kSﬁtQCBO (1— XA) Get like terms N _[ dXA _ j kCBO dv
dv Caolo together & integrate 0 (1-Xp )3 0 o

1
kC|3o v — 2—1:2kCBzor — Xp =1~ 12
% (1 X ) 2kCBO T+1
I.I.EG GINEERING mwnlladé.



For a pulse tracer expt, the effluent concentration C(t) & RTD func ion E(t) are given
in the table below. The irreversible, liquid-phase, nonelementary rxn A+B->C+D, -rA=ké
be carried out isothermally at 320K in this reactor. Calculate the conversion for (1) an ideal F
(2) for the complete segregation model. alaill @] g

=Cg=0.0313 mol/L & k=176 L2/mol?-min at 320K e e

n-n-nnn-nn---

Cg/m?3

E(D 0 0.02 0.1 0.16 0.9 0.16 0.192 0.08 0.06 0.044 0.03 0.012 0

t*E® 0 0.02 0.2 0.48 0.8 0.8 0.72 0.56 0.48 0.396 0.3 0.144 0

< 1 1 How do we For anidealreactor,t =t
AT ZKCBOZT-I-]. determine 1? tn = [ tE(t)dt
: 0 10 14
Use numerlcglmethod ty, = [ tE(t)dt= [ tE(t)dt+ [ tE(t)dt
to determine t, . 0 0 10
10 0+4(0.02)+2(0.2)+4(0.48)+2(0.8)+4(0.8
e 1[0+ 4(0:00)+2(02)+4(048) +2(0.8) +4(08)) _,
0 3| +2(0.72)+4(0.56)+2(0.48) +4(0.396) + 0.3

—>t, =4.57+0.584 = 5.15min
jcm(zmeriﬁammmw] %18.584
10 lerlt niversity - cu)$s a=ola J



Fora pulse tracerexpt, the effluent concentration C(t) & RTD function E(t) are given %
in the table below. The irreversible, liquid-phase, nonelementary rxn A+B>C+D, -rp=K %Mrl
be carried out isothermally at 320K in this reactor. Calculate the conversion for (1) an ideal PF

(

(2) for the complete segregation model. e
C..=C__=0 N1 mnl/l & k=174 1 2/manl2.min at 20K e
Cgm®* ¢ 1 5 10 8 6 4 3 9.9 15 0.6 0
ECH) 0 0.02 0.1 0.16 0.9 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0
t*E® 0 002 092 048 08 0.8 0.79 0.56 0.48 0.396 0.3 0.144 0
1 For anideal PFR reactor,t =t |
XA — 1— i
2 _ (o t,=515min=r
2kCpo?r +1 tm = [o tE(t)dt m
1
Xaprr =1- 5
L mol .
21176 5 : 0.0313 (5.15m|n)+1
mol“ -min L

COLLEGE OF ENGINEERING - dwssiml| 4414
Tikrit University - cu)$5 asola
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For a pulse tracer expt, the effluent concentration C '

inthe table below. Theirreversible, liquid-phase, nonelementary rxn A+(t) & RTD
function E(t) are given B>C+D, -r,=kC,Cz? will be carried out isothermally
at 320K in this reactor. Calculate the conversion for an ideal PFR, the complete

segregation model and maximum mixedness model. C,,=Cgz,=0.0313 mol/L & spha
k=176 L?/mol?-min at 320K

Cg/m® 1 5 8 10 8 6 4 3 99 15 0.6 0
E(t) 0O 002 01 016 02 016 012 008 006 0044 003 0019 0

Segregation model: )_(A = [ Xa (t)E(t)dt X,A(t) is from batch reactor design eq

O — 8

Numerical method
1. Solve batch reactor design equation to determine eq for X,

9. Determine X, for each time
3. Use numerical methods to determine X,

Polymath Method
1. Use batch reactor design equation to find eq for X,
9. Use Polymath polynomial curve fitting to find equation for E(t)

3. Use Polymath to determine X
COLLEGE OF ENGINEERING - Asoaiml] alds
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For a pulse tracer expt, the effluent concentration C(t”re given o .

inthe table below. Theirreversible, liquid-phase, nonelementary rxn A+B>C+D, g R b
r,=kC,Cg2 will be carried out isothermally at 320K in this reactor. Calculate the cofny&Esié
for an |deal PFR, the complete segregation model and maximum mixedness model.

N AN A Cawls

C0=Cpo=0.0313 mol/L & k=176 L2/mol2-min at 320K sl
Cgim* ¢ 1 5 8 10 8 6 4 3 9.9 15 0.6 0

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

o0
Segregation model: )_(A = [ Xp (t)E(t)dt X,A(t) is from batch reactor design eq
0
Batch design eq: Nan =CanV
AO A0 dX

dX 5 dX .
Nao— v A=V _)NAOT—kCAOCBO (1- XA) V7 = kCgo” (1~ Xa)

. . . XA t XA
Stoichiometry: S dXa . kaBozdt . 1 2} _ KCgo2t
—rp =KkCCg? 0 (1-Xa)” 0 2(1=Xa)" Jo

1 2
Ca=Cao(1-Xp) 7 g ~1=2kCgo't 1
C = Can (1= X (1-Xa) —>XA=1—\/1 S
® COLLEGE OF ENGINEERING - dwsiml| ayls +2Klpg
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For a pulse tracer expt, the effluent concentration C(w

function E(t) are given

in the table below. The irreversible, liquid-phase, nonelementary
rxn A+B>C+D, -r,=kC,Cg? will be carried out isothermally at 320K in
this reactor. Calculate the conversion for an ideal PFR, the
complete segregation model and maximum mixedness model.
Cpo=Cp=0.0313 mol/L & k=176 L2/mol2-min at 320K

C "9 1 5 8 10 8 6 4 3 99 15 06 0
g/m?3
D 0 002 01 016 09 016 012 008 006 0044 003 0012 0
XA

Segregation model:

_ Xa=1- | L1 \/ L
Xp =] Xa(DE(t)dt A 1+ 2kCpgo2t 1+ 0.3429min "t
0 Plugin eacht & solve

Numerical method 1
1+0.3429min"~(0)

COLLEGE OF ENGINEERING - swsimllags, | 1+ 0.3429min"(1min)

Tikrit University - cu)$5 asola ‘



in the table below. The irreversible, liquid-phase, nonelementary rxn A+BeC+D

r,=kC,Cz? will be carried out isothermally at 320K in this reactor. Calculate the co

for an ideal PFR, the complete segregation model and maximum mixedness model.

C,=Cgo=0.0313 mol/L & k=176 L2/mol2-min at 320K St
¢ 1 5 8 10 8 6 4 3 99 15 06 0

g/m3

E®) 0 002 01 016 02 016 012 008 006 0.044 003 0.012 0
Xo 0 0137 023 0298 035 039 0428 0458 0483 0505 0595 0.558 0.585

Segregatlon S Xx = [ X ()E(t)dt X, =1 1 ; :1_\/ 1 :
model: 0 1+ 2kCpg(°t 1+0.3429min t

00 10 14
Numericalmethod  Xp = [ Xa (D)E(t)dt = [ XA (H)E(t)dt+ | X (t)E(t)dt
0 0 10

'0+4(0.137)(0.02) +2(0.23)(0.1) + 4(0.298)(0.16)
+2(0.35)(0.2) +4(0.39)(0.16) + 2(0.428)(0.12) + 4(0.458)(0.08)
| +2(0.483)(0.06) + 4(0. 505)(0 044)+0.525(0.03)

COLLEGE OF ENGINEERING - ass=iml| ayl& j Xa (1)E(t)dt = 0.35

Tikrit University - cu)<i a=ola J
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For a pulse tracer expt, the effluent concentration C(t”re given o,

inthe table below. Theirreversible, liquid-phase, nonelementary rxn A+B>C+D,
r,=kC,Cz? will be carried out isothermally at 320K in this reactor. Calculate the co
for anideal PFR, the complete segregation model and maximum mixedness model.

