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Analysis of Nonideal Reactors

OBJECTIVES

e To study deviations from the ideal reactors
(CSTR, PFR)

— ldentification/diagnosis (qualitative)
— Models for nonideal reactors (quantitative)

o |deal reactors
— Limiting behavior (total mixing/no-mixing)
— Easler to math. model
— Fairly good approx. for many real systems



Ref.

H.S. Fogler,
Elements of Chemical Reaction Engineering,

3 ed., Prentice-Hall, 1999.
(Cap. 13 & 14)

O. Levenspiel,
Chemical Reaction Engineering,
3ded., Wiley, 1999



Deviations of the i1deal reactor behavior
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Factors affecting nonideal behavior

e the RTD or residence time distribution of material which is
flowing through the vessel

 the state of aggregation of the flowing material, its tendency to
clump and for a group of molecules to move about together

Gases and ordinary Noncoalescing droplets
not very viscous Solid particles
liquids Very viscous liquids
_ Microfluid - :'i‘fﬁ;'Ma[:r'prL'J'id;{;-
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\ Molecules are kept
grouped together in
aggregates or packets

klndiw‘dual molecules are free
to move about and intermix

 the earliness and lateness of mixing of material in the vessel.

Early,r mixing Uniform mixing Late rnl:-:mg
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RTD
Residence Time Distribution
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under the whole | = J:O E(t)dt=1
RTD curve

fraction of th t fraction of the
raction of the t exit stream with | E(t).dt
exit stream with | = jo E(t).dt RT between |~ ELU:
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How to measure the RTD ? JSHL

Stimulus-response experiment using a tracer

Tracer requirements:

Physical properties similar to the reacting mixture
Completely soluble in the reacting mixture

Should not adsorb on the reactor walls and other surfaces
Easily detectable

Usually nonreactive

Feed % ( Reactor ( > %Efﬂuem

Injection ' Detection




How to measure the RTD ? !ESP

- Rand
Periodic W andom
. input

input

pulse = Dirac s delta function step function
0 for t=t
o(t-t,) = 0 .y ) 0 fort<t,

j: S(t—t,)dt =

a property of delta function : g(t)
f(t,) for a<t, <b

h
b
ja ot =t )dt :{ 0 otherwise 1/h -t _/ area=1

9(t) = (1/h) for t, <t<t,+h <
otherwise 0

O to t0+ h
o(t—1,) =limg(t) 9




The pulse experiment (input = pulse) IS

Instantaneously introduce
M units of tracer into the

fluid entering the vessel
A
| Record the leaving traces
oy
| % Evaluate the area
| =< under the curve
Z Area = J' Cdt = %C;At
| o ) 0
— b leSEEESRERE time, P
U, m3/s Evaluate the mean
;e ficdr  25CiAL
V = vessel volume T Jedr  ECiAL
10

O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



The pulse experiment JSHL

UNIVERSIDADE DE SAD PAULD

_ _wo fort=0

| Cat0=Cu0)

C(t) _ C pulse (t) . C pulse (t)

Instantaneously introduce area J“’OC - (Ddt
M units of tracer into the g  pulse

fluid entering the vessel
A A
]

= LE

l @ 8
3 a2

o U

I < I

l =

v, m3/s

V = vessel volume

11
O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



The step experiment (input = step) IS

C R
Step input at time r =0 e e
t <0 ...notracer e
t >0 ... m [kg/s] of tracer, Al
Cstep s Output
e reading
[ Output , : | New fluid
— y reading - |
v mfs —- —- 0 % -
12

O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



0 fort<t, The step experiment JSHL

C H t (t) — UNIVERSIDADE DE SAD PAULD
npu C. for t>t,

Step input at time r=0
t<0 ... naotracer
t>0 ... m[kg/s] of tracer,

Cexit (t) — Cstep (t)

3
v C o (1)
p

[ Output F(t) = ———~

a y reading max

v me/s = —
Area =1+ Crax [kg : 5]
m3
Crma =
Area = [s]

Cstep

13
O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



Relationship between
C(t) = response to pulse
F(t) = response to step
and
E(t)=RTD

/ PULSE EXPERIMENT \

all tracer enteredatt =0
then
amount of tracer exiting the reactor
attimethas RT =t

fraction of tracer fraction of
exiting the reactor | =| tracer that

UNIVERSIDMDE

DE A0 PAULD

/ STEP EXPERIMENT \

tracer exiting the reactor at timet,
entered in the reactor
at a time betweenQand t,

fraction of tracer fraction of
exiting the reactor | = tracer
at time =t with RT <t,

