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S . ABSTRACT

Temperature and concentra.tion profiles in 2 tubular reactor in
which a2 homogeneous irreversible first order reaction was occurring
hasg been studied, Three flow models were ,in-vestiga.ted: i) the plug
flow ii) laminar ﬂo:v without radial diffusion and iii) laminar flow
with radial diffusi;')n. Basic differential equations were developed
from the genefal equations of continuity and energy. From the basic\
differential equations, dimensionless expressions for the radial
concentration and temperat\:}'re values é.t any_point along the reactor
le‘ngth were dev‘eloped in \thch dimensionless gyoups of the properties
of the system “;erlta introduced. The eguations vere solved numerically
by the Crank-Nicholson finite difference technique, Experimental data
was obtained for f‘.he hydration of acetic anhydride. The reactor was
operated vertically under laminar flow and adi abatic conditions,

Some of the main findings were:

1. For the laminar flow models:

a) molecular diffusion had a negligible

effect on the concentration and temperature

profiles. ’
b) the concentration profiles decreased from the

center to the wall and {lattened out at higher
axial distances. -
and c)the temperature profiles initially exhibited a
maximum at the wall which shifted towards
the centre as the reaction proceeded.
2. The e_xperimental radial temperature profiles were generally

flatter than the theoretically predicted ones. Average

temperatures shawed begtter agreement at lower axial .
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NOMENCLATURE

D ef{nition

N -
~ y

dimensionless radial c:}is‘tance, ;'/Ro
frequency factor (sec-l)l

specific heat (cal)/(g - °C)}
diffusivity of reactant A (climz/sec)
activation energy {cal)/(g - mole)

Lewis number group, p C1p 'DAM/kc

_activation energy group, E/RTO

.

frequency factor group, Ri p.'C'p AI/kc

heat of reaction groups~AH p Ao/p Cp T,

heat of reaction per mole of reactant A, (cal)/(g - mole)
reaction rate constant for first-;order reaction, (secnl)
thermal conductivity (cal)/(.'cm-sec-“C)

radial distance {cm) .

reaction rate for A (g-mole)/(seg-cm?’)

iﬁside tube radius {cm)

universal gas constant (cal)/(g-moie-"C)

rate of heat generation by chemical reaction (cal)/(sek -

cm )

time (sec) ’ (}

absolute temperature (°K)



Co(vid)

Symbol © Definition ]
T0 inlet temperature Ky -
v ' axial velocity (cm/sec) 7 *
<V> average velocity (cfn/sec)
-
x . dimensionless concentration, pA/pA
L ' . 2
w dimensionless axial distance, (k_Z)/(ZR_<v>p Cp)
- * c -

Z axial distance (cm)

. . . ‘ 3
p density of reacting mixture (g/cm’)
Pa concentration of reactant A (g-mole)/(cm3)

. ;
Pa inlet concentration of reactant A (g-mole)/(cm3)
o

8 dimensionless temperature (T - To)/To
o viscosity of reacting mixture
<X> average dimensionless concentration
<g> average dimensionless tem'perature

i

Tinite Difference Terms

(

Symbol B Definition

h ‘radial incremental spacing
k axial incremental spacing
m radial position {level)

j=]

axial position (level
8 wall position
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Subscripts ,

* Symbol ¢
A
m
n
0
s

Definition

reactant A
radial position
axial position
inlet condition

wall value
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.The problem of predicting conyersions in Jaminar flow tubular r\/{

reactors has recently attracted considerable atterttm_n In th1s type of
reactor, the parabolic velocity profile leads to a distribution of contact _ .
times which gives rise to.radial coné.entt:ation'gkradients which in turn
induce radial diffusion. In non-ishothermall sgstems. the situation is even
more complex due tc;t\;a.dial temperatt;re gradients \?:rhich'cause a variz;.-
tion of reaction rate which also influences the concentrition)gradients.

The Elmalysis of an 'isother;nal\mra flow reactor has been
carried out by Cleland and Wilﬁemm. The;r solved the equation of ) o
species continuity for a h mogeneous first-order reaction by the finite °
difference method, assumin onstant physical prc;per‘ties aﬁd fully
developed laminar flow.. Th~e3a stowed the effect of radial diffusion on l
reaction conversion and supported their theoretical solutlon with expen- |

(2)

‘mental data, Vignes and Trambouzie extended the analysm of Cleland

and Wilhelm to a second-order homoggneous reactmn.

Non-isothermal sy stemkip.. {ch the basic_differential e'quatioﬁ.f,
were developed from the general equations of continuity, motion and
energyw) and solved numerically have also been studied% Rothenberg

(7,8

and Smith ) gtudied the effect of{?sctlon and heat transfer 'in la.mmar
en

tube flow, They ga%re particular a ion to the effect reaction and d1f£u51§n
had on thgheat transfer charact%\t'cs of the reactor. They predicted
concentration and temperature profiles as well as average cup- rmxmg
concentrations and temperatures and also investigated lthe effegt of sys-\'
termm parameters, Andﬁrsen and Coull( 14) using a finite difference method
similér to that of Rothenberg and Smith, took into acqount the temperature

dependence of diffusivity and concluded that this ha }tegligible effect.
. cg

More industrially-oriented systems were investigated by Trombetta and

- —

s \
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I-Ia.-ppel(m) and Merrill and Hamrm(m). Trombetta and Heppel studied
the analye:.s and des1gn of gas flow reac‘tors with applications to\sglro-
carbon pyrolysis, “They presented the:tr results as fa.ctors which
be used tolcorrect 3a1cu1at1ons w1th the plug “flow a.ssumptmn Meﬂi‘nll
and Hamrin 1nveet1gated the demethylat:ton of toluene in the presence of
hydrogen under 1sotherm_al, constant wall temperature, and adiabatic

reaction conditions. They presented their results in the form of con-

version and temperature profiles.

The present investigation is an agtempt to analyse the problem

L]
of predicting concentration and terhper:;ture profiles in tubular reactors

using the Crank-Nicholson finite difference technique, Three models &

-~

will be studied:

a) plug flow
by laminar flow without radial diffusion

¢) laminar flow with radial diffusion

4

under adiabatic reactor conditions. The hydration of acetic anhydride,
' 1,25,2
R_a_pseudo-first order reaction with well know kinetic 5( > 6) in dilute

solution, is the reaction investigatsd. %

b

PR TTE YO



N\ I - LITERATURE SURVEY:

\ ' ' -

Considerable interest has recently been shown in laminar flow

(1-6

tabular reactors }.The problem of predicting overall conversion as
well as radial concentration and temperature gradients has received
the greatest attention, It was generally found that the velocity profile,

the temperature profile and axial mixing affected conversion.

