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ABSTRACT

An experimental and theoretical study has been carried
out for the evaluation of concentration and temperature pro-
files for non-isothermal liquid-phase reactions taking place
in a vertical tubular reactor. Theoretically homogeneous,
irreversible first- and second-orders reactions were investi-
gated. Three different flow models were assumed: (1) plug
flow, (2) laminar flow and (3) laminar flow accompaniea by
radial diffusion. In addition, two modes of reactor opera-
tions were considered: adiabatic and constant-wall-temperature
(CWT) reactors with the hydrolysis of acetic anhydride being
chosen as the reference reaction. The effects of flow model,
reaction kinetics, reaction conditions and reactant concentra-
tions on conversion and temperature rises were then investigated.

Point concentration and temperature profiles were computed
together with the corresponding flow average values. The res-
ults showed that under adiabatic reaction conditions, radial
concentration and temperature profiles were greatly affected by
both reaction conditions and flow model with the heat of reac-
tion group, G4, having the most significant effect. It was also
observed that large radial diffusion effects could significan-
tly influence overall conversions. In the CWT reactor, curves
were found to show a characteristic maximum which were again
highly dependent on G4. It was found that in a“CWT'reactor,

radial temperature variation could be expected even in




( ii )

Plug flow and under laminar flow conditions, large G, values
increased conversions over those calculated for plug flow
conditions. 1Inlet concentration effects were noted for both
the adiabatic and the CWT reactors with reaction kinetics
significéntly affecting reactor performance.

Experimental runs were carried out on a vertical reactor

250 cm. long and 1.865 cm. I.D. The inlet acetic anhydride

concentration ranged from 0.291 to 1.470 mole/% and the

Reynolds number from 88 to 346. Temperatures varied from
25.57 to 38.91°C and the average velocity from 0.402 to 1.316
cm./sec. The reactor was operated under adiabatic and constant-
wall-temperature conditions. Temperature rises were limited
to 7°C in accordance with the assumptions formulated in theor-
etical models.

Experimental results indicated that radial temperature
profiles tended to be flat but showed some difference between
the wall temperature and the centreline temperature compared
to the value predicted by the plug flow model. The laminar
flow model gave the closest agreement with experimental
results. Six causes are possible for the observed difference
between experimental and predicted results{v However, the

presence of acetic acid is considered to be the most

influential.
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I. INTRODUCTION

The problem of predicting conversions in tubular flow
reactors and the effect of mixing and heat transfer has att-
racted considerable attention in the past(l—e). These studies
have tended to simplify the mathematical analysis as far as

possible and the investigations have shown that conversions

were dependent not only on the residence time distribution

but also on the temperature rises.

Cleland and Wilhelm(u) represented analytically a first-
order reaction taking place in an isothermal laminar flow
reactor. The equation was solved numerically assuming con-
stant physical properties and fully developed flow. They
showed the effect of diffusion on conversion and supported
their theoretical solution with experimental data. A similar

(s)

study was carried out by Vignes and Trambouze who consid-
ered an isothermal second-order reaction system. The equation
was solved analytically.

Rothenberg and smith(*™")

investigated a first-order
gas-phase reaction taking place under non-isothermal condi-
tions. 1In particular the effect of heat transfer character-
istics of the reactor was studied. Radial and axial profiles
of concentration and temperature were predicted but no exper-
imental data were presented.

(8)

Shinohara carried out an experimental and theoretical
study of a laminar flow constant-wall-temperature (CWT) reac-
tor. The calculations included both first- and second-order
reactions. Experimental data were obtained for the saponi-

fication of ethyl acetate.




The present study was undertaken to extend this previous
work to non-isothermal liquid-phase reactions taking place in
adiabatic and CWT reactors. Liquid-phase reactions were sel-
ected as they have an advantage over gas-phase reactions,
i.e., reaction kinetics can be easily varied while experimen-
tally, reactions can be carried out at low temperatures making
measurement of temperatures and concentrations less complicated.

The reference reaction considered in this study was the
hydration of acetic anhydride. The parameters used were eval-
uated for the system acetic anhydride-water-acetic acid and
calculations were carried out for both first- and second-order
reaction kinetics. Concentrated solutions were employed in
order to investigate the effect of the heat of reaction.