F(t,) = tj E(t).dt

dF(t)

C()=E()

at timet has RT =t

N )




4 Slope = E,, 571

F(t,) = tj E(t).dt

|
I
|2
ac I =
s lliile
0 EE | 2 > 1
0 ES|AE
) Y dF (t)
| E(t) =—=
O, =5 |
" - I
0 3]
15

O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



Characteristics of the RTD curve

/ mean [tE@®.dt

~

residence |=t_= :jt.E(t).dt

m

time jE(t).dt 0
0

variance = g2 = j (t—t )2.E(t).dt
0

1
skewness = s° =

3/2
\_ ’

T(t—tm)?’.E(t).d

t

/

for a fluid of constant density
(constant volumetric flow rate)

mean V
t,. =7=—

residence -
time Vo



RTD of the i1deal reactors

Mixed flow
Plug flow

17



E=C

RTD of the ideal reactors TSH

Flug flow

Area =1

Width =0

)

¥

==
o

Mixed flow

Assignment #1

Derive the RTD curve
(E(t)) for the ideal reactors
(PFR and CSTR)

Use “though experiment”
and
mass balances

18



Using RTD to detect flow nonidealities

Mixed flow Arbitrary flow

0.15

0.1

==

Area=1

E=C

Width = 0 0.05

bt |

19



Using RTD to detect flow nonidealities 'NH

Slim trim curve means Early curve is a sure sign Multiple decaying peaks at regular

reasonably good flow of stagnant backwaters intervals indicate strong
internal recirculation

Mean in .
the right Mean is too early
C place
Long tail often
No long not noticed
\ tail
£ = fops Tobs i
Double peaks come from flaw Late curve
In parallel paths, channeling Late tracer is puzzling. Material balance
A A says it can't happen so the only

explanations are:
« p ar V are incorrectly measured
{check flow meters, etc.)
« tracer is not inert (adsorbs on
surface? Try a different one)
» the closed vessel assumption is
far from satisfied.

Late mean

! labs

Figure 12.3 Misbehaving plug flow reactors.
O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.



Using RTD to detect flow nonidealities 'NH

Time lag means plug flow Slow internal circulation suggests
in series with mixed flow At sluggish slow turnover of fluid
(long inlet pipe? A\ - Inadequate mixing

long lines to « Draft tube effect

the recorder?)

Reasonahly good flow

Exponential
decay

Mean in
expected

Early curve means Late curve means either incorrect ]  Sharp early peak
stagnant fluid v or V or noninert tracer : indicates

i shortcircuiting
from inlet to outlet

Early mean

Iﬂhs_ I

Figure 12.4 Misbehaving mixed flow reactors.

21
O. Levenspiel, Chemical Reaction Engineering, 3rded., Wiley, 1999.
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MODELS FOR
NONIDEAL REACTORS
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Laminar flow reactor NH

wall moves slowly

Fastest flowing fluid
element is in the center

u(r):umax|:1_(r) :|:2umedio|:1_(rj :|:2 VOZ |:1_(rj :|
R R 7R R

L LR’ Vv T

t(r) = =
i 2u RA-(/RE] 20 -(r/RYE]  2h-(r/R)]
2
T 2rdr  (z/2)° 4 T/2 4t°
=2 /2 TR2|:1— /Rz} =g
[1 r/R) ] (z/2)° (r/R)

flowing between =————dt=—dt
rand r+dr V, Vv t v, 4t° 2t° 23

0]

{ fracyon of fluid ]_ dv u(r) orrdr L2z R 2



Laminar flow reactor NH

Fluid close to the
wall moves slowly

Fastest flowing fluid
element is in the center

Tube wall
fraction of fluid

fraction of fluid 5 . )
flowing between |= L dt= flowing with RT = E(t).dt
2t 3 between
randr +dr
tand t + dt

minimum residence time (at the tube center) is

(oL _ L (R)_V 7
"o 2.U R 2v, 2

max

medio

0 fort<— 0 fort<%

t
EM) =1 2 Fi)=[EM@dt=1
T T T
L fort<E 0 1-— fort<E




Laminar flow reactor

Fluid close to the
wall moves slowly

IFaste':t_ﬂpwit:g fluicti +F\’
4/t
0 fort <% E(t) \
E(t) = 2 T \
—  fort<— N
| 2t 2 0
0 /2
( r 1.25
¢ 0 for t < > 1.00
F(t) = j EMdt=1 ‘ -
0 1-— fort<— F(t)
L 4t 2 0.50 /
0.25
0.00
0 =/2