C"?leland and Wllhel:n( b studied the effect on point and integral
average conversion of a chemical reaction, coupled with rachal diffusion
and radial distribution of reaction times ina viscous-flgw tubular reactor
The investigation was limited to an analysis of a reaction occurring iso-
thermally in 1am1nar flow, therefore oxley mass transfer equations .were
considered. Appro:?imate s'&lutmns were obtameg by numerical inte-

gration of the corresponding finite difference equa.tmns The derived

‘ equations for reaction, flow, and diffusion formed a proper description

*

of the experimental results as applied to the hydrolysis of acetic anhy -

dride.

It was concluded that'axial diffusion can be safely neglected but

that radial diffusion can only be neglected when:

D L
AM -3
< .95 x 10 r (I
u R o ’
o © .
where DAM15 the diffusion coefficient

L  is the reactor length
] "
u is the centre Hve velocity
o .
R, is the tube radius
L N
However it was found that under certain conditions free convection, which

was not included through terms in the original rate equation, may be



important in larminar flow tubular reactors, The free convective process
becomes established wimén the density gradient in the system exceeds a
certain value. The density gradient may be due to a temperature gra-
dient, a concentration gradient, or 2 combination of the two. The
‘convective processes cause mass and heat transfer rates within a fluid
layer to be increased so that, in effect, conductivities and diffusivities

are increased, Cleland and Wilthelm noted that the value of DAM in equation
{I}-could be considerably different than the molecular diffusivity when

free convection effects were prominent, Vignes and Trambouzie(z)
came to similar conclusions and extended their analysis to a second

order reaction.

Chambré(:” established a general analytical method for the
predicti;n of specie concentration chang:es and temperature rises for
mildly non-isothermal systems. For a system with a fully established
velocity field, the specie concentration can be found from a single func -
tion i: e. the degree of advancement of the reaction, while the tempera-
ture is determined through a generalized enthalpy function which takes

sinto account the thermal exchange with the exterior.

Rothenberg and Smith”’ 8

) made an analytical study on the effect
of velocity profile, reaction conditions and reaction kinetics on concentra-
tion and temperature profiles in a tubular reactor under laminar flow,
They studied a gas phase first- ordeB homogeneous irreversible reaction.
The basic ‘differential equa.tfbns were developed from the general equa-
tions of continuity, motion and energy a8 described in Bird, Stewart

and Lightfoot(g').

From the basic differential equations, dunenslonless expressions
for the radial composition and temperature values at any pomt along the
reactor length were developed. The solutions for these expressions were

! N -
obtained using finite difference techniques by machine computation.

s
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The results obtained‘showed the effect of the G parameters (see
theoretical discussion) on point and bulk reactant concentration and
temperature profiles, The following discussion will be limited to the '
results obt;a_.ined for an exothermic reaction with constant wall tempera-
ture, The parameters .C_il,' Gz, G3, and G4 were chosen to represent |

typical gaseous reactions,

\

The most significant factor was the heat of reaction group G4, ~
For bulk temperature, it was noted ﬂufat/the distance of the maximum )
temperature from the redctor inlet {irst increased and then decreased
as the heat of reaction was increaseq. The peak became sharper as

(34 vdlues were increased, Rothenberg reported that the solution be-

came unstable for G4 values greatef than 0,370, For bulk composition,

the reactant decreas_ea more rapidly, the higher the heat of reaction,

The radial temperature and composition profiles showed changing
trends. The composition profiles at low axial distances decreased from
the center to the wall. This was due to the fact that initially, the tem-

perature at the centre was not much greater than that at the wall. There-

fore, the increased rate of reaction at the centre was more than balanced
by the longer reaction time near the wall and more reactant was consu-
med at the latter location. This effect became more pronounced as the
heat of reaction decreased. At higher axial distances, a reversalin
trend was noticed. Here, the higher temperatures at the centre of the
reactor increased the reaction rate which more than offset the increased
residence time at the wall. Therefore the concentration was much lower

at the centre than at the wall,

Similarly the radial temperature profiles exhibited a changing
behaviour at different axial distances. The'temperature ear the centre
rose initially to 2 maximum as the axial distance increased and then

)
reversed its trend and decreased with increasing axial distance,



The previous r.esults were all restricted to a Lewis nﬁ.mber_ typi-
cal of gasés. For liquids, a much smaller value would be more ap-
propriate. Here the diffusivity was much less, and the system would
behave somewhat like annular layers of fluid which were separated by
impermeable membranes, The chief effect of changes in the Lewis
number was on the radial profiles. As would be expected, the composition
gradients w{re large and the reactant concentration was lower at the 1
wall than at the centre. Again the reduction near the wall was caused \

by the longer residence time.

(10

Merrill and Hamrin ) investigated the mass and heat transfer
equations describing radial and axial profiles for tubular reactors for
the exothermic vapour phase demethylation of toluene in the presence of
hydrogen, No experimental results weri given but alnalytical solutions
for isothermal, constant wall temperature, and adiabatic reactor condi-

tions were described., Both diffusion and-non diffusion were considered. 3
» .

The basic differential equations were again developed from the
general equations of continuity, motion, and energy and solved by finite-
difference techniques by using a computer, Conversion of the partial
differential equations to finite-difference equations was carried out by

the method outlined by Jensen and Jeffreys(n).

Radial conversion and
temperature profiles were obtained as a function of reactor length and

volume in dimensionless forms, Only the results obtained under laminar

! 0

flow will be discussed here,

For the isothermal reactor, the conversion was shown to remain
relatively constant over ,ha}lf of the tube radius and then to increase
sharply to the wall conver gion. The constant wall temperature reactor
dowed the same constant behaviour for low axial distances. As the
axial distance along the reactor increased, the effect of the exothermic

nature of the reaction on conversion became readily apparent. For the



maximum reactor length, the centre live conversion for this reéction
was 0,68, whereas for the isothermal reactor it was only 0.32. The
adiabatic and constant wall temperature profiles are superimposab‘le
over half of the tube radius. Beyond thi’s, the adiabatic conversion was

higher as the wall was approached.