C,=Cgo=0.0313 mol/L & k=176 L2/mol2-min at 320K St
< 1 5 8 10 8 6 4 3 92 15 06 0
g/m

E®) 0 002 01 016 02 016 012 008 006 0.044 003 0.012 0
Xo 0 0137 023 0298 035 039 0428 0458 0483 0505 0595 0.558 0.585

Segregation o o 1 \/ 1
Xa = [ Xa(DE(t)dt X, =1- =1-
model: A é A (&) A \/1+ 2kCppt 1+0.3429min"t
00 14
Numerical method  Xp = [ Xa (1)E(t)dt=0.35+ | X, (t)E(1)dt
0 10
14

[ Xa (D)E(t)dt = g[(o.525)(o.o3) +4(0.558)(0.012) +(0.585)0] = 0.0425
N X = | Xa (D)E(t)dt = 0.35+0.04 — X =0.39

COLLEGE OF ENGINEERING - dsssimfl 8414
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For a pulse tracer expt, the effluent concentration C(t”re given o,

inthe table below. Theirreversible, liquid-phase, nonelementary rxn A+B>C+D,
r,=kC,Cz? will be carried out isothermally at 320K in this reactor. Calculate the co
for anideal PFR, the complete segregation model and maximum mixedness model.

C,=Cgo=0.0313 mol/L & k=176 L2/mol2-min at 320K St
"9 1 5 8 10 8 6 4 3 929 15 06 0

g/m3
EO) 0 002 01 016 02 016 012 008 006 0044 003 0.012 0
Xoa 0 0137 0923 09298 035 039 0498 0458 0483 0505 0525 0558 0.585

Alternative approach: segregation model by Polymath:

<. 1 dX 1
Xa = | Xa(t)E(L)dt A X (HE(t Xy =1-
: (J) A(DEW) dt A()|() A \/1+2kCBOZt
Need an equation for E(t) k=176

Cgp=0.0313
Use Polymath to fit the E(t) vs t data in the table to a polynomial
COLLEGE OF ENGINEERING - dwsiml| a4l&
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.../l_ & Regression | Analysis | Graph |

01 0 0
02 | 1 0.02
03 | 2 0.10
04 | 3 0.16
05 | 4 0.20
06 | 5 0.16
07 | 6 0.12
08 | 7 0.08
09 | 8 0.06
10 | 9 0.044
IETH 10 0.03
12 | 12 0.012
RER 14 0
14 |

o |

| F13-9-b-reareszsion.pol - Mo Title

[ Beport [T Store Madel

Linear & Palpromial | Multiple linear I Nl:unlinearl

== ]S

Cuﬂ 2 | |§|| *l ¥ Graph [v Residuals

Dependent Yariable I Coz2

|ndependent  ariable I o1

Folynomial Degree

¥ Through origin

-
_»IJ _— Polynomial

bl gl] sl

YOUR WAY TC SUCCESS

For the irreversible, liquid-
phase, nonelementary rxn
A+B~>C+D, -r,=kC,Cg?
Calculate the X, using the
[[fit complete segregation model

using Polymath

v

Model: C02=a1*C01 + a2*C0172 + a3*C01*3 + a4*C01"4
a1=0.0889237

a2=-0.0157181

a3=0.0007926

a4=-8.63E-06

Final Equation: E=0.0889237*t-0.0157181 *12+ 0.0007926*t> — 8.63E-6*t*

—COLLEGE OF ENGINEERING - ts=umit &S
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A+B~>C+D

Ordinary Differential Equations Solver
dy w0 @) ] o | [RKF5 | [ Table W Graph [V Repot bl sine
Drifferential Equations: 1 |.-'1'-.|.4:-:iliar_l,I E quations: 4 |'~.-"" Feady for zolution
dixbar)/d(t) = E*x
cho= 0.0313
k=176
® = 1-{1/{1+2"k*cbo"2"1) 0.5
E = 00889237*-0.0157181*t"2+0.000792*t23-0.00000863*t"4
t(0)=0
xbar(0)=0
tif=14
Variable Initial value |Minimal value Maximal value Final value
1 cho 0.0313 0.0313 0.0313 0.0313
2\ E 0 -0.0082267 0.1527078 0.0059021
3k 176. 176. 176. 176.
4 |t 0 0 14. 14.
5 (X 0 0 0.5857681 0.5857681
6 xbar 0 0 0.3700224 0.363242
COLLEGE OF ENGINEERING - dss=iumll a4l& Xa =0.36
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t) are given o i
) ) y'nonelementary rxn A+B->C+D, '

r,=kC,Cg? will be carried out isothermally at 320K in this reactor. Calculate the cony
for an ideal PFR, the complete segregation model and maximum mixedness model.

C1,=Cgo=0.0313 mol/L & k=176 L2/mol2-min at 320K i‘:.“l,.‘
mn-nnnnn-nnn-n

Cg/m3

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

i i . dX r E(A dF
Maximum mixedness model: A_ A | ( ) Xn A=time 5=
dA CAO 1—F(i) dA
/ F(4) is a cumulative distribution function
2
—rA = kCAOCBOZ (1— XA )3 CAO = CBO =0.0313 m0|/|_ k=176 L
mol? - min

Polymath cannot solve because A~>0 (needs to increase)

Substitute A for z, where z=T-A where T=longest time interval (14 min)

= E must be in terms of T-z.
E(T-z _ o
XA _ | A n (_ ) X d_F:_E(T—z) Since T-z=\ & A=t, simply
dz Cro 1-F(T-2) dz substitute 2 for t

COLLEGE OF ENGINEERING - as=iml[84l& | E(L)=0.0889237*A-0.0157181*A2 +

Tikrit University - cu)$s d=ola 0.0007926*




Maximum Mixedness Model, nonelementary r’

Ordinary Differential Equations Solver | (
E-tﬂ ! lll )

dey xx - @ [E] & | [RKF45 w| [ Table [ Giaph W Repot A+B—>C+Dé W

'rA:kCACB eh-ul\dlﬁﬂ;l)b

YOUR WAY TC SUCCESS

Differential Equations: 2 | Auxiian Equationz: 9 |« Ready for zolubion

dix) / d(z) = -[ra/Cao+E/{1-F|"X) —
-k*Ca0*(Cbor2)*(1-X)"3 A=A XA

ra=-k*Cao*(Cbo"2)*[1-X}" - =

Cao=00313 dF — dz Cao 1—F(T—Z)

Cbo=0.0313 —E(T-7

k=176 dz ( ) Denominator

diF)/dz)=-E~ _

F(0) = 0.99 cannot=0

E1=0.0889237*lam-0.0157181*lam"2+0. 0007926 lam"3-0 00000863 lam"4 — —
lam=14-z Z=T-A->1=T-2
E=if{{lam>=t1)and({lam==t2))then(E1) else(0)

t1=0

t2=14

zi0)=10

z(f =14 for E describes RTD function only on

|
interval t= 0 to 14 minutes, otherwise E=0

X =0.347

COLLEGE OF ENGINEERING - dsssiml| 8414
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liquid-phase, nonelementary rxn A+B>C+D, -r,=kC,Cg2 will be carried out in
this reactor. Calculate the conversion for the complete segregation model :
under adiabatic conditions with T,= 288K, C,,=C,=0.0313 mol/L, k=176 alail @] ety
L2/mol2-min at 320K, AH5,=-40000 cal/mol, E/R =3600K, o
Cpa=Cpz=20cal/mol-K & C,.=C,,=30 cal/mol-K
I R P S IS S S P P N N T
8 10 8 6 4 3 2.2 15 0.6 0

Cg/m® ¢ 1 5

ECD) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

dX dX
Polymath eqs for segregation model.: —A = XA (t)E(t) —A = kC802 (1_ XA )3

dt dt
E(t)= 0.0889237*t-0.0157181*t2 + 0.0007926*t3 - 8.63E-6*1*
E k 2 7
f xprte.SS f_? k(T) —176 > —exp |:3600K (i — 1)
Hnetion ot mol® -min 320K T

Need equations from energy balance. For adiabatic operation:

n
| —AH Ry (TR) [ Xa + 20CpTo + XaACrTg
1=

T =
n
COLLEGE OF ENGINEERING - asssiml| a4l L§1®icpi + XAACP}




For a pulse tracer expt, C(t) & E(t) are given in the tat;”

irreversible, liquid-phase, nonelementary rxn A+B>C+D, -r,=kC,Cg2 will
be carried out in this reactor. Calculate the conversion for the complete
segregation model under adiabatic conditions with T,= 288K,

. Ll @] a2y
C0=Ca0=0.0313 mol/L, k=176 L2/mol2-min at 320K, AH° ¢, =-40000 e

cal/mol, E/R =3600K, C,,=C,.=20cal/mol-K & C,~.=C,~=30 cal/mol-K

C
g/m3

o [0l ol [l s [ o[ 7 [ ol o [0l e [u
0 1 5 8 10 8 6 4 3 2.9 1.5 0.6 0

E(D) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 , 006 0.044 0.03 0.0192 0