(

Previous investigations 1-a)have shown that flow cond-
itions influence conversions. Three flow models were there-
fore chosen for study: (i) plug flow, (ii) laminar flow,
(1ii) laminar flow accompanied by radial diffusion. Plug
flow {(case 1) can be expected to be present under turbulent
conditions or in a packed reactor and is the simplest model
available. At low flow rates, however, as were anticipated
in the present study, the plug flow model dées not take into
account any variation of the axial velocity in the radial
direction. This can be considered in two ways: parabolic
velocity profile or laminar flow (case 2) and laminar flow
accompanied by radial movement of material (case 3). The

latter model can be considered to be the most realistic but

mathematically is the most complicated.




This investigation was divided into three parts. First
a theoretical study performed by computer and applicable to
any homogeneous liquid-phase reaction was undertaken to

investigate the influence of:
i) reaction conditions

ii) reaction kinetics

iii) flow conditions and

iv) reactant concentrations
on conversion and temperature rises. This theoretical study
was then applied to the particular case of acetic anhydride
hydrolysis by substituting kinetic data and heat of reaction
values published by different authors (eqn. V-4). Predicted

results were compared with experimentally obtained data.




II. LITERATURE SURVEY

Considerable attention has recently been paid to laminar
flow tubular reactors(1-17). Studies were extended from iso-
thermal to non-isothermal reactors assuming different flow
models in order to predict overall conversions and temperature
rises.

Bosworth(]) investigated the effect of radial diffusion
in a tubular flow reactor and showed under what conditions
radial diffusion can be neglected. He defined a dimensionless

number DL/uoR2 and stated that when this number is less than

3.1 % lO_3 diffusion is negligible.

D : reactant diffusivity

L : reactor length

U, : fluid velocity at centre of tube .
R : tube radius

An alternate method of comparing laminar and plug flow react-
ors was given by Denbigh(z_a) for a second-order reaction in
which diffusions of‘reactant and product were neglected. His
method of solving the kinetics of homogeneous second-order
reactions in tubular reactors rested upon a statistical dis-
tribution of residence times in the reactor from a knowledge
of the parabolic laminar flow profile.

Cleland and Wilhelm(“) solved numerically the isothermal
problem for a first-order reaction under laminar flow in a
tubular reactor. They supported their theoretical model

with experimental data. The reaction studied was the hydrol-

ysis of acetic anhydride. They concluded in an alternate




approach to Bosworth's that radial diffusion can be neglected
when DL/u,R? is smaller than 1.95 x 10 °. They also found
that predicted theoretical results were in good agreement
with the experimental results obtained from the smaller reac-
tor. Reaétors studied were 1/4 - and 1/2 - in. - diameter
horizontal reactors. Later, Lauwerier(g) solved the conser-
vation equation for the reactant analytically in terms of an
infinite series of eigenfunctions. However, application of

his result is difficult.

Using the finite-difference method, Vignes and Trambouze(s)
solved the equation of species continuity for a second-order
homogeneous isothermal reaction for the special case of equi-
molar concentration of reactants. Experimental results obt-
ained from the saponification of ethyl acetate were presented.
They suggested a simple method of predicting conversion using
the ideal plug-flow and laminar-flow models. Based on the
works of Bosworth(l) and Cleland and Wilhelm(”), they conclu-
ded that in systems where radial diffusion cannot be neglected,
their correlation agrees within an average of 1.1l percent
deviation with the experimental results when the value of the
effective diffusivity is taken as ten times the average of
the molecular diffusivities of the reactants.

Sandru and Smith(lo) have studied the photopolymerization
of acrylamide in an annular flow reactor; temperature conditions
were assumed to be isothermal. Rates of this polymerization
reaction were measured quantitatively. It was shown that
the rate data could be used to evaluate various models of
(11)

polymerization kinetics. Shiraishi examined experimentally




the effect of free convection at low Reynolds numbers
(Re = 3-38) 1in seven types of vertical and inclined tubular
reactors. The reaction studied was the hydrolysis of acetic
anhydride. It was found that free convection accompanied by
the reactién occurred in the reactor and that by-pass, circ-
ular and eddy flows were present due to the increase of liquid
density with the reaction. It was also shown that conversion
was determined by the size and stability of the by-pass.
Non-isothermal systems were first studied by Chambré(lz)
who used a perturbation technique and obtained an approximated
solution valid at very low Damkohler numbers (kII ri pAo/DAM)'
The study was based on the assumption of fully developed
velocity profiles and Lewis number (pCp DAM/kc) of unity.
Trombetta and Happel(la) studied the analysis and design of
gas flow reactors with applications to hydrocarbon pyrolysis.
They presented their results as factors which can be used to
correct calculations made with the plug flow assumption.
Rothenberg and Smith(6’7) studied a first-order homo-
geneous gas-phase reaction taking place in a laminar flow
reactor. They solved the equations of change numerically
using a finite-difference method to give radial profiles of
concentration and temperature. Average "cup-mixing" concen-
trations and temperatures were also evaluated and the effect
of system parameters investigated. The results showed that
the temperature rise was extremely dependent on the heat of