The effect of neglecting radial diffusion was found'to be most
significant for the isothermal case near the wall, Conversion at the
wall with diffusion was 0, 74; neglecting diffusion gave a value of 1. 0.
Only slight differences over the entire reactor radius were evident for
the constant wall temperature and adiabatic cases, The flow average
conversions at the maximum reactor length showed that the effect of
neglecting diffusion in all three cases, amounts to tess than 5% difference

on the overall conversion.

These results were in agreement with the criterion suggested by
Bosworth (12) for determining the importance of diffusion, He defined
ras dimensionless numberDAM /UOROZ -(see equation I) and stated that when
this number was less than 3.1 x 10_3 diffusion was negligible. Cleland
and Wilhelm as described earlier, obtained a value of 1,95 x 10-3_ This

-3
number averaged to about 3,5 x 10 in this study.

For the constant wall temperature reactor, it was apparent that
a maximurn in temperature occured which moved fromthe region near
the wall at low axial distances and tended toward the center of the reactor \l
at higher axial distances. This behaviour was due to the higher conver-
sions of the slower moving {luid in the vicinity of the wall and the exother-
mic nature of the reaction. Eventually this maximum would occur at
the centre line as ::omplete conversion was achieved, In the adiabatic
reactor a sharp temperature rise was observed near the wall a low axial

distances. This temperature increase became less pronounced for hi-

gher axial distances. This trend showed thdt the reactor was approaching



the upper limit for total conver sion.

. Overall conversions were also compared for similar conditions in
laminar and plug flow reactors of the same volume, It was interesting

to note than an isothermal, laminar flow reactor of 2 given volume gave
about the same conversion as an isothermal plug flow reactor of the same
volume. This was also true for the adiabatic reactors up to a conversion
of 0. 4, after which the conversion in the plug flow case increased faster
than the laminar, For the constant wall temperature reactors, the

conversions varied considerably, approaching adiabatic conversion for

laminar flow and isothermal conversion for plug flow.

It was thus’concluc}ed that an adiabatic reactor operating with
plug flow appeared most desirable for the demethylation of toluene.
Second choice would be ad1abat1c or constant wall temperature in laminar
flow. 'I’h1s was followed by isothermal or constant wall temperature 1in

plug flow. Least desirable was an isothermal plug flow reactor.

Trombetta and Happel(13) adapted a different approach to study
the effect of radial conc entration and temperature gradients in a first-
order reaction in a compressible fluid under larninar flow. They were
particularly interested in hydrocarbon pyrolysls systems, The same
basic equations were used of continuity, motion, and energy. The Arrhe-
nius dependence of reaction rate on temperature was assumed, Dimen-
sionless equations were formulated and their method of = lution consisted
in deriving integral forms of the above basic equations by writing macros-
copic balances across disk dements. Ordinary differential equations
were then developed for the dependent variables in even power series in
the independent variable. By substituting the differential equations into
the integral equations, simultaneous ordinary differential equations were
thus derived. The Gaussian elimination technique was used to solve the

set of equations at each axial position and the Runge -Kutta method was

-



_then applied.to integrate a.:;ia..lly. By this method, they were able to
follow the progress of the reaction and at suitable intervals, calculate

avérage reactant concentration and the average temperature,

-

They were thus able to compare their results to solutions based
* on the plug flow model and draw a set of giaphs giving correction factors
to be applied to plug flow kinetic constants and reactor lengths in the
analysis and design of gas flow reactors. They found that the effects
of temperature gradients were far more important than the effects of
concentration and that correction factors of two, three and'even higher
were not uncommeon. It was also noted that distortions of the parabolic

velocity profile had a minor effect on the correction factor.

‘Andersen and Coull(.M) compared the approach of Rothenberg
and Smith with that of Trombetta and Happel to the analysis of a tubular
laminar {low gas-phase reactor, They followed the solution of the type
presented by Rothenberg and Smith and extended it to accomeoedate it to
changes in the total number of mofes (e.g. concentrated and dilute feed
conditions) and also to a reactor operating adiabatically. Their results
agreed most favourably with those of Rothenberg and Smith, and Trom-

betta and Happel.
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II1 - THEORETICAL

The differential equations used for developing the concentration
and temperature profiles are the equations of continuity and energy as
given in Bird, Stewart, and Lightfoot(g). Assuming p, 1, k, and DAM

- to be constant, the following equations arise.

Continuity Equation:

1* :

.*-

Do 2 o
Dt~ aM Y fa A

Energy Equation:
—_— = 2 ‘ Z
p C = k g T + Sc (2)

Other simplifying assumptions used in developing the final equations are:

(1) the reaction rate constant can be described by the Arrhenius

equation for a first order reaction
(3)

(2) the heat of reaction AH is constant over the reactor length
(3) the velocity profiles are fully developed; that is for plug

flow

and for laminar flow
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> :
v = 2 <v> [1 - (r/Ro) ] (5)
(4) axial mass and energy transport due to diffusion and conduction

are negligible compared to convective transport

{5) steady state

A Differential Equations:

The differential equations of continuity and energy developed from

equations (1) and (2) under the assumptions made follow:

Case 1 (Plug Flow)

Continuity Equation

dp _E
<v> gt AI Py ©XP k-ﬁ) = 0 (6)
Energy Equation
v AL . AHp -E ) (7
<V> 5z R ¥ ¥ AI exp
- —— RT
PP

Case 2 (Laminar Flow without Radial Diffusion)

* Continuity Equation ; .
4
2 9°fa -E
- _— — = 0 8
2<v>r'1 (r/Ro) ] 2 + AIPA exp KRT) (8)




SR - .

Energy Equation

- 2_ AT 1
2<v>[1__(1./;?)].a__= c —_ A +.&_T_ +
o -3z pC r BT 2)
P I~ ar ~
e A exp | == (9) |
pC, 1 PLRT) :
Case 3 (Laminar Flow with Radial Diffusion)
Continuity Equation A
. 2
2_9Pa 1 2°Pa o Pa
2 - A2 —
<v> 1 (r/BO) ] 2 DAM K = ot + > )
b 3 Y
-E
{ 10)

-8 Pa ®X¥P (RT)

Energy Equation

k 2
2 ;T | [ 1l AT
2 eV 1:1 - (r/RO) ] y 2 = PCP KI’ ST + 2) +

AHp .
A -E
o C AI exp KRT) & -1y

Equations {6) to (11) are subsequently transformed into dimensionless

form and the groups and variables chosen are:

Gl' Lewis number group = p Cp DAM/kc (12}

G, activation energy group = E/R’I‘0 (13)



-13 " . - '

93, frequency factor group = R,° .p Cp Al/kc L ().
(34, heat of reaction group = - AHpA{p Cp T, (15)
a = r/Ro _ - (16)
x = py/0p (17)
o

-« 2/ 2R C_p) | - 18
W= K / o <V PP : (18)
g = (T - 'I'.o)/T0 ) {19) .