25
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Tanks-1n-series Model

26



\ Tanks-in-series THH

el Model the RTD. e E function
T= N1, = mean time for all N tanks V, =V, =V, =..=V, =V,
11 =7, =173 = :TN:%:Ti
N
Vld;ilzvo(co—cl) C,(t=0)=N_/V, C, = °exp(—ij
i T
N
V2 & =v,(C,-C,) C,(t=0)=0 C,=—o| b lexg - L
dt Vi 7, T
2
dC N 1(1t t
V,—2=v (C,-C C.(t=0)=0 C.=—°2~| > | expl - —
3 dt 0( 2 3) 3( ) 3 V. 2(%) p( Ti)

| . N-1
VN d((j:tN :VO(CN—l _CN) CN(t =0) =0 CN = NO 1 [ij exp(_ij



| Tanks-in-series NH
Pulse in M Od el Exit tracer curve,

the RTD, the E function V, =V, =V, = .=V, :%
=..=Vy =V,
T
= =Ty =—
N
T=NTf = mean time for all N tanks
N, o1 (t) t
CN =0 exp| — —
V., (N-D! 7, T
N-1
()= :NCN/(t) :Voc(;:Nv(t) == 1t| /N NeXp(_ /th
V _
ICN (t)dt 0] 0 0 ( )(T ) 4
0
N-1
o=t E, =r.E(t) E, = N(NO) exp(- N@)
T

(N —1)!

2 B o N=1 CSTR
—=—, N=parameter that quantifies nonideality 1< N <o real reactor
T N

N — oo PFR



Tanks-1n-series
Model

Exit tracer curve,
the RTD, the E function




\ Tanks-in-series Model

Pulse in Exit tracer curve,

the RTD, the E function N
. E(t) = S exp(— —j
(N-D!(z/N) /N
N(No)"™
, =N NO) " oo(-No)
(N -1)!
.
Y -, _NN-1MT vy
max max [N_ 1]'
Area=1 N
| = enrr < 2% forN>=>5
b3 g2zl Var (N-1)
TN
Enpocooz=f 17— = E; 1t =0.55 Eg pa, for N =4
Eq 17 = 0.61 Eg gy for N= 10
O. Levenspiel,
051- Chemical Reaction
Engineering,
3rded.,

Wiley, 1999.

o V535 1 1.5 —

Figure 14.3 Properties of the RTD curve for the tanks-in-series model.



UST;

Axial dispersion Model

—

_ PFR

|
J
[ Axial

— dispersion
f k / \ /\I model

31



Axially-Dispersed Tubular Reactor (ADPFR) TSH

UNIVERSIDADE DE SAD PAULD

* Nochanges in radial and angular direction, only axial variations (z)

 Flowin direction z (v,=0 , vy = 0) and some mixing in axial direction (similar to diffusion)

« Plugflow (piston-like velocity profile)
(v, = constant, no changes with r)