reaction parameter -AH. pA / pC TO .
o

p




Andersen and Coull(lq) compared the two different solu-
tions of Trombetta and Happel(la) and Rothenberg and Smith(6’7)
to the analysis of a tubular gas flow reactor. They showed
that finite-difference solution for radial profiles is super-
ior to the.power—series approximation of radial temperature
and composition profiles. They also concluded that the temp-
erature dependency of diffusivity has a negligible effect on
qonversion.

Merrill and Hamrin(ls) studied the industrially important
demethylation of toluene to benzene. They presented their
results in the form of concentration and temperature profiles
in laminar and plug flow. They found for a specific set of
isothermal operating conditions that a 12% loss in conversion
is suffered in going from turbulent to laminar flow. Polymer-
ization in a tubular reactor was studied by Lynn and Huff(le).
They were concerned with the temperature dependency of the
viscosity of the solution. These studies showed that appre-
ciable temperature effects would be expected but no experimen-
tal data were presented.

(8)

Shinohara carried out an experimental and theoretical

study of a laminar flow reactor. In developing the theoreti-
cal model, the temperature dependency of the physical proper-
ties was taken into consideration in both the equation of
motion and the equation of energy. 1In the experimental study,
cup-mixed exit concentrations and temperatures were measured,
but as dilute solutions were employed, the influence of the
heat of reaction was negligible. He concluded that free con-

vection in an upward-flow reactor increases conversion for




heating systems and decreases that for cooling systems.
Santarelli and Foraboschi(17) examined the effects of
natural convection on conversion in a homogeneous tubular
reactor for a first-order irreversible reaction. Adiabatic
conditions and laminar flow were assumed. Numerical results
pointed out that for dilute solutions, natural convection can

modify conversion in the same extent as parabolic velocity

profile does.
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III. THEORETICAL
III-A Development of Equations

The differential equations used for prediction of concen-

tration and temperature profiles were developed from continuity

(18)

and energy equations of Bird, Stewart and Lightfoot namely:
Dop
O—— - 2 -
Dt Dam V° Py * Ty (II1-1)
and
~ DT _ 2 -
o) cp DE kc Ve T + SC (II1-2)

In writing these equations, the following assumptions
were made:

1) In the energy equation, it was assumed heating‘effects
due to expansion, viscous dissipation, free convection
and thermodynamic coupling effects were negligible.

ii) The physical properties of the system were constant,
that is the effects of variation of density, specific
heat, thermal conductivity and viscosity on concentra-
tion and temperature profiles were negligible compared
to the effect of the chemical reaction.

iii) The variation of reaction rate constant with temperature
could be described using the Arrhenius relationship,
thus for a first~order reaction A ~+C:

o “E/RT

r, = _kI Pp = -AI - Pp (ITI-3)

SR
2 AN



iv)

v)

vi)

vii)

- 10 -

while for a second-order reaction, A + B ~+C:

o ~E/RT
r = -k = =-A

A 11 Pa PB II Pa Pp (I1I-4)

The heat of reaction was constant over the temperature
rises encountered and for an exothermic reaction, the
rate of evolution of heat due to chemical reaction for

the first-order reaction would be:

o -E/RT
S, = OHA; Pa (ITI-5)
and for the second-order reaction:
s - aga® ~E/RT (III-6)
c IT Pa Pp

The velocity profiles were constant and fully developed
throughout the reactor. Then for plug flow, u = <u>

2
and for laminar flow u = 2 <u> [1 -(fi) ] (I1II-7)
o

Axial mass and energy transport due to diffusion and
conduction were negligible when compared to convective
transport.

The effect of temperature rise on the diffusion coeffic-
ient was neglected. In addition, stoichiometric diffu-
sion was assumed such that the radial velocity vector
could be taken as zero. Then for the first-order reac-
tion, the radial movement of material becomes by Ficks'

law:
apA

Ia = Pac o (IT1-8)
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where DAC is taken as constant, and for the second-
order reaction:

BpA
—DAM T (ITI-9)

Ja =
where.DAM is the stoichiometric mean diffusion coefficient
and was calculated from the Hayduk-Laudie correlation(lg).
DAM would normally be expected to vary but the effect

of this variation was assumed to be negligible.
The resulting steady-state continuity and energy equations
for both first~ and second-order reaction kinetics under the

three different flow conditions are shown in Table III-1l.