The corresponding equations in dimensionless form follow:

Case 1 {Plug Flow)

Continuity Equation

-

—di+2xGexp( 2)=0' .(20)

. Energy Equation

_GZ) | | o
+1

a8 . (
. ZxQ3G4exp -

aW

Case 2 (Laminar Flow-without Radial Diffusion)

Continuity Equation

-G
dx 3 2

+ . ex —=Y) =0 (22)
dw P (e+1 )



The boundary conditioné for th

summarized below:

FLOW MODEL

~ Mg P

Energy Equation ]

. . 2 x G, G -G

Ll las agys =5 e (D) o

a - ( 1 _aaz) ' a B aa (1_ a ) 9+1

B o (23)
Case 3 (Laminar Flow-With Radialmﬁﬁ;v\
Coiftinuity Equation . |

2 ' -
hx (.'i1 1oax , ax x G3 C':2

aaz) C(1-ah 7P Lont )

(24)
7 ' -
2 @ -
X G3 G4 G2
+ _3_9_2 ) + > exp (-—"
s ‘o (1-a7) o+l
(25)

e adiabatic reacto? at the wall are

4

ADIABATIC REACTOR CONDITIONS
AT WALL; a = 1

Plug Flow

L8 - 0 (26)
aa




1] ) - J 1Y “ ?
- 15 - y | ?
“_y, M
Laminar Flow Without | - x =0 27
Radial Diffusion . ‘ )
. 28 - 0, " (28)
22 '
., Laminar Flow with AX . 9 ' ' (29)
Radial Diffusion 'aa B .
28 - 9 (30)
aa

b

k;ﬂt the centre line, the followinémondiki-qns are impase'd from

the assumption of symmetry: -
.

a8 - q - (3D
aa { -

aX - 9 - (32)
aa

B. Numerical Procedure:
: ~_

1

- 15)/ .
The equations to be solved are parabolic( 3) and the Crank-Nichol

15)

gon type finite difference method as suggested by Lapidus( is used,

In this method, the derivatives for x are approximated by:

“22‘\; K *mmnsl xm,n)_/k . (33)
x _ 1 - + -
2 - an | (8o an 4m-1,041) * (&nt,n " &m-Ln) ]

(34)

-



~

/\and_ ;.Zx -.= 1 : . ‘. . ' - . " R
. o aaz th‘ LK .ern+1,n arn.n—}-l . em-l,.n+1 ) + |

LamH,‘n © 98y, n + em-l,n)_l .‘ _ (35)

. .
where x is defined as

.

o x = \xm,nﬂ + xm'n)/z . _ (.36)

Analogous e;cpressions are used for g. ) - e

From the finite difference equations, two sets of linear sirnul'ta\-
neous equations were derived and.were solved alternately oit an IBM
360/65 computer. The concentration change was calculated first, and
the corresponding temperature rige evaluated, The temperature rise
was required before th'e/ next concentration change could be calculated,
fl“his_proceciure was repeated along the whole length of the reactor. A
standard Gaus-Jordan elimination subroutine was employed in determi-

~

ning the temperature profiles and for the third flow model.

The development of the simulta.nefous linear equations for the

three flow models follows, The subscripts S and S-1 denote the grid

points at the wall and one step away from the wall respectively., The

axial position at n=1 represents the inlet to the reactor.

Case 1 (Plug Flow)

The equation of continuity in dimensionless form is given by

(20)
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If k is chosen sufficiently small such that the difference between

., -G, - , -G, .

exp k ] ) and exp K ] ) istmegligible, theen
8n, n+l . ,am,p .

substituting equation (36) and the finite difference approximation

of the derivative into (20) gives

/ | y

. . -G
C X - X + kG (% + x exp
: : rYEEERY
) m, ntl m,n 3k m, n+l m,n) Kem,n ) d
=0 (37)
F Y
‘Collecting like terms
‘ .
' = 38
A *m, nil A *mn (38)
m = 1,2,....,8
-
. -G )
. 2 A .
where Al = I+ k G3 exp K 1 ) (39)
%n,n )
!
-GZ-
- 1-kG . (40
and ‘-Az 3_expkenqn+l) )

The temperature profile'is calculated from the energy

equation (21

which in finite difference form, becomes
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\.-I - . .
£
. .t A + A
4 m,ntl 3 Bm'n 5 (41)
m =1}, 2, S
Where ~
TS | | _ (42)
A4 =1 _ (43)
>
7
and
-Gz ) *
+. X
A5 3(34 m, n+l m,n exp 5 o1 (44)
m, n

Case 2 (Laminar Flow - Without Radial Diffusion’)
\

The equation of continuity in dimensionless form

is given by (22) [

e A_;'-‘-“-
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. r 4

x G - :
gx + 3 exp GZ = 0
dw (1- aZ) k e+ 1 )
which in finite difference form is
Bl xm,n+1 ) BZ xm,n (45):
m = 1,2,...,8-1
where
-G
2

)/ 2 )] e

- 2
}32 = 1—LkG3expkem’n+1)/2K1-am)

v

"J (47)

At the centre equation (45) is readily solvable when a=0. At the

wall, ie a=1, the residence time is infinite and the concentration
can be taken to be zero. Therefore
x =0 for all n3! (48)

s,N ’ z

The energy equation is given by (23)

) 2
28 = 1 1 aa a8 ‘
E— - + v+ X
aw ( l_" a ) K a aa aaz / (1 - a )
1-> .

L4
1
3
R
b
L
g
3
b




.