» Steady state

— [E 10

z=0
F. F. F.
d | = d l — = L = Acri « Mixing flow in the axial direction
dVv AC 0z dz / *  Account for different phenomena
ic « D, = effective axial dispersion coefficient
— 0z
convective  axial
flow mixing T \
dF, . d dC 96 _p @ G r
. —L = 4+
— = A VG —Da— = AT “dz M dz?) !
dz 0z 0z 2

~~~~~~



Reator tubular com dispersdo axial ISP

Mesmas hipotesesdo reator PFR, exceto que agora se consideraa ocorrénciade
misturanadirecdo z (dispersdoaxial). O fluxo de misturaaxial € modelado
como umadifusio: - D vC

X, (DvC,)+r )=
1B $k )

7=0 z=L
Cy ] Ca
t or

8‘92

aaA {1 a( af: j 1 azl: | %C, }RVA

/ Condicdes de contorno de Danckwerts \

2
aCA:_VZ aCA+DAaC2A+ri —_— c B Da dCA
ot 0Z 0z Alz=0 Ae VZ dZ 3
Estaequacdo diferencial tem, agora, S L de,| 0
derivadasde 22 ordem, entao requer B B

2L 33 /

o \ dz
2 condicOesde contornoemz




()

Axial Dispersion Model

V

z=0
2
oC, oC, 0°C,
—V, +D, =+
ot 0z 0z
Fluctuations due to different flow
Flat velocity velocities and due to molecul
profile / and turbulent diffusion
i % /
Plug flow Dispersed plug flow
ulL
Pe=—
D A

\
II
z=L
D dc )
z=0 c, =¢cC,. 2 __4
<Y v dz
z=1L ac, =0
dz | _,
J

Theaxial dispersion coefficient
IS the parameter that quantifies

the nonideality
e Do,=0 Pe—oow....... PFR
e Do Pe=0...... CSTR
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Axial Dispersion Model QUST,

D :
oc, oc, _ o%C, : Do Y
=-—U + DA 5 + ri , Ll This curve is close
ot 0z 0z . § | : e to symmetrical.
| ] | For smaller DVul.
0.02 3 [t you can use the
1.6 ——- b L 3L "small deviation®
/ \ ] | oo, |3 assumption and
0 Da dCA | 0.8 E : Eq.t_l {.f]nee previous
. = C ‘ =C + Rt section).
A 7=0 A,e i
dc
z=1L —A =0
\ dz |,_,

foroddi=1,3,5,....
tan(ﬁj— be
2 ) 4a,12)

foreveni=24.0,...
cot (aiJ_ — Pe

12)° A, 12)
C 0 _1 i+18 _2 _6 P 2 4 .2
M /V i 4o +4Pe + Pe 4Pe
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Axial Dispersion Model ST,

o _1)1*18? _ O(Pe? + 42 )
C.O_g(gy_gPel2s (D780l [ 0(Pe’ +da)
M /V i 4a” +4Pe+ Pe 4Pe

Y,
foroddi=135... \ 2 -
tan a; _ Pe s ﬁﬁn.m_!:" : ' ]
2) 4al2) | il e o
! ] : For smaller D/uL
i I 0.02; l : you can use the ]
_ S S| S S S *small deviation®
foreveni= 2,4,6,... 1.5 | -~ ass?jmpt?:?a:ﬁg
ai . Pe - - -d' | Eq.t_l {:‘;ee previous
cotg| — |=—— ~ 3 | o . ] section).
\_ A2 4(ai/2)/ = i -
Ey | 0L ", '
1 R — _.:___.:_ . __‘_ . ! e —
An excellent approximation for F AN i ‘ |
the infinite-series solutionis

1/2 B v o
E(0) E(Pe +31] exp (Pe+1)(1-0)
470 40 g

Gouvea, Park, & Giudici, Estimacéo de coeficientes H I
de dispersdo axial em leitos fixos. 18. Encontro sobre ol
Escoamento em Meios Porosos. NovaFriburgo. 1990




Axial dispersion model

ED T T T T 17171 T T T T T 1711 T T T T TTTT]

10 Gases Sc = 0.2 - 7 Flow i
- \(— =Ll | oW In

- Sc =035 | packed beds
| \ o i
Liquids :
™, i
\ i i !

[

-_‘-!zﬁ.
a 1.0F
I Gases Sc = 1.0 | ]
i
n.l i [ ! Ll Ll L L 1 Ll ]I_:t I 1 1 31 |‘|E: 1 1 1 |
0.1 1.0 10 100 1000 2000
Re = d,uplu

Figure 13.17 Experimental findings on dispersion of fluids flowing with mean axial
velocity u in packed beds; prepared in part from Bischoff (1961).

Chung & Wen (1968) correlation

d d ud
&Pe Tp - E[S—Ljf = 5[—pj =0.2+0.008 Re**

ea ea
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Compartment Models

38



E, 51

Plug
U—P‘m—b-

Ideal pulse, height is =

Arega =1

Compartment Models

Ui
uﬂ'
v, v —LW
Plug
Va
frea = IR
Area =1
Uy
Area = o
' - | . - |
v 0 vV
v v U,

v
O. Levenspiel, Chemical Reactio

39
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n Engiﬁeering, 3rd ed., Wiley, 1999.



Elmli

(N

Compartment Models

Real System Model System
Bvg
A \ v
E{T}\I Fit)
i a-pr 7
; ﬂ i n
(b)

40