Energy balance for [‘AH rx (Tr )J Xa + i§1®icpi-|_o + XaACpTR

adiabatic operation: T= n
2 0Cp + XaACp | Not zero!
> @C, =C, +Cp, =402 N \
iCp = + = cal cal
El P PA T B mol -K ACp:(30+30_20_20)m0I-K:Zomol-K
cal cal dX dX 3
1702 ==X, +576 —— SAA “2A —KCqo? (1- X
lT= mol " mol dt Xa (DE(Y) dt go” (1~ Xa)
5 cal L X ( cal j >
mol-K " {mol-K k(T)=176 |2‘ exp{%OOK( ! —lﬂ
mol© - min 320K T

COLLEGE OF ENGINEERING - dws=umllSl™ 11— 570889237+t -0.0157181*2 + ‘
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A+B->C+D [ Ordinary
‘r'A=kC:AC:B2 di) x=  ini-

G Y | |FIKF45

L] [~ Iable [T Graph |v Report

[Differential Equations: 2 IAuxlllary Equations: 4 I\/ Ready for solution

+
d(Xbar) / d(t) = E*X
Xbar(0) =
Cbo= 00313
t(0)=0
t(f=14

T=(1702*X+576)/(2+X)

k=176"exp(3600%(1/320-1/T))

E= 0.0889237"t-0.0157181*t"2+0.000792"t*3-0.00000863"t"4

d(X) / d(t) = k*Cbo*Cbo*(1-X)*3

X(0) =
¥ Variable Initial value Minimal value Maximal value Final value
1/cbo 0.0313 0.0313 0.0313 0.0313
2[E 0 -0.0082169 0.15272 0.0059021
3k 50.42484 50.42484 1.137E+05 1.137E+05
4T 288. 288. 753.3253 753.3253
S5t 0 0 14. 14.
6/ 0 0 0.9810008 0.9810008
7 Xbar 0 0 0.9413546 0.9296179

COLLEGE OF ENGINEERING - 4wl 8414 Xa =0.93

Tikrit University - cu$s aeola
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The following slides show how the same problem would be solved e

and the solutions would differ if the reaction rate was still -
r,=kC,C,2 but the reaction was instead elementary: A+2B>C+D

These slides may be provided as an extra example problem that the
students may study on there own if time does not permit doingitin
class.

COLLEGE OF ENGINEERING - dsssyml| 8414



liquid-phase, elementary rxn A+2B—C+D, -
r,=kC,Cg? will be carried out isothermally at 320K in this ,
reactor. Calculate the conversion for an ideal PFR, the alasl @] esiaggha
complete segregation model and maximum mixedness FERRE
model. C,,= CBO-O 0313 mol/L & k=176 L2/mol2-min at 320K

C g/m3 929

ECH) 0 0.02 0.1 016 02 0.6 0.12 0.08 0.06 0.044 0.03 0.012 0

Start with PFR dGSlgn eq & dXA —I'p N dXA _ kCACBZ N dXA _ kCACBZ
see how far can we get: dv FAO dv Caolo dr Chao

b 2
Ca=Cao(l-Xa)  Vb=_= =1 Ce =Cao (1-2Xa)

2 2
X _KOnsCon’ (1-Xa)(1-2Xa ) |8 _iGo? (1- X, ) (12X,
dZ' \%g a
Could solve with Polymath if we knew the Cg, =0.0313 k=0.0313

value of 1
COLLEGE OF ENGINEERING - dsssyml| 8414
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' ’ ,elementary rxn A+2B~>C+D,

r,=kC,Cg2 will be carried out isothermally at 320K in this reactor. Calculate the cory
foranideal PFR, the complete segregation model and maximum mixedness model. -
Cpo=Cg=0.0313 mol/L & k=176 L2/mol?-min at 320K Al @] ety

tmin | o | 4 | 9| 3 [ 4] s | 6 | 7 | 8| o |10 | 12 |
Cgim® 1 5 8 10 8 6 4 3 99 15 0.6 0

ECH 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

t*ECD 0 0.02 0.9 0.48 0.8 0.8 0.792 0.56 0.48 0.396 0.3 0.144 0

For anideal reactor,t =t
dXa _ 2 2 How do we ’ m
dz =KCo” (1= Xa)(1-2Xa)"| yetermine 12 tm = Jo tE(t)dt
Use numerical method 7 10 14
_ ty = [tE(t)dt= [ tE(t)dt+ | tE(t)dt
to determine t: 0 0 10
10 0+4(0.02)+2(0.2)+4(0.48)+2(0.8)+4(0.8
e (e 1[0+ 4(0:00)+2(02)+4(048) +2(0.8) +4(08)) _,
14 O 5 3 +2(O.72)+4(O.56)+2(0.48)+4(O.396)+O.3

JtE(t)dt="][0.3+4(0.144)+0]=0.584 |
10COLLEGE OPENGINEERING - aswsiml| a4l — t, =4.57+0.584 =5.15min



) ) ,elementary rxn A+2B->C+D, o

r,=kC,Cg2 will be carried out isothermally at 320K in this reactor. Calculate the corfvérSidgh ¢

for anideal PFR, the complete segregation model and maximum mixedness model. ~
alal ¢l ety

Cpo=Cg=0.0313 mol/L & k=176 L2/mol?-min at 320K YouR way re SuccEss
mﬂ-ﬂ-ﬂﬂ-------

Cg/m?3
E(D 0 0.02 0.1 0.16 0.2 0.16 0.19 0.08 0.06 0.044 0.03 0.012 0

t*ECD 0 0.02 0.9 0.48 0.8 0.8 0.792 0.56 0.48 0.396 0.3 0.144 0

For anidealreactor,t =1t

dXa 2
dr =kCao” (1= X )(1-2Xa) tn = Jg tE(t)dt —>t,, =5.15min=7¢
f— .
Ordinary Differential Equations Solver Final X,
a o @[ e | [RKFE5 | [ Iable @ Graph ¥ Repot corresponds to
AR A v able 1a epor )
fo - i = 1=5.15 min
Differential Equations: 1 |Aux|||ary Equations: 2 ’\/ Ready for solution
d(X) / d(t) = (k*"Cbo*Cbo*(1-X)*(1-2*X)*(1-2*X))
X0)=0
k=176 Xaprr =0.29
Cbo=0.0313]
t(0)=10
(=57 ] p—




in the table below. The irreversible, liquid-phase, elementary rxn A+ZB—>C+D ¥
r,=kC,Cg? will be carried out isothermally at 320K in this reactor. Calculate the co
for an ideal PFR, the complete segregation model and maximum mixedness model. ~ “r
C,o=Cg,=0.0313 mol/L & k=176 L2mol2-min at 320K i

Cg/m3 2.9

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

i L X X (1) is T
Segregation model Xa = [ Xx (DE(D)dt |- dX _ X, (VE(1) A(t) is from
0

with Polymath: dt batch reactor
design eq
Batch reactor dx dX 5 5
design eq: Nao d—A =17V — Nxo dt =kCxoChro (1_ XA )(1_ 2XA) A\
Nao =CaoV

Stoichiometry: N dXA = KkCpgg (1_ XA)(l— 2XA)2

5 dt Cg =Cgo (1-2Xa)
—I‘A - kCACB . . .
Best-fit polynomial line
Ca=Cao(1-Xa)| |K=176 Cp=0.0313 for E(t) vs t calculated
COLLEGE OF ENGIMEERING - dwsiml| dyl&s by Polymath (slide 19)
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rxn: A+2B->C+D

i Y | |FIKF45

df’:{, Xe, i LI [~ Iable [ Graph [V Report i‘:‘iﬁ*}c ‘f‘u‘im":

IDifferentiaI Equations: 2 [Aumluary Equations: 3 |\/ Ready for solution

dixbar)/d(t) = E*X

Cbo= 0.0313

k=176

d(X) / d(t) = k*"Cbo*Cbo*(1-X)*(1-2"X)"*2

X(0) =

= 0.0889237*t-0.0157181*t*2+0.000792*t*3-0.00000863"*t"4

t(0)=0

xbar(0)=0

t(fj=14
7 Variable Initial value Minimal value Maximal value Final value
1 Cbo 0.0313 0.0313 0.0313 0.0313
2|E 0 -0.0082238 0.1527 0.0059021
3k 176. 176. 176. 176.
4t 0 0 14. 14.
9| X 0 0 0.3865916 0.3865916
6 xbar 0 0 0.274419 0.2698915