2. "

The corresponding finite difference equation becomes

B B B
B, Q\ri+1,n+1 T 54 8m,ntl * Ps 8m-1, ntl 6

m = 2031 y 5-1
= ]
where !
B k(h+2a)/4(r 2 nZ
= - - a
3 l_ m m am J‘
2 2 /
B = 141 k -
. ] J{r-a_ i |
2 2
= - - h
135 Lk(h Zam)/4(1 am)am _\
and
B = k(h+2a )/ 4(] az)a hz
6 :L m " m m _leH.,n

2 2
+,_1-Kk_/(1-am)h)_]em,n+ kKZam-h)

' 2 2
4 - h +
/ {1 am) am gm_l,n

=

[

2(1-32)
m

-G
2

kxm,n-l-l ¥ xnp,n) exp kem,n+1 ) )

At the centre line, radial symmetry 1s

assumed and on

applying 1'Hopital's rule equation (23) becomes

2 -G

28 . 2A8 Z___Z
W : > +xC33C:4 exp e+1)

aa

(49)

(50)

(51)

(52)

(53)

(54)
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and the corresponding finite difference equation is

, = B
Br6z,ns1 ¥ Pg 0y nt 9 (5%)
_where
2
B7 = —Zk/h (56)
— 2‘
B8 = 1+ 2 k/h (57)
and
B -(ZkIZ) v (1 Zkh2 +—1-'kGG
9 - AR P -2k/h) e Y 3 "4
-G
( x X ) exp 2
1, ntl 1,n Vg, +1) (58)
l,n
At the wall, equation (23) reduces to
2 —GZ
a8 . & -
aa?‘ tox G, Gyexp | T 0 159)

To simplify computation for the watl temperature, explicity

15
formulation as supggested by hapidus ) is adopted
2 ‘ 5
28 - -2 h
a?. \es+1,n+1 5, n+l Bg-1, n+l )/ ’ (60)
]

-]

For the condition k_a-g'_) = 0, we have wall symmetry, that is
9% /a=1

<4

hd
by
4
<
\
»
>
-
g
g
i
2
hal
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0g+l,ntl ~ %B-1,n+l (61)
and equation (73) becomes
2 ) i
a8 =
z "2 | 9s- -8 . 62
Ja h K s 1, n+1 s,n+1) (62)
Substituting into equation (72) gives
: + h.zl -G
8 = 0, - ' A T
s, n+tl -1, n+l \xs’ 041 (33 G4 exp K o n ) {63} %
. ' g, n i
. y
_ 2
However for n=1, Xl 0 by definition, such that equation g
’ N

(76} reduces to

85 ntl  2s-1,nt (64)

«

This is too inaccurate initially, as it ignores initial heat generation

at the wall,

Using the second difference formula

2
a8 - . - 30 i
2 K 8542, n+l 16 ©5+1, ntl 3 Bs,n+‘t ¥ 6es-l,n+1
aa. .
IZhZ
B es—2.,n+1)/ (65)

[
‘Yhich due to wall symmetry becomes
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2. - N
a8

i 2
N (6 8c 1, nt1 . ¥s-2,mtl o, o)/ 08 . (60)

and substituting into equation {59) gives

15 - l6g . + =
es,n+1 es-l,n+l es-?.,n+1‘ xs,n 3 4

#

\ ' Therefore, for n=l, we have 3
p;
. 3
16 1 2 .2 N
- i = - G r
85 2 ~ 15 %s-1,2 15 ¥s-2,2 7 5 hx Gy Oy E
G z

exp B “(68)
X t

+1
\95,1 )
and forn » 2
»
- _1_6_ + _1_- - 0
' Bg, ntl 15 ©s-1, nt+l 15 95-2,n+1 (69)

Ay

sincg“bv definition, x_ = 0 forn > 1.

Case 3 (Lamingr Flow -with Radial Diffusion)

The equation of continuity in dimensionless form is given by

(24)
.
x S 1 ax 2, x G -G,
ax 1 1 aXx . o8, exp | ——
p
3w “_a?.) Ka aa aaZ) | (1-a2) k9+1)
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hN

which in finite difference form becomes

i C = C '
Clxm+1,n+1 * CZ J':m,n-H. * 3xm—1.n+l 4 (70)_
.m = 2!31---r5-1
where
C = 1kG (h+2 4 (1 2)a hz
L : \ a )/ ~a_da (71)
-G
2 2 2 x
C. =1+, kG {(1-a )h + 3 kG, exp i
SR AR T A RACERY
I
/ : ‘ :
2(1-2a ) 72 ;
: m | . (72) :
5
|C = kG, (h-2 4 (1 2 Ya h2
3 1( ) am)/ ( “%m’ “m (73)
and
™ 2 2
= - h
C4 Lk Gl(h + Zam) /4 (1 am) a_ | X il
-G
2 2 2
+ 1-,kG/(1-2_)h - kG, exp
AR L AR S T G RRAERY
2 2 + kG (2a hy/ 4 (1 az)
/ (- am) IJ Xm,n _ 1 m m
2
a'mh Jxrn-l,n (74)
At the e line, assuming radial symmetry equation (24)

ecome




h
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&
X I 2"x" ~ -GZ
2% . 2qg AL —= '
W 1 2 * G3 eXP k9+1) (73)
aa
which reduces to
Co*yn1 ¥ Co X ns1 ° € (76)
where
oo,
C = -2kG//h (77
5 1
2 kG G
C = 1+(2kG/h7) + eXP o - (78)
i ‘ Jr
and
c - (2kG./b% 4 1-(2kG./b5) 3 ex e
7 AR T 1 T2 p(elnﬂ)J
) ' (79)

At the wall, there is no transport of material through the solid
boundary and equation (24) becomes

2 -
C’2.

ax _ = 0
G1 > xG3 expke+1) (80) .

aa

Here Lapidus(ls) again suggests the use of the explicit” form

of the finite difference equation, that is

2
AxX : ) . 2

aZ \xs+l,n+1 2xs,n+1 * J'csx—l,n+1)/h (81)
D
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. . X . '
and noting that for k -g—a-—) a1 = 0, we have symmetry,
’ '
xs+l,n+1 = xs-l,n-i-l (82)

guch that the concentration at the wall is given by Xt and on '
, N ‘
i

substitution:

CB xs,n+1 * C9 xs-l,n+1 =0 (83)
where . \
2 G -G, .
C. = + G exp (T {84) !
2 .
8 h 3 \99’n+1) -
. ]

and
2 ,
C9 = -2 Gl/h (85)

The energy equation is identical to that of case Il and the
N
same linear egquations are obtained for the internal radial positions
(m=2,...,8-1