ITII-B-1 Numerical Solution

No readily integrable analytical solution could be obtain-
ed for the derived differential equations. Approximate solu-
tions were obtained by numerical integration of corresponding
difference equations. Before proceeding with the finite-
difference method, the differential equations were first writ-
ten in dimensionless form and the groups and.variables selected
were the same as those used by previous workers(6’7) so that

results could be readily compared, namely:
pC_ D

Lewis Number, G, = —E2% (III-22)
c
Activation Energy Group, G2 = E/RTO (IT1I-23)

Frequency Factor Group, G3 = r p C AI/k

C
(ITI1-24)

i
|
1

lst-order reacti{
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Frequency Factor Group, G3

where Ao = AII(pAo + pBo)

Heat of Reaction Group, G4

Radial Position, a =

Axial Position, w = k

Dimensionless Concentration,

"2
pAo + pBo

By = (Pgy = Ppo) 7/ (Ppq ¥

Dimensionless Temperature, 6

2
r,° e Cp Ao/kc

—AHpAO/p Cp TO

—AH(pp, + Ppg

2nd-order reaction
(III~-25)

(III-26)

lst-order reaction

(I1I-27)

)/p CpTO

2nd-order reaction

(IT1I~-28)

initial or entrance temperature

x
o

X =

pBo)

2

<u> C

Fa
Pao

(T - T))/T

(II1-29)

p (III-30)

lst-order reaction

(ITI-31)

2nd-order reaction

(ITI-32)

(ITI-33)

(III-34)

These values were used to develop the required dimensionless

continuity and energy equations shown in Table III-2.
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III-B-2 Boundary Equations

In order to develop the algebraic equations to solve the
differential equations given in Table III-2, it was necessary
to modify the equations, (1) at the centreline of the reactor
and (2) at the reactor wall, i.e., a = 0 and a = 1, respec-
tively.

At the reactor centreline, the conditions imposed were:

9X 3
(55) . (2D = 0 (II1-47)
sa a=0 Jda =0
and
(%g) = 0 (III-48)
a
a=0
An indeterminate form (% %g was obtained and the problem
a=0
was solved by applying L'Hbpital's rule.
Lim 1 38 3%0
a0 a3a _ 9a? (I1I-49)

These boundary conditions were then inserted in the equations

of Table III-2.

III-B-2-1 Reactor Centreline: At the reactor centreline,

the corresponding dimensionless equations were:

First-order Kinetics:
99 328 =G,/ (6+1)

Case 1 W = 4-a—avz' + 2x G3G4e (III"SO)
2 -
cases 2 § 3 98 = 2278 L 4 Gg.g,e G2/ (0+D) (ITI-51)
ow 3a2 374
dx  _ %x _ -G,/ (6+1) _
Case 3 FTr —v 2Gl N a2 G3 x e 2 (ITI-52)

- [.‘ e
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Second-order Kinetics:

30 _ 929 -G,/ (6+1) -

30 _  .3%0 -G,/ (8+1) _
Cases 2 & 3 3—‘; = 238.—2 + G3G4 y(y+Ay)e 2 (III 54)

dy _ %y _ -G,/ (6+1) -
Case 3 N 2 Glaaz G3 y(y+Ay)e 2 (III-55)

III-B-2-2 Reactor Wall: At the reactor wall, the boundary

conditions depended on both the assumed flow model and the

reaction conditions and are shown in Table III-3. The equa-

. . 20 .
tions to be solved were parabollc( ) and are summarized as

follows:

First-order Kinetics:

1. Adiabatic Reactor
2
26 e—Gz/(9+l)

Cases 2 & 3 TaT + G3G4 X 0 (ITI-56)
3% -G,/ (0+1) _
Case 3 Gl "az G3 Xxe 2 = 0 (III-57)
2. CWT Reactor
9%x -G
g X . = III-58
Case 3 Gl Y G3 x e 2 0 ( )

Second-order Kinetics:

1. Adiabatic Reactor
320 =G,/ (0+1)

5 = III-59
Cases 2 & 3 ~a? + G3G4 y(y+Ayle 0 ( )
2 —
Case 3 6. L¥ - g y(ysye G2/ 0T o (III-60)
1 9a?2 3
2. CWT Reactor
32 -G
- = III—61
Case 3 G, 33 Gy y(y+ay)e 2 0 ( )