COLLEGE OF ENGINEERING - awssiml| 4414 X seq =0-27
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' ’ ,elementary rxn A+2B~>C+D, W

r,.=kC,Cg” will be carried out isothermally at 320K in this reactor. Calculate the cornyeét
for an ideal PFR, the complete segregation model and maximum mixedness model. -

C1=Cgo=0.0313 mol/L & k=176 L2/mol2-min at 320K i‘:.‘i.t’:’:”f
mn-nnnnn-nnn-n
Cg/m3

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

Maximum mixedness model: 9dXa _ Ta E(l) X Y =time drF _
/’ di Cay 1-F(2) A di
Polymath cannot solve 2 >
—p =KkCAnC 1- XA )(1-2X
because A~>0 (must A~ "ZA0TBO ( A)( A) k=176 I2_ _
increase) Cag =Cpgp =0.0313mol/L mol” - min
Substitute A for z, where z=T-A where T=longest time interval (14 min)
= E must be in terms of T-z.
E(T-2z _ _
dXA:_( A + ( _ ) XAJ d_F:_E(T_z) Since T-z=A & A=t, simply
dz Cao 1- F(T - Z) dz substitute A for t

COLLEGE OF ENGINEERING - dsssml| 8414 | E(L)= 0.0889237*A-0.0157181*A2 +
Tikrit University - ci< asola 0.0007926*)3




v

Ordinary Differential Equations Solver

#, %, o @ [ o | [FKFa5  +] [ Iable [~ Graph [ Repor

YOUR WAY TC SUCCESS

Differential Equations: 2 |Auxi|iary Equations: 9 |\/ Ready for solution

d(X) / d(z) = -(ra/Cao+E/(1-F)*X)

X(0)=0 \dx_A:_ rA + E(-T-_Z)

ra=-k*Cao*(Cbo"2)*(1-X)*(1-2*X)"2 _ X A
Ca0=0.0313 dz Cao 1-F(T-2)
Cbo=0.0313  [dF _ E(T-2)

k=176 - -

d(F)/ d(z) = -E .~ dz T Denominator
F(0) = 0.99 cannot=0

E1=0.0889237*lam-0.0157181"lam"2+0.0007926"1am"3-0.00000863"*lam"4

X

COLLEGE OF ENGINEERING - dssaiml| a4l&
Tikrit University - cu)$s asola

A, maximum mixedness

lam=14-z _T_ _T_
E=if((lam>=t1)and(lam<=t2))then(E1) else(0) L= T /1 — ﬂ* - T Z
t1=0 N\

tz,;” ] Eq for E describes RTD function only on

Z = . ] .

z:ff))= 14 interval t= 0 to 14 minutes, otherwise E=0

=0.25



rsible, liquidagia,
’ 25 , -1,=kC,C, e carried out in this reactor. Calcut#

the conversion for the complete segregation model under adiabatic conditions witt
288K, C,,=C,=0.0313 mol/L, k=176 L?/mol?-min at 320K, AH°,,=-40000 cal/mol, E

=3600K, Cpy=Cpz=20cal/mol-K & Cpe=Cpy=30 cal/mol-K i‘::‘l:‘:“
mn-nnnnn-nnn-n

Cg/m3

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

Polymath eqs for dX dX 2 2
segregation model: th = XA (t)E(t) d—tA =kCpg (1_ XA)(l_ 2XA)

E(t)= 0.0889237*t-0.0157181*t? + 0.0007926*t3 - 8.63E-6*t*
2

k(T)=176 . exp 3600K(i—£j
mol? -min 320K T

Need equations from energy balance. For adiabatic operation:
n

-AHRy (TR) [Xa + 20CyTo + XaACr Ty
I=

Express k as
function of T:

T=

n
O.C,. + X,AC
COLLEGE OF ENGINEERING - asssiml| a4l& [El i~pp T AASTP
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rsible, liquida®ia,
’ 25 , -1,=kC,C, e carried out in this reactor.

the conversion for the complete segregation model under adiabatic conditions with Tgsu
288K, C,,=Cg,=0.0313 mol/L, k=176 L2/mol?-min at 320K, AH°,,=-40000 cal/mol, E

=3600K, Cpy=Cpz=20cal/mol-K & Cpe=Cpy=30 cal/mol-K e e
mn-nnnnn-nnn-n

Cg/m3

EC(H) 0 0.02 0.1 0.16 0.2 0.16 0.12 0.08 0.06 0.044 0.03 0.012 0

Adiabatic EB: )
|:_AHORX (TR )J Xa + 2 0C,To + XaACp TR ACp, =(30+30-2(20)-20)=0
T= i=1
y _ cal
|:i§1®icpi ' XAACP} |21®C =Con T =0 0K
2
k(T)=176 |2‘ exp [36OOK (i _ lﬂ
mol“ - min L 320K T

COLLEGE OF ENGINEERING - dwsuml{agi&s | E(U=0. 08892377T-0.0157181t +
Tikrit University - ciy)<5 a=ola 0.0007926*t3 -




A+2B->CH

d(Xbar) / dit) = E*X

Xbar(0) =0

Cbo =0.0313

E = 0.0889237*t-0.0157181*t"2+0.000792*t*3-0.00000863*t"4
t(0)=0

t(f=14

k=176"exp(3600%(1/320-1/T))
T=288+1000"X

d(X) / d(t) = k*Cbo*Cbo*(1-X)*(1-2*X)"2
X(0)=0

Ca=Cao*(1-X)

Cao=0.0313

abal @l sy

YOUR WAY TC SUCCESS

Cb=Cbo*(1-2*X)

TREINE IS %0 00 Y Nl ‘I‘,

W.ku.

Variable Initial value Minimal value Maximal value Final value
1 Ca 0.0313 0.0156586 0.0313 0.0156586
2 |Cao 0.0313 0.0313 0.0313 0.0313 _
3 |Cb 0.0313 1.725E-05 0.0313 1.725E-05 Because B is completely
4 [cbo  |0.0313 0.0313 0.0313 0.0313 consumed by X,=0.5
5 E 0 -0.0082229  0.1527022 0.0059021
6 |k 50.42484  |50.42484 1.401E+05 1.401E+05
7 |t 0 0 14. 14.
8 [T 288. 288. 787.7244 787.7244 )Q =0.50
9 X 0 0 0.4997244 0.4997244 , Why so much lower
10 Xbar 0 0 0.5027919

0.496797 than befi iio



We are first going to develop the RTD equation for three tanks in series (Figure 14-2)
then generalize to n reactors in series to derive an equation that gives the number of tgQigy waw

In series that best fits the RTD data. vou way e succss
Puise—
Considering a tracer pulse injected into %f
the first reactor of three equally P“'Se“q ----- . L,
sized CSTRs in series ] Iiy? V=V,
= 2 =V, =V,
dC —Vt/V, —t/1, . S 1 - i
Vo[ Cy(t)dt —— 5[] m=r/n
1 (a) (b)
Figure 14-2  Taoks in series: (a) real system, (b) model system.
Cot _ 2
Vi d&: VCl—VCZ o dC2 n C2 _ CO e—t/ti C2 _ _Oe t/r, C3 _ C0t2 e_t/Ti
dt dt T T T 2Ti
E(t) _ C3(t) _ COJ[2 /(Z’Ciz)e_t/Ti _ tz e—t/ri tn_l
- 5 T e - " C tze—t/‘ri - 213 E t — e_t/Ti
jo C,(t)dt Io 0 5, dt . — E(t) T
"C.
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T, =1 / n -1
£(@) = tE(t) = "NO) " on
(n-1!'  n—o0, the behavior of the system approaches yuy o cays
that of a plug-flow reactor
o 1] ]
0y =5 = jo (©-1)2E(®)dO
: SN2 NN
—= [, ©’E(©)dO 2| OE(©)dO+ [ E(©)dO 7/ ™
oL
- j°°®2E(®)d® -1
(b)
G® _ J' ®2 E ( @) d @ 1 Figure 14-3  Tanks-in-scrics response to a pulse tracer input for different numbers of tanks.
n-1 0
-—— f 02 "O) " royg 4 jo E(©)dO =1
(n-1!
- — J. ®n+1 —n®d® 1 5 -[0 ®E(®)d® :1
(n 1)1 s not T
2 2
—_ N [+ 41 % ©
(n=11| n"*? n
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=1-—  1,=— n may be a noninteger.
(1-|-T k) Voh

abasl @] iy
For reactions other than first order, YouR WAy TG Succass

an integer number of reactors must be used.