At the centre line, assuming radial symmetry, equation (25)

becomes
2 ‘ --G2
.B.B_ = 2 ..a_ﬂ_ +
AW 2t oxG3 G, exP () (86)
o2 ‘ :

and the resultant finite difference eguation is
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. . /\ ¢
I »
Ci082,ne1 * Snonn T % R (87)
where )
G. = -2k’ |
10 (88)
BN
3 2 / ‘ .
C,, = 1+ k/h") (89)
and
C —(Zk/hz' + 1'(21<hZ
12 ) eZ,n [_ ) / )_l el,n
-G
2
(90)

k .
to (%) F X GG PG )

At the wall, the equation is also jdentical to that of case II,

and following a similar procedure gives

6 .1 2.2
eS,IH-l - 15 es—l,nfrl 15 ©5-2,n —. 5 xs,n+1
HGZ ’
Gy Gy P (T 41 (91)
4
3 \eS,nH )
C. Averape Values )

The average values for temperature and concentration at any

axial position are calculated from:

Case I (Plug Flow)




<X > = Z‘J xada ~ . (92)
- [a] - s h
I ‘ "-
1 LY
<g> = ZJ xada (93) .
o
Case II and T (Lami:-xar Flow)
! 2
<X > = 4J x(.l-a)ada {94)
o
- 1 "2
g (1-a)ada. ' (95)

A
@
v
1k
e
| S
(o]

& “
These are the so called cup-mixing average values. The integrals

are evaluated numerically by the use of Simpson's Rule.

c.oAalll
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IV - EXPERIMENTAL .

A, Reaction

The hydration of acetic anhydride in dilute solution was chosen ~

for this study:

GO .
(CH, CO), O + H,0 2 CH, COOH

It is a well studied pseudo first-order reaction and its rate constants

. . . . v , 2 , 2 .
have been reported in the htte‘i-a'cu:re(1 4 5). From the data reported

a least-squares fit of the Arrhenius equation as de scribed in Appendix

B gives . '
. 4+
Ink = _5,_3_'1?‘2_9_ + 15.946

- the heat of reaction at 20°C is -13,100 cal/mole as determined from
26 : )
heats of formation ) . ~

B. Apparatus
A schematic of the apparatus is shown in fig, I with full equipment
details given in Appendix D. The apparatus was basically made up of a ;

vertical plexiglass reactor of the following dimensions: -

I.D. (cm) Length (ecm)

3. 49 221 ' |

It was fitted with a 28 ¢m. long inlet conical section such that a smooth
transition took place from the 0. 48 cm. conical section inlet to the 3,49

cm outlet. The cone angle was approximately 6° to avoid boundary layer

s
-
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Equipment List (See figure I)

1
2
3
4
5.
6
7
8
9

10.
11
12,
13,
14,
15.
16.
17.
18,
19,
20,
21
22,
23.
24,

Compressed air cylinder
Air regulator

Off-on valve

" Pressure gauge

Off -on valve

Off—(';n valve

Off-on valve

Water side surge tank *
Acetic anhydride surge tank
Needle-valve ‘

Needle-valve

Constant temperature bath

Needle valve

Magnetic mixing chamber

Off-on valve

Off-on valve

Conical inlet section to reactor
Plexiglass reactor

Plexiglass reactor jacket v
Valve ‘

Valve .
Thermocouples {TCl, TC2,TC3, TC:&)
Acetic anhydride pump *

Water pump

A
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separation, The reactor was jacketed and assumed to be operating undef
adjabatic conditions. A magnetic mixing chambet of 25 ml, capacity

was placed at the inlet to the conical section of the reactor.

Temperature measurements were made with a copper -constantan
probes of 13.2 cm, in length, The probes were mounted on a traversing

mechanism (figure II) such that a radial traverse could be made, The

-~

thermocouples were located 35 cm, 100cm, 163 ¢m, and 91l cm from the end of
“'\

the conical gection. Readings were taken at the wall and at distances

of 116", 1/8", 3/16", 3/8%, 4/8", 5/8", 1/16 (CL) from the wall and  ~

at the same intervals from the centerline position to the opposite wall.

C. - Experimental Procedure

The reactants were first purmped (23 and 24) to their respective
surge tanks (9 a:nd 8). Pressure in the surge tanks was maintained at ‘
around 4-5 psig. by use of compressed air (1. Absorption of air into |
the rea}ctgnts was peducet:d by use of a layer of oil which separated the
reactants from the gas phase. This was found to be necessary to prevent
formation of gas bubbles in the reactor. In addition the acetic anhydride
was degassed before being pumped to the SUrge tank. This was accom-

plished by pre-heating the anhydride to 30°C and stripping with helium.

After the surge tanks, the reactants were preheated to 29°C (12)
and then mixed in a magnetic stirring cha.rnber’\(ltl) before entering,the
bottom of the reactor. The reaction was then allowed to come to steady
state as indicated by temperature measurements near the outlet to the
reactor. Acetic anhydride concentrationg were determined by the aniline-

water method (see Appendix C), and were taken at points (16) and (20).
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v - RESULTS AND DISCUSSION

Theoretical and experimental results are shown in figures (3)

to (26) for the following basic parameters

G1 = 0.0078
G2 = 17,704
. 8
G3 . 2,866 x10
(34 - varying from 0. 0310 to 0, 0200

Variation of variables was achieved by changes in inlet concentration (CA )
from 0.706 to 0,455 (g. moles/litre) and Reynolds Number {rom 135 to
218,