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Compartment Models

Model

Fit)

0

0
\) N

E() F(t)

41

(1+5

Model

aV
Vo

(1—a)V

(b)



Compartment Models NP

Enﬁh
— vo
¥ . Vg
Bypass
-l_-_‘lu—\—.—.._
Lj Dead zone Ca

CAQ ]\g—-} Vo= Up +';5
(@)

« (b}
Figure 14-11 (a) Real system: (b) model system.

E(t) :(Xb}sa){v"s jexp[—va ] psty+ L ‘aﬂ) exp(— (1; f)tj

S S

F(t)=1— [ jexp[—vaj=1—(1—ﬁ)exp(—(_ﬂ)tj
V, V, ar




Compartment Models NP

log E
Intercept | vi Y This method of platting and
u% u% OF !’-1"-1 A fitting exponentials is only
— 4 == useful when r; and s
vV vV are very different.

Equation is the sum of
two exponentials:

E, 5"1

Fut on semilog
scale

43



Compartment Models NP

Assignment#2:

Draw the RTD curves E(t) for the systems shown bellow.

Explain your results (viamass balances and via “thought experiment’)
e (d)a system formed by a CSTR followed by a PFR.

* (b)asystemformedby a PFR followed by a CSTR.

A\

44
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Conversion directly from the RTD
for Segregated Flow

45



mean conversion
of all globules
exiting
the reactor

Segregated Flow NH

MACROFLUID:

mixing at the level of macroscopic portions of fluid

molecules flow together in groups (globules) and they
are not mixed until they exit the reactor

different from a microfluid (where mixing occurs at the
molecular level)

each globule is a closed system (batch reactor)

conversion fraction of
achievedin globules that
B Z a globule y spend between
- & that spend time
Gonnes | atimet tandt + dt
thereactor| |n the reactor In the reactor
. N
X - j X batch (t) E(t)dt
0 batch
reactor 46
\_ Y,
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Assignments RTD
(laboratory activity, gathering real data)

47



Assignment #3: Given the experimental data (absorbance versus time)
of a pulse RTD experiment (fluid = water) in a real tubular reactor
(L=90 cm, D=4 cm) packed with 0,8 cm Raschig rings (void
fraction of the packed bed ¢=0,70).

(a) Fitthe axial dispersion model to the data and determine the value

of Peclet number, Pe =u.L/D, and t. Compare the obtained Peclet

value with literature values (see slide 37). Use the approximated
solution for the RTD of the axial dispersion model.

ey~ 1 _Perl mex —(Pe+DL—(t/7)]
B Ar(t/7)’ P A(t/ 1)

(a) Fitthe N-tanks-in-series model to the exp. data and determine N

and t e
N| N—
( 1) N t

t
=)= (N -1)! EXp(_Nrj_(N ~DI(z/N)" eXp(_Nrj 48




0.050 | |

* E(t)exp
0.040 i
1/2 t » /
| pest —(Pe +1){1— (ﬂ = 0.030 —E(t) axial :
~ + 4 — dispersion model
E()=— 5| &P " £ 0.020 Pe= 58
t L]
v0i |
T T 0.010
0.000 ! .
0 25 50 75 100 125
t(s)
0.050 |

0.040 A ¢ E@exp
N t 0.030 l

t < i
E(t) = exp(— N —j - —E(t) model
(N —1)|(T/ N )N T E\: 0.020 ’x N-tanks |
/L (N=30)
0.010
s
0.000
0 25 50 75 100 125

t(s)
49



Assignment #4: Given the

experimental data (absorbance E:’ G (7w

versus time) of a pulse RTD - /

experiment in a real tank reactor f q{ Ea
(fluid = water), fit the vy =Bug ¢ vy e
compartment model considering

a dead volume and a by-pass, Cas

and determine the fraction of by- Cro &/ vg=up + vy

pass 3 = v,/vand the fraction of
active volume o =V J/V

E(t) = (ijé(t) + [V"z )exp(— - ] o)+ ;ﬂ i exp(— —(1; f ) tj

F(t)=1— [ jexp[—vajzl—(l—ﬂ)exp(—(_’g)tj
V, V, ar

50



0.45
0.4
4
0.35
—ﬂ-.‘
0.3
()
3 C
g 0.25 *— Sériel
e R —
2 0.2 -
< == Série2
0.15 -
‘ Bypass
0.1 4- X Sérieb
X
0.05 =K —— Dead zone
e L ORI
0 u T T T
0 20 40 tirﬁg ©) 80 100 120 140
1 [ [
—&=Sériel
== Série2
-
g o1 X X Série5
< 1""'I¢:I
e &
o —y
[72]
o]
©
§ 0.01
[@)]
o
P el
C N2/ vy=u, +,
0.001 TO [+] b 5
0 20 40 60 80 100 120 140
time (s)
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