TABLE 14-2. TANKS-IN-SERIES SECOND-QRDER REACTION

=
Two-Reactor Systen Three-Reactor System
For two egually sized reactors For three equally sized reactors
V=¥ +F
v V=V VT
V
V|=V3=:)‘ Vi=F,=¥=I73
I ST 7 T 4 .
==Vt R A Rl Laue 142, Tans-IN-SERIEs SECOND-OMDER REACTION. (CONTINGED)
. o ) - A i
Uy U 2 - — T T T - i
' Two-RBeactor Systen Thrce-Reactor Sy stem
For a second-order reuction, the combined mole balance, rate law, and stoickiometry for the. e
fisst reactor gives C., - _—1 + 41 -'r_fiT_J\CH e -1 +[} +41.hC,,
o e A 27,k B 2T,k
£ = Sain T Can
ki(;imu Balancing on the third reactor for the thiee reactor system and solving for its outlet concentra-
o tion, C,, . gives
Solving for C,
B T ey v Tk
o =71 + T +4ktC,, Cly = -
“Auat T 2%t B vah
The corresponding conversion for the two- and three-reactor systems are
T T 14 & Y
Two-Reactor Sysiem: 1, = £ Three-Reactor Systern: T; = = , - 9y
2 3 X = Cag— Caz ¢ Can Ty
) L AT
Solving for exit concentration {rom reactor 1 for each reactor system gives Av M
- mnimmn e For =253 (X, < X <X}
— 1+ ITATEC, B Uy P To L : ) |
Cag = —— Ch — - P
21,k 2Tk
The exit concentration from the second reactor for each reactor system gives |

COLLEGE OF ENGINEERING - dsssiml| 8414
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Show that X ; =Xy for a first-order reaction

A—X5B alail @] g

YOUR WAY TC SUCCESS

Solution

For a first-order reaction,
Xseg = Xum

Therefore we only need to show Xy,,=Xr.,s.

For a first-order reaction in a batch reactor the conversion is
X=1-¢K

Segregation model

X = joooX(t)E(t)dt - jo‘” (1-e *E(t)dt=1- Ioooe‘ktE(t)dt

2t2
e Kt =1 _kt+——+error

R XZIOO kt—ﬁ E(t)dt:kjth(t)dt—ijtzE(t)dt
0 2 0 2 70

COLLEGE OF ENGINEERING - dsssiml| a4l&
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o

—> X = kr—— tE(t)dt
o? =. (t 1)?E(t)dt

<

bl gl sagla

YOUR WAY TC SUCCESS

B . 9 [ 2 _ 2 2
—=t E(t)dt—ZTIO tE(t)dt + jo E(t)dt E(t)dt=0"+r1

v
o 2
8

—t

- '0°° t?E(t)dt — 272 + 12

2
o , > szr—k—(02+r2
—= [ CE(t)dt-r 2
Tanks in Series n
1 T
X=1- - X:1—(1+—kj
n
(1 nkj 2,2
-:1_[1—n1k n(n+1)rI§ +error)
n n
20,2 2,2 2 2
-—=kr—— KTk :kr—k—[rz+T—J
, 2 n 2 n
c°=—
n k2 2 2
> X:kr—?(t +6°) ——— XT—I—S:Xseg:XMM
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bl gl] sl

YOUR WAY TC SUCCESS

In addition to transport by bulk flow, UA_.C,
every component in the mixture is
transported through any cross section of the

Plug Flow Dispersion
reactor at a rate equal to [-D,A.(dC/dz)] > il
resulting from molecular and convective [ '- r -
diffusion. '\ >

Figure 14-4 Conceatration profiles (a) without and (b) with dispersion.

By convective diffusion (i.e, dispersion) we mean either Aris-Taylor dispersion in
laminar flow reactors or turbulent diffusion resulting from turbulent eddies.

Radial concentration profiles for plug flow (a) and a representative axial and
radial profile for dispersive flow (b) are shown in Figure 14-1.

Some molecules will diffuse forward ahead of molar average velocity while others
will lag behind.

COLLEGE OF ENGINEERING - dsssyml| 8414
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less concentrated.

alasl ] sy
The molar flow rate of tracef (F1) Dy
both convection and dispersion is

&~inpit Measurement 8 C
paint - FT: —Da—+UC A
Figure 14-5  Dispersion in a tubular reacior. (From O. Levenspiel, Chemical 82

Tracer pulse with !
dispersion __*[

Reaction Engineering, 2nd ed. Copyright © 1972 John Wiley & Sowg, Inc.
Reprinted by permission of John Wiley & Sons, Inc. Al rights reserved.

D, is the effective dispersion coefficient (m?/s)

. : _ U is the superficial velocity (m/s)
There 1s a concentration gradient on both

sides of the peak causing molecules to

diffuse away from the peak and thus -p, 91 D, dCT
dz :
broaden the pulse. The pulse broadens
as it moves through the reactor.
b t
. . Figure 14-6  Symetric concentration gradients causing the spreading by dispersion
A mole balance on the inert tracer T gives of a pulse input.
2
O 0C+ 0°Cy o(UC;) oC;

=A c » D . > =
0z ot 0z 0z ot
COLLEGE OF ENGINEERING - dsssiml| 84l&
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Balance Equations

A mole balance is taken on a particular component of the mixture (say, species A) oveliish s=
a short length Az of a tubular reactor of cross section A, to arrive at

=0

A second-order ordinary differential equation.

Nonlinear when r, is other than zero or fist order.

—Aiddim\:o ‘ D, dZCA_dCA+rA
c 02 > U dz2 dz U
F—Az—Dal ac, +UC,
AC dz )
C Z
r, =—kC 2 Y=t k=
A A D d°Cy dCy —kCy C a0 |
U dz? dz U
Da - Rateefeo nsumption= of\eyse action ke
Rateef# ansportef *Adeyeonv ection
Pe Rateef# ansport®y <eonvectio n

" Rateef4r ansportey <iffusion <er<isper sion D

a

COLLEGE OF ENGINEERING - dssaiml| a4l&
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2
1 d \g—dw—Da-\p:O
Pe, dA® dA
Da:Damkohler number

Pe:Peclet number

[ 1s the characteristic length

-




Ud Ud . :
Pe. = —" ¢oreacked %®ed ), -D—t(foremptyo tube $HuidPec letwumber bl ol gl

q)Da a YOUR WAY TC SUCCESS
For open tubes For packed beds
Pe, ~ 106, Pe; ~ 104 Pe, ~ 103, Pe; ~ 101
Boundary Conditions
closed-closed vessel b0 | Do b0 bppo i pho oo
there is no_ disp(_arsion or radial variation in  —=t 7 . wj . N
concentration either upstream (closed) or =27 | - o ;
downstream (closed) of the reaction section muve I RO w::g . et
z=0 ’ zl=l.. z=0 z=L
Plug Dispersion
open-open vessel flow
Closed-closed vessel Openr-open vessel

dispersion occurs both upstream (open) and
downstream (open) of the reaction section

Figare 14-7 Types of boundary conditions.

A closed-open vessel boundary condition is one in which there is no dispersion in the
entrance section but there is dispersion in the reaction and exit section.
COLLEGE OF ENGINEERING - dswsiml| a4l&
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Danckwerts boundary conditions — 0 0*
At z=0 z=0
abal | edggls
FA (0_) - FA (0+) aC R
— » UAC,L(07)=-AD, +UA_C,(0)
oC oz ). . cTA
FA:—ACDa—(aA +UA_C, z=0
7 _
C,(07)=C
A(07) A0 _ D, 0C, +C, (0
A0 U —82 A
At z=L z=0
Ca(L)=CA(LY)
Ca _ 0 open-open vessel
0z
Caa —LA(UVQ;]’DAB %]m %% 2L, !
R o o —&[—“A] CAl07) =~ [ac j +Ca(0")
Q \“ ) M U 52 z=0" aZ z=0"
L(a)o z(l:)L

Figure 14-8  Schemaiic of Danckwerts boundary conditions. (@) Entrance (b} Exit
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) Ate), = 0 ¢hene=1 = _i(d_\lfj +y(0")
1 dy dy Pe, 0’

pe a2 Dav=l d
' Ate), = 1+hen-% =0

B 4qexp(Pe, /2)
Cao (1+q)*exp(Pe,q/2) - (1-q)*(-Pe,q/2)

outside the limited case of a first-order

4 e /2 reactl_on,_a nun_1er|cal solution of_th_e

5 qexp(Pe, /2) > equation is required, and because this is

(L+0a)"exp(Pe.q/2)-(1-0)"(-Pe,q/2) ¢ ‘spjit-boundary-value problem, an
iterative technique is required.