The theoretical radial concentration and temperature profiles
are shown in figures 3 to 14, For plug flow the profiles were constant

in the radial direction but for laminar flow, the profiles varied, At low

axial distances, the concentration x (fraction c_)f reactant unconverted)

was lower at the wall'than at the centre d\.}e to the greater residence

time at the wall, As the reaction pzl'oceeded, the reactant became depleted
and the profiles tended to flattert, Correspondingly, the ternperature
profiles originally exhibited a maximum 2t the wall which shifted towards

v
(e

the centre as the reaction proceeded,

Nearly identical results were obtained for both laminar flow
models. Thus, for low values of Gl' radial molecular diffusion did not
significantly alter the radial profiles or conversions. A slight difference
occured at low axial distances in the radial concentration profiles near

the__v;.;all.
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As expécted, the m.;)re uniform the velocity profile the greater
the conversion. Figures 15 through 20 indicate that a lower average
concentration x, was obtained in plug flow than in laminar flow. This
difference became more significant as the residence time wasdecreased, as

the following table shows,

» < X >
1 w =0.208 -G, . CASE 1 CASE 2 CASE 3
© }

0. 694 0, 039 0. 105 0. 104

0. 583 0.047 0. 117 0. 116

0. 506 0.054 0. 126 0. 125

w = 0,129 0.706 0. 154 0.251 0.250

0.528 0. 177 0.272 0.271

0. 455 0, 187 0,281 0.280

: TABLE -1

Also, the fraction of reactant unconverted ¢x >, increased with decreasing.
inlet concentration. The average temperature . g> was also higher in
plug flow asglerhonstrated in figures 21 to 26, As explained above, this

was due to the greater conversion,

Agreement between the éxperimental results and the laminar flow
model with radial diffusion(CA/SE/l‘»Ythl"xe model most closely representing
the experimental system were generally poor, As can be seen from figures
3 through 8, the experimental radial profiles- were Bétﬁerffhan theory ..
predicted and at low axial distances, the experimentél profiles'
intersected the theoretical profiles, At higher axial distances, they gene-
rally fell below the predictéd values, Similarly, as ‘shown in figures 21

to 26, the average experimental temperatures were in goodvagredment it
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at low axial distances but also fell below the theoretical values at higher
axial distances,

-

The flat radial profiles and generally low experimental tempera-

ture values could be the result of the following factors: ™

1) the reactor was not operating adiabatically
2) the temperature probes were perpendicular to thelowing stream

3) natural convection

-

The first of these causes would not affect the or initially,

because little heat is generated but would tend t:: have a pronounced effect at

higher axial distances due to greater heat generation causing a corres-

pondingly higher heat loss. As seen from fig\-zres'ZI to 26, agreement EuY
with theoretically predicted values was much better at lower axial dis- g
tances, The second reason would cause the temperatures read to repr;:-

sent average values rather than point values due to axial flow along the

immersed length of the thermocouple probe. Lastly, natural convection

in an adiabatic reactor, where the temperatures are for the most part
higher at the wall than at the center would tend to flatten the velocity

profile which in turn would tend to flatten the temperature profiles, -

)
The experimental concentration profiles ¢ x >were lindited to inlet

and outlet values of the reactor. For Re = 218, the outlet values agreed
within 5% of the theoretical ones. For Re = 135, fge outlet values

were within'8% of those PFedicted by theory.

-~
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V1 - CONCLUSIONS | S

4

Theoretical average conversions and temperatures were ‘greater .

in plug flow than in laminar flow. In general, conversions de-

creaged with increasing Reynolds Number,

Theoretical concentration and temperature profiles for both
laminar flow models were nearly igdentical. Thus, diffusion

had little effect on the system investigated.

Also for the laminar flow models' . -' o
a) the concentration profiles decreased from the

center to the w#ll and flattened out at higher

axial distances,

-

b) the temperature profiles initially exhibited a
maximum at the wall which shifted towards the
centre as the reaction proceeded. |
The experimental radial temperature profiles were generally
flatter than the theoretically predicted ones. Average temperatures

showed better agreement at lower axial distances,

- i *
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VII - RECOMMENDATIONS ' A

Solutions to both laminar flow models could not be properly
compared with the experimental results, The following modifications

to the apparatus may provide a better comparison:

1) the thermocouple probes could be bent parallel to the flow

of reactants.

2) the internal diameter of the reactor co 1d be reduced

The analysig could also be expanded to inclpde solutions for a
reactor operating wi %a constant wall temperature.
fe

\
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APPENDIX &

EXPERIMENTAL DATA

1, Radial Temperature Traverses

The thermocouple probe axial positions as measured from the
2y

end of the inlet conical section of the reactor were:

TC1 35 cm
TGCZ ] 100 cm
TC3 163 cm
TC4 191 cm

The radial positions were measured {rom one wall of the reactor.

to the centre line and from the opposite wall again to the centre line.
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2. Concentr a.t'ion

-

The concentration of acetic anhydride was measured at the inlet
and outlet of the reactor, For details of the method used, see

\ Appendix C.

J

Run Inlet Goncentration Outlet Concentration

I

: " Number X (g. mole/litre) (g. mole/litre)
TN C 1A 0.706 0.155
~. 2A k) 0.528 0.133
-\\3:/; 0.455 0,134
1 - 0.694 0. 080
2B 0.583 0.076
3B T 0.506 0.126
TABLE A2-1

-
v
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3, Flow Rate

™
-

_The volux;netric flow rate was obtained by measuring the time

requi¥ed to collect 2 litres of effluent solution at the reactor exit.

ﬂ -
Run Volume Time Volumetric Flow
Number Collected (1.) (sec) Rate (ml/sec)
O
1A 2 440 4,54
y
2A 2 441 4,53 ‘
JA 2 438 4,56
1B 2 712 2.82
2B 2 712 2.82
3B 2 711 2,82
. £
TABLE A3-1

L

]
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APPENDIX B

KINETIC DATA AND PHYSICAIL PROPERTIES

{ .
%
A
1, Estimation of the Frequency Factor (AI)' and the Energy qf
Activation (E)

The hydration of acetic anhydride is a well studied reaction with

. . 1,25,26 )
known first-order kinetic s( e ). Values of the reaction rate constant

reported in the IitFrahure ar?/shown below.

Concentration Temperature Reaction Rate
(g. mole/L} (- C) constant (min'l)
0.490 0°C 0,023 \
0.495 0°C 0.028 (
- 0,473 15« C . 0.074
0.3389 . 18°C 0. 09 16
0.4872 '\ 25°C "0. 1384
0.5352 ' 250G 0. 1328
~—
TABLE Bi-1

~

From the Arrhenius equation, the rcaction‘ﬁate constant can be

expressed as ' , )
. -E : /
- = - (B-1
kg AI exp ( ZT ) )
N,
or alternately
E :
= InA, -— B-2
. h}kI In 1~ RT (\ u( - )
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A least squares fit on the reported data gave

_ -5,352,9
Ik, = TETTS 415,946

such that the frequency factor is given by

) A_ = 0.841898 x 107 (min™h

and the activation energy by

E = 10,636.2 (cal/g.mole).‘

(B-3)



2, Physical Prope rties

a) Heat Capacity (Cp)