= =./l+4Da/Pe,

Finding D, and Peclet Number

1.Laminar flow with radial and axial molecular diffusion theory
2.Correlation from the literature for pipes and packed beds
3.Experimental tracer data
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The axial velocity varies in the radial direction according to the Hagen-Poiseuille equatioi:

bl gl] sl

2
u(r) = ZU{l—(rJ ] U is the average velocity Yous wavrc success
R
Qemp < 71/2 In arriving at this distribution E(t), it was assumed that
E(t)=1{ 2 «= there are no transfer of molecules in the radial direction
F-b >1/2 between streamlines.
r= g R L *) ----- —
[=Qemmmy =2 emmp =7/2 o] A . JM
=3R/4= =7U/8e=b =81/7: “ﬁQU(F(-’*}Z)
Zz=0 A PO— -

Figure 14-9 Radial diffusion in laminar fow.

In addition to the molecules diffusing between
streamlines, they can also move forward or
backward relative to the average fluid velocity
DYCORUFGEOF ENGINEERING 2 S auml| syl
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sport In both the axial ¢
radial direction can be obtained.

oC oC 10/( oC\ &°C
ot 0Z ror\ or

2
a Z YOUR WAY TC SUCCESS

Z* =7 - Ut

2
> (@j +[u(r)—U]£:D ! 6( 6C)+ oc
ot )« oz*

Iy
AB
rorl or ) oz*?

_ 1 R
- C (Zl t) = ? jo C(r1 21 t)znrdr 100 ! l ! N;odcl orly iapplic:}abie wherl: !

T _ L>zadt L>>730di
Streamline flow

L3000t

- in pipes

_ _ =
£+U£:D*6C2
ot 0z* 0z *

For whole regiine,
D=D +U2d%_ N N U
® . . . . NG P eEn, Y Disparsion
D* 1s the Aris-Taylor dispersion coefficient Isporsior

L by convection, ]
Dispersion by Uzd}?

2 2 | . . B o/ S S D = o= -
U R diffusion, D =0, -7 1920,

o1l b LS L L

" W 0.1 1 16 102 e oo
A : (Re)(sg) = T1UP B _ud

I phys  Dag
1 1 1 Figure 14-16  Correlation for dispersion for sireamline flow in pipes. (From O. Levenspiel.
For lamlnar ﬂOW 1na plpe Chemical Resction Bogineering, 2nd ed. Copyright © 1972 Jolwm Wiley & Sons, inc. Reprinted
by perission of John Wiley & Sons, Inc. All rights reserved.) {Note: D =D, and D = Dyl
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Correlations for D,
Dispersion for Laminar and Turbulent Flow in Pipes

i0* FT T T PR T T 1T . )
b abul gl eaphs
- YOUR WAY TC SUCCESS
s _ Dispersion in Packed Beds
5 Flow in 31
Fipes ]
] 20
| T T TTTHT T TTTTm T IHUI‘HHHH
10 packed beds
= -~ Gases Sc=02 E
< - ~ M Se=038 o
3 - -
Q = _UQ _,
— 3 e
&
o LOE-
L 3 ET R A
B - Experimental - N Gases Sc= 1.0 -
0 / |
- 1
Theoretical, from Taylor 7 a1 Lol d LLLLd Lot {58 LkLE b i J il [ WA .
1o {19545) ol 10 10 100 1000 2000
L [ =
3 Re =d,up/
q Figure 14-12 Experimental findings on dispersion of fluids flowing with mean
P—— axial velocity & in packed beds. (From O. Levenspiel, Chemical Reaction
o1 Wil 4 1iun L oLl Engit-zee_ring, ‘2nd ed. ('Zopyright @ 1972 I(]l]l:l Wiley & Sons, Inc. Reprintfzd by
102 109 104 105 106 perinission of John Wiley & Soms, Inc. All rights reserved.) [Note: D = 1|

Re = dup/l

Figure 14-11  Correlation for dispersion of Auids Howing in pipes. (From O. Levenspiel, d IS the par“CIe d |ameter
Chemical Reaction Engineering. 2nd ed. Copyright © 1972 John Wiley & Sons, Inc. Reprinted P
by permission of John Wiley & Sons, Inc. All rights reserved.) (Note: D = D]

d, is the tube diameter ¢ Is the porosity

Sc is the Schmidt number
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For the different types of boundary conditions ate:
0°Cy 9(UCy) _0Cq the reactor entrance and exit, to solve for the eRjfs!=w-
0z° 0z ot concentration as a function of dimensionless

time (©=t/t), and then relate D,, 52, and .

Da

Unsteady-State Tracer Balance

\V:C_T’-}LZE’-(@:E
Cro - L1y oy ov
Pe, o> On 0O
Initial condition For a pulse input, Crg is

t>0« >0,«€ (07,0)=0,*y(07)=0 defined as the mass of
. : tracer injected, M,
Mass of tracer injected, M is divided by the vessel

M =UA¢ | Cr (07, t)dt volume, V.
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:0 >
0z oA
2
o 1 (o
— st =T —— tT:T_ZIo (t—1)2E(t)dt
m

2
te. Pe, Pe;

RTD data —» ©

» — Pe, —— D,
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L-.—
e'-i;m oy 2y

YOUR WAY TC SUCCESS

L.i.

2.0
D
Plug fl = =0}, .
vg oW Small amount of dispersion,
le— D
M\ [ - 0002
1.5 1- Intermediate amount of dispersion,
= )
W 0.025

- Mixed flow, --D—= oa
] ul
» 1.0
>

Large amount of dispersion,

0.5

0.5
O=t/x

Figure 14-13 C curves in closed vessels for various extents of buack-mixing ag
predicted by the dispersion model. (From O. Levenspiel, Chemical Reaction
Engineering, 2ud ed. Copyright © 1972 John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, lnc. All rights reserved.) [Note: D = D 110

-




At A=0

D,(0oC ) D.(oC N alasl @) esiggn
__a(—Tj +C+ (0 ’t):_—a[ﬁ—;j +C+(07,1) C,(07,t)=CT{0" 1™
z=0" z=0"

U\ oz U
At A=1
D, (6C, ) D, (oC ] .
2| T qe(L ) == 1| 4Co (L) Co(LTt)=Cq (LYt
U(az ju (0 U(az lu i Gl e

Consider the case when there is no variation in the dispersion coefficient for all z and
an impulse of tracer is injected at z=0 at t=0.

For long tubes (Pe>100) in )
which the concentration ——» W(l,@):CT(L’t): 1 exp{ﬂ]
gradient at +oo will be zero Cro  2nO/Pe, 40 [ Pe,
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T IS based on the volume between z=0 and z=L (i.e., rea
volume measured with a yardstick).

) The mean residence time for an open system is greater than tiggs! ==
S n 8 for a closed-system. The reason is that the molecules can
> Pe, Pef diffuse back into the reactor after they exit.
Case 1~space time t is known Case 2~space time t is unknown
2
02 2 n 8 tm = (14‘ P—j’f \
= e
RTD data ’C2 Per Pe? r (52 2Per 8
tm _ J (52 2 8 b —» = 5 + >
2 T = + t. Pe +4Pe . +4 Pe; +4Pe +4
G 2 2
R l T Pe, Pe; J R
Pe, RTD data J
l tmz > Pe,
check c

SN l

Pe, 2

| Vo Vet tm:(ﬁ_}
t, Pe
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It is not always possible to inject a tracer pulse cleanly
as an input to a system because it takes a

finite time to inject the reactor.

When the injection does not approach a perfect input
(Figure 14-14), the differences in the variances between
the input and output tracer measurements /
are used to calculate the Peclet number: - -y -
Inject Measure
2 2 2
Ac” = Gin = Oout Figure 14-14 Imperfect tracer input.

o;,2 Is the variance of the tracer measured at some point upstream (near the entrance)

o, IS the variance of the tracer measured at some point downstream (after the exit)

For an open-open system
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The first-order reaction

A—B abul @l e2dggla

YOUR WAY TC SUCCESS

Is carried out in a 10-cm-diameter tubular reactor 6.36 m in length. The specific reaction rate is 0.25
min-1l. The results of a tracer test carried out this reactor are shown in Table E14-2.1.

TaBLE E14-2.1. EfFLUENT TRACER CONCENTRATION AS A FUNCTION OF TIME

t {min) o 1 2 3 4 5 6 7 8§ 9 10 12 14

C (mg/L) 6 1t 5 &8 10 8 6 4 3 22 15 06 O

Calculate conversion using (a) the closed vessel dispersion model, (b) PFR, (c) the tanks-in-series
model, and (d) a single CSTR.
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TABLE Ei4-2.2.  CALCULATIONS TC DETERMINE 7,, AND o2

t o 1 2 3 4 5 6 7 8 9 1p 1214

C(t) 6 ! 5 8 10 8 6 4 3 22 15 g5 g i...fl‘}.,i‘zf;

E(1) 0 002 0.1 016 02 0.6 0.12 008 0.06 0.044 003 0012 g oo _
j C(t)dt=504 - min

tE(f) 0 002 02 048 08 080 0.72 0.56 048 040 03 014 ¢ 90

rE() 0 002 04 144 32 40 432 392 384 360 3.0 I~68-'fu\'-.'

t = jow {E (t)dt = 5.15min

czzjf(t—tm)zE(t)dtzj E(t)dt—t2 = 32.63— (5.15)% = 6.10 min 2
2 6.1 2 2 )
LA S Q. _=023=—" = (1-e"%)— Pe, =75
2 Pe, Pe: (5.15) Pe,  Pe’

Da =tk =tk = (5.15min)( 0.25min *)=1.29 ——
q= \/ LA4ba J1+4(1'29)=1.3o
Pe, 7.5

“COLLEGE’OF ENGINEERING - iswssaml] 44l
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4(1.30)exp(7.5/2) -
(1+1.3)% exp(4.87) - (1-1.3)%(-4.87)

—— X=1-




-

X=1-e % =1-¢P8=1-¢12°=-0.725
(c)
2
_12 (5.15) 435
o} 6
X=1- : =1- 1 4.35
_ (1+1.29/4.35)*
1+—k
n
(d)
_ K _ 1.29 _ 0.563
1+1tk 1+1.29

COLLEGE OF ENGINEERING - dsssiml| a4l&
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=0.677

PFR: X=72.5%
Dispersion: X=68.0%
Tanks in series: X=67.7%
Single CSTR: X=56.3%



For first-order reactions, the two models can be applied with equal ease.

| syl
However, the tanks-in-series model is mathematically easier to use to obtain %E*g,,wm
effluent concentration and conversion for reaction orders other than one and

for multiple reactions.

These two models are equivalent when the Peclet-Bodenstein number is related to

the number of tanks in series, n, by the equation

Bo=2(n-1) —— n=

n :E+1:E+1:4.75
2 2
2 2
n= 12 = (5.15) =4.35
o} 6.1

COLLEGE OF ENGINEERING - dsssyml| 8414
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Bo=UL/D,

U 1s the superficial velocity
L 1s the reactor length

D, 1s the dispersion coefficient

For reactions other than first order,

X(n=4)<X<X(n=5)

-




j : em»u
Real CSTR Modeled Using Bypassing and Dead Space o v T e

A CSTR is believed to modeled as a combination of an ideal CSTR of volume V, a
dead zone of volume V,, and a bypass with a volumetric flow rate v, (Figure 14-15)

We have used a tracer experiment to
evaluate the parameters of the model V.
and v,. Because the total volume and
volumetric flow rate are known, once V,
and v, are found, v, and V, can readily J.
be calculated. Cro & o us T

Vg

Figure 14-15 (a} Real systeny; (b) model system,
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C 1 U

Considering the first-order reaction ro (T
A B N
From a balance on species A around point 2
In = Out ey
CaoVp +CasVs = CA(Vb + Vs)
> C, = CaoVe + CaVs _ CaoVe + CasVs Cro &) vo=uptiy
Vy + Vg Vo The bypass stream and effluent
B _ ﬁ stream from the reaction volume
V, are mixed at point 2.
> Cp=PCag+(1-PB)Chs <
A mole balance on V gives Vv Vv
o=—2 =f= _b
V,Cpo—ViCas—KCaV, =0 v Vo, ¢ —_ Cacll-P)v
sV A0~ VsVYAs AsVs = As (1-B)v, + a VK
C 1-p)° o="7

evaluated with tracer experiments
and RTD data

COLLEGE OF ENGINEERING - dssaiml| a4l&
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We shall inject our tracer, T, as a positive step input. The unsteady-state balance

: ) . laal ] e
on the nonreacting tracer T in the reactor volume V| is oo s
In —Out = accumulati on G (T Vestb
T0 s =M= Pug
N Vg AN
V;Cro—V,Crq= d TS:VS% /
dt dt At <0=€ =0
V, =aV At# >0%€ 1 = Crgop-po, | e
Vp =PV CTS:l—exp C1-B(t
L Vv C+o o \T P
Vo o &) i,
A balance around junCtiOH pOiﬂt 9) giVeS > Figure 14-16 Model system: CSTR with dead volume and bypassing.
CioVy, +CrV C; 1-B(t
Cr=—"1 bv B —> C; =BCqy+(1-B)Cr, Cry —=1-(1- B)eXp{ (;ﬂ
0

—»ln[ﬂj: |n[ j (1 Bj —yln[iqu ® > ot
Cro—Cy 1-p a )T C:o—C+ it ercept = In (i)
COLLEGE OF ENGINEERING - dsssiml{ 4l B
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The elementary reaction

A+B—C+D o~
is to be carried out in the CSTR shown schematically in Figure 14-15. There is both bypassinge) <as
and a stagnant region in this reactor. The tracer output for this reactor is shown in Table E14-2717*
The measured reactor volume is 1.0 m3 and the flow rate to the reactor is 0.1 m3/min. The
reaction rate constant is 0.28 m3/kmol-min. The feed is equimolar in A and B with an entering
concentration of A equal to 2.0 kmol/m3. Calculate the conversion
that can be expected in this reactor (Figure E14-4.1).

TapLe E14-4.1 TRACER DATA

Cy (ng/dm?) 1000 1333 1500 1666 1750 1800

¢ (inin) 4 8 10 14 16 18
T Ci 1Y w=(1-p T
Co 1/
v, Vs V= {1~V
C+,=2000 mg/dm?

) °,
N, .

Figure E14-4.1 Schematic of real reactor modeled with dead space (V) and
bypass (v,).

COLLEGE OF ENGINEERING - dsssyml| 8414
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Cro

(el )

TaBLE El4-4.2.  PROCESSED DAaTaA

¢t (min) 4 8 16 14 16 18
Crfi"cr 2 3 4 6 8 10 g
L s1s gV
ﬂ:8:0.115'|-nin 4, ar:w:%ﬂnin
ot 0.115
V 1en ®

Vo 0.1en °/min

COLLEGE OF ENGINEERING - dsssiml| a4l&
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=10%in

abal glf ik
YOUR WAY TC SUCCESS
16,0~
8.0}
6.0
50F
o a40b
Io 30 —
S 23 015
e . = O
2.0\ S=20.0 " min
g o 1=1725
O } I i | 1 | t i fod

O 2 4 6 8 1012 i9 1618 20

i {min)

Figure E14-4.2 Response 1o a step input.

_ T+in

= — =0.7
10 #in

—>a



_ - !! ! = kC}
e = > VCAO VCAs kC,zAsVs

V.Cag—VCas+a VY,
eqmmolar feed
e
N o JL1+41KC g G
As 21K

V,=aV=07xlm3=0.7e"3
Ve = (1—-P)V, = (1-0.2) x (0.14n */min) =0.08+n >/ min

T, = Ve _ 01 = 8.7 min
v, 0.08
c ~1++/1+ 4(8.7 min)( 0.28m* / kmol - min)( 2kmol /m?) —1 _0.724%mol /m?
A 2(8.7 min)( 0.28m* / kmol - min) |

A mole balance around junction point 2 gives
Ca=PChpo+1-PB)Cxs

Ca=PCagt=P)Cas — _ 0.2x 2kmol /m® +0.8x 0.724kmol / m®

B 3
0.979 == = (.979kmol /m
X =0.66=an4deal€ STR)

— X=1-——=051

2
COLLEGE OF ENGINEERING - dwsiml| a4l&



In this particular model there is a highly agitated region in the vicinity ‘

impeller; outside this region, there is a region with less agitation (Figure 14-1 e
abail @] gk

YOUR WAY TC SUCCES!

There is considerable material transfer
between the two regions. Both inlet and
outlet flow channels connect to the highly
agitated region. We shall model the
highly agitated region as one CSTR, the
quieter region as another CSTR, with
material transfer between the two.