\78 -

Litterature values were not available for the heat cagaf:‘ ty of

‘acetic anhydride and it was estimated by the method su gested by

2
Sakiadis and Coates 2

taken from the references indicated,

&

Temperature (°C)

29
30
31
32
33
34

15

36

(cal./g.-°C

The values for water and ac t1c acid were
/

TABLE B2-1

Cp
Acetic Anhydr.ide‘ Water(lb) Acetic Acid(”)
0.383 0.99804 0,495
' 0.99802 0.496
0.99799 , 0.497
0.387 0.99797 0.498
e 0.99797 0. 499
0.99795 0. 500 ¢
0.391 0.99795 0.501
0.99797 0.502



b) Density (p)

The density of acetic anhydride
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(19)

The values for water and acetic acid are tabulated below,

—
Temperature.
(=C)

29
30
31
32
33

34
35
36

p (g.mlL})

20
Water( )

. 9960
. 9957
. 9954
L9951
.9947,
. 9944
.994f‘
.9937

o o o o o o o O

TABLE B2-2

Acetic Acid

{1

has a value of 1,08 (g. /ml.).

6)

1.0356
1. 0354
1,0343
1.0331
1,03 18
1.0315
1, 0292
1. 0280
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¢} Thermal Conductivity (kc) o )

k, (cal/em-°C-sec)

Acetic Anhydride (16) 0, 00033
Water (16) 0.00148 *
Acetic Aciga (1817 0.00093

TABLE B2-3

/
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d) Diffusita Coefficient (D, ) : '

The diffusion coefficient of acetic anhydride was estimated by

the method of Othmer and Thakar(la) and is given by
14,0 x 1077
Pa = L1 0.6 - . (B-4)
P 1 - .
where Ko = viscosity of water in centipoise
V1 = molal volume of solute in cc/g.mole

The table below summarizes the values obtained

Temperature DA % 10-5

(°C) ' (cmz/sec)
29 1. 0623
30 ' 1. 0887
31 . 1. 114

) 32 | 1, 1480
33 1. 1660
34 . 1. 1925
35 ‘ ' 1.2 191

36 1. 2456

TABLE B2-4
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3. - Physical Properties of Reacting Mixture ,
S N ’

The physical properties of the reactmg mixture were calculated
on a mole fraction basis from the average values of the 1nd1v1dual spec:tes
of the mixture. Calculations were made at the inlet and outlet conditions
fdr_ each run, In each case, the vaiues obtained were nearly identical

and the average values are shown below,

L}

C_ = 0,984 {cal/g. mole - °C)

p_. = L001(g. /ml)

k = 0.00147 (cal/cm - °C - sec)
mix v 14

N
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e  APPENDIX C

CONCENTRATION ANALYSIS

-

The inlet and outlet concentration were measured by the aniline-

d(24, 25)

water metho .. The method consisted of catchiﬁg two samples

. into tared f_laska, one of which cc_mtainéd ten to fifteeen times the amount
‘of saturated aniline-water needed to react completeiy with the. acetic )
anhydride. The reaction proceeds very rapidly and forms acetanilide,

a non-titratable compound, The other .wa.s left to hydrolyse completely.

The flasks were then reweighed and the solutions titrated with caustic

-~

.soda by use of a phenophthalein indicator., S : <k
- ‘ - A} I

< ﬁ A indicated the concen‘t,ral:iori of acetic anhydride at the sampling

point, and x the amount of acetic acid already pregent, then the amount

of acid present in the completely hydrolysed sample would’be 24 + x.

"

.\ ] o ,
(CH, CO), 0.+ H,0 = 2 GH, COOH

~
*

- A - x sampling point
O ) ZA tx . tin}e_ = o

When the reaction is stopped by the,aniline-water mixture the amount of

//
acid present is A + x. vt o . . ‘e
=’ H - ' . . -
(CH3 CO)2 + Hzo 2 CH3 (ofe]e) L -
A ) . x o sampling point ‘
(CH3 CO)Z + C6H%NH = ‘CH3' .(".'.OO‘I-.I + C6H5NHCOGH
\l.d ¢ St & oy
o~ LA . . A Vo - ‘
:‘. Total acid = A+ x , R

- . : . v - .
' N . .
LR : . ’ 3
. ] . . R
. . . . . . .

rl

T ke
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Kn:'_wmg the acid content of the two samples gﬁves _the acetic anh?dric'lq

.concentration at the ‘sa.i-'np.l.in g boint, that is

T S ' - -
oo (2A+x) - (A+x) = A, Lo

. 5 , s I | Co-

< Ry '

The t:tratmri\s were carrxed out w1th caustm soda which was
ﬁxdardued a.gamst potassmm ac1d phthalate

~ . .
.: . , .
B “ I . .* .
(.
v - 1 - , % .
r ' ’ * *
v -
- ' ‘- )
. . "
. j
N N $
- v : % | ?
' -4;-' .
a 4 - ._'—'\ - '
- -
- v
~t
. &
: «
v L. »
%. y o
.- Yoo 4
. L]
o
E " |
\\/ -
Fd L 4
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- " Rated: 1000 psi

. APPENDIX D \

EQUIPMENT SPEGIFICATIONS

Manufacturer: Milk R oyal

<

Model: Duplex D4 117 Pd’tv{o DO 117

'Spe_ciﬁcations: Both sides positive displace

1

Millivolt Potentiometer

" Manufacturer: Leeds and Northrup

‘I\{Iodelz B686 Mill-ivol‘t Potentiometer

Specifications: Scale: 1to 10 myv. + °0.00025 m. V. <
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APPENDIX E

ATION CHARTS

:
. Ve -

1. Thermocouple Probes

[

The thermocouple probes were calibrated with a Beckman ther-

mometer. Thé calibration curves were the same for all the thermocou-

-

ples used and only one is shown in figure 27, - g
2. Pump

The pump was calibrated by nott the time required to collect a’
pump b y notyag th .

ur

sample in a tared flask and weighing, The calibration curves for the

water and acetic anhydride side of the pump are shown in figure 28,
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APPENDIX F .

COMPUTER PROGRAM

!
" I
- -‘
The system of linear simultaneous equation® derived from
the finite difference appreximations were solved by"' machine
[
.
computation, A basic Gaus_s-elimination subroutine package was
used., The programs for the solution of the three cases were

basically similar and only Case 3 is presented here.
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