= Gy

{b)

Figure 14-17  (a) Real reaction system; {b) model reaction syster,

Solving the Model System for C A and X

v, =BV, Cor = Cao

V, =aV 1+B+atk —{B*/[p+ (1-a)tk]}

V, =(1-a)V

Y x 1. Ca1 _ (B+otk)[B + (1 - o)7k] - B’
v, Cao (@+PB+atk)[p+(1-a)k]-p°

COLLEGE OF ENGINEERING - dsssyml| 8414
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A mole balance on a tracer pulse injected at t=0 for each of the tanks is

<

bl gl sagla

YOUR WAY TC SUCCESS

dC
Re actor=t: &/, dTl =V1Cry; = (VoCr; +ViCyy) Cyy and Cy, are the tracer concentration in

dé reactors 1 and 2, respectively, with initial
Re actor=: &/, dtT2 =Vv,C;; —Vv,Cyy conditions C+1=N+,/V; and C,,=0.

V1 =Pve dc
Vi=aV Ta dtTl =BCr, - (1+PB)Cry
V,=1-a0)V > dc

Y tl-a) == =BCr ~BCr
T=—

Vo

[ij - (am1+B+1)em2t/T —((X,mz _l_B_l_l)emlt/‘t
pulse

Crio a(m;—m,)

|

o ="?
where B="?

m;, M, :{—1_(”[3 }{—P_r\/l— 4(15(1_0;)}
20.(1-a) 1-a+
COLLEGE OF ENGINEERING - dsssyml| 8414




(a) Determine parameter o and B3 that can be used to model two CSTRs with interchange
using the tracer concentration data listed in Table E14-5.1. alsal @lf gyl

YOUR WAY TC SUCCESS

TaBLE El14-5.1. RTD Darta

f {(min) 0.0 20 40 60 g0 120 160 200 240

Cp (g/m®{ 2000 1050 520 280 160 61 29 164 100

(b) Determine the conversion of first-order reaction with k=0.03 min-! and t=40 min.

Solution

For+ <80 wmin,

C. = 2000-59.6t +0.642t* —0.00146t°> —1.04x10t*
For< > 80 min,

C;.=921-17.3t+0.129t* —0.000438t> 5.6 x10"t*

C+. Is the exit concentration of tracer determined experimentally.
COLLEGE OF ENGINEERING - dsssiml| a4l&



TaBLe E14-52.  POLYMATH ProcrAam: Two CSTRS wiTh INTERCHANGE

Difterential equations as entered-bythe user -
[U | d(CT1)/d(t) = (beta*CT2-(1+beta)* CTi)/alpha/tau

A

21! d(CTQ)fd(t) (beta*CT1 -beta*CT2)/(1-alpha)tau

_________________________________________________

Explicit aquations as entered by the user

(1} bsta=0Q.1
(2] alpha=08
{31 tau=40

[4] CTel = 2000-59.6*+0.64"112-0.001461"3-1.047"107(-5)"1"4
151 CTe2 = 921-17.3"1+0.129*1/2-0.000438 1"3+5.8" 10/(-7)"1"4
(61 t1 =¢{80

(71 CTe = if(t<80)then{CTe1)else(CTe2)

T(l-a)

TasLE E14-5.3,

dTl

dCT2

o

—_—

=BCr, - (1"‘5)(’5{1};%,5

|

Lay
B C Tl B C‘_IO_UZIWAYI'C SUCCESS

=0.8
B=

0.1

ComprariNG MODEL (CT1) WiTH EXPERIMENT (CTe)

20
. t (24 CTa
Scale: o 2000 2000
v: 103
10 16 [} 10 1431.1968 1465.4353
: 26 1014.8151 1050.6448
— T an 728.9637 740.0993
e CTe 12 &3 527.4236 519.7568
L 384.5088 372.0625
8L 283.7609 276. '
{g/m3) 08 g
70 211.643% 211.8353
89 159.9355 161.2816
04 100 95.43456 99
120 60.6222 €1.8576
140 40.930%3 40.6578
0.0 b J 160 29.10943 28.3536
0.0 400 800 1200 160.0 2000
; . .1
| | | tk = (40min)( 0.03min ) =1.2
Figure Ki4-5.1  Comparison of model and experimeital exil tracer concentrauons.

[0.1+(0.8)(1.2)][0.1+ (1— 0.8)(1.2)] - (0.1)?

_
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=0.51) <

pm—

T+ 0.1+ (0.8)L2)N[0.1+ (1-08)L2)]- 007
(Xcstr =0.55) < (Xppg =0.7)

51

97



Real Systemn Model Sysiem
*@{BUU } o
AN R v - ] éh-\“ @11 sane
AN iﬂng Figure 14-18(a) describes a real PFRSF'PBR™
c - with channeling that is modeled as two

PFRs/PBRs in parallel. The two parameters
1B oo are the fraction of flow to the reactors [i.e., 3
L and (1-B)] and the fraction
volume [i.e., a and (1-o)] of each reactor.

/P (1-o)/{(1-8) 8 off {1~/(1-p} @
(a)

Real System Modet System
Bug

AT . -‘
( gilgf&ﬁﬂiww) T,
Figure 14-18(b) describes a real PFR/PBR

Fo) has a backmix region and is modeled as a
PFR/PBR in parallel with a CSTR.

E(1)

/[

(2 S
=
[=w)

Figore 14-18 Combinations of ideal reactors used to model real tubular reactor

(a) two ideal PFRs in puratlel (b) ideal PFR and ideal CSTR in pucallel. _



Figure 14-19 (a) and (b) show a real CSTR modeled as two CSTRs wi
interchange. In one case, the fluid exits from the top CSTR (a) and in other

case the fluid exits from the bottom CSTR (b).

The parameter B
represents the
interchange volumetric
flow rate and o the
fractional volume of
the top reactor, where
the fluid exits
the reaction system.

COLLEGE OF ENGINEERING - dsssyml| 8414
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Maﬁ_el

t

(@)

1

(b)

———

,‘-

Figure 14-19 Combinations of ideal reactors 10 modet a veal CSTR. Two ide;{} CSTm
with interchange (a) exit from the top of the CSTR (b) exit from the bottom of the CSTR:

Tikrit University - cu)$i aola



Closure

~In this section, models were developed for existing reactors to obtain a mogg s ==
precise estimate of the exit conversion and concentration than estimates of

the examples given by the zero-order parameter models of segregation and
maximum mixedness.

~After completing this section, the student will use the RTD data and kinetic

rate law and reactor model to make predictions of the conversion and exit
concentrations using the tank-in-series and dispersion one-parameter
models.

~In addition, the student should be able to create combinations of ideal
reactors that mimic the RTD data and to solve for the exit conversions and
concentrations.

~Models of real reactors usually consist of combinations of PFRs, perfectly
mixed CSTRs, and dead spaces in a configuration that matches the flow
patterns in the reactor.

~For tubular reactors, the simple dispersion model has proven most popular.

COLLEGE OF ENGINEERING - dwssiml| 4414
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~The parameters in the model, which with rare exception should not .  .aw
exceed two in number, are obtained from the RTD data. Once the »=wresss
parameters are evaluated, the conversion in the model, and thus in the

real reactor can be calculated.

~For typical tank-reactor models, this is the conversion in a series-
parallel reactor system. For the dispersion model, the second-order
differential equation must be solved, usually numerically.

~Analytical solution exist for first-order reactions, but as pointed out
previously, no model has to be assumed for the first-order system if
the RTD is available.

~Correlations exist for the amount of dispersion that might be expected

iIn common packed-bed reactors, so these systems can be designed
using the dispersion model without obtaining or estimating the RTD.
This situation is perhaps the only one where an RTD is not necessary
for designing a nonideal reactor.

COLLEGE OF ENGINEERING - dwsiml| a4l&
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Introduction
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* This presentation covers models for nonideal
reactors with a focus on residence time distribution
(RTD) and reactor flow behavior.
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R —
Topics to be Addressed

<

abul ] iy

YOUR WAY T'C SUCCES

- Residence Time Distribution (RTD)
- Nonideal Flow Patterns

* - Models for Mixing

e - Calculation of Exit Conversion

* - Reactor Performance Assessment

COLLEGE OF ENGINEERING - dsssyml| 8414



Objectives

abul ] iy

YOUR WAY TC SUCCES!

* - Understand the principles of nonideal flow In
reactors

* - Learn how to use RTD for analyzing reactor
performance

» - Apply mathematical models for mixing and
conversion calculation

- Compare different reactor modeling approaches

COLLEGE OF ENGINEERING - dssaiml| a4l&
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