TABLE III-3

WALL BOUNDARY CONDITIONS

Flow Model

Adiabatic Reaction

Constant-wall~temperature

Reactor
4 B0 8=0
Plug Flow a=1 a=1
- - 96 _ — —
Laminar Flow x=0,y=0, da X 0, ¥
a=1 6 =
a=1

Laminar Flow
accompanied by

radial diffusion
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III-B-3 Finite-Difference Equations

An implicit method, the Crank~Nicholson method(zo'zl)
was used to develop the required algebraic equations. Full
details afe given in Appendix 6. Considering a point X n

14

in the reactor (see Figure III~1l) the following numerical

approximations were made:

X + X f

x = _m,n+l - m,n (I1I-62) :

é 9x -~ “m,n+l ~ *m,n E
% w X (ITII-63) ;
; 09X ~ 1 ;
32 I8 Fmil,n+l T *m-1,n01 T *m-l,n T ¥nel,n’ (I1I-64) ;

i

3% x = —iyix - 2x + x + x - 2% + x ﬁ

oaz2 2h m+1l,n+1 m,n+1 m-1,n+1 m+1l,n m,n m-1,n"
(III-65)

i

e_Gz/(em n+1) |

P was taken as constant over an axial increment k. i

At the wall, explicit formulations were used in Cases

2 and 3.
3_2_}_{. =] "Xm+2 ,n+l * l6xm+l,n+l - 30xm,n+l + l6xm—1,n+]_— Xm—2,n+l 3
daz RY |

(ITI-66)

Similar equations were written for 6.

Typical algebraic equations are shown in Table III-4 for !
the plug flow reactor and are given in full in Appendix 6.
The two sets of algebraic equations developed were solved

alternately, the calculations being carried out on an IBM 360/65



*m-1,n+1
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X
m,n+1

Xm+l,n+l

X
m-1,n

X
m+1,n

o

Xm--l,n—l

Xm+l,n-1

Ficure I1I-1 FINITE-DIFFERENCE GRID




FINITE-DIFFERENCE EQUATIONS FOR THE PLUG FLOW REACTOR

v B

TABLE 1III-4

1. First-Order Kinetics

IA

1. CWT Reactor 0

2. Adiabatic Reactor

2. Second-Order Kinetics

IN

1. CWT Reactor O a

2. Adiabatic Reactor

Note: Referring to equation (III-67)

A

As

The remaining parameters A3 to Ag and D; to D)o are as defined in

Appendix 6.

IN

IN

{

1 Alxm,n+1 = Azxm,n (1I11I-67):
1 A3em+l,n+1 + Auﬁm’n_'_l + A5Bm—l,n+l = A, (III—68);
A762,n+1 + Asel’n+l = A9 (III—69X
0, =8 +kGsCulx ,, +x)e 2t 1170y
- 2 i
Looxp ep = (Dt ¥D; - 4D,D,)/2D, (T11-71),
1 Dl‘em+1,n+l + D5em,n+l + Dsem-l,lﬂ'l = Do (III—72)F
- |
Daez,n+l + Dgel,n'*‘l = DIO : (III—73)?
- 1 %

en+l en + §kG3Gu(xn+ xn+1)(xn + X + 2A%)

-G, /(6_+1) ;
e 2'"n (I1I-74);

i

1+ KkGy e G2/ Oy o+ 1)

1 - kGj e—GZ/(em,n + 1)
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computer. Firstly, the concentration change was calculated
for an axial increment and the corresponding temperature rise
evaluated. The temperature rise was required before the next
concentration change could be calculated. This procedure was
repeated élong the length of the reactor. In determining the
concentration profiles for the first-order reaction, computa-
tional procedures were straight-forward, a standard Gauss-
Jordan elimination sub-routine being required for the third
flow model. This sub-routine was also employed in determining
temperature profiles. In the case of the second-order reac-
tion, the numerical equations involved the square of the con-
centration. This problem was overcome for plug flow and
laminar flow by only taking the positive root and putting

y = 0 when both roots became negative. For the case of lam-
inar flow accompanied by radial diffusion, the above technique
could not be used and an iterative method had to be employed.
Two to three iterations were required for each axial incre-
ment. Bulk or "cup-mixing" concentrations and temperatures
were computed from the radial concentration and temperature
profiles respectively using Simpson's rule to evaluate the

integral, that is,

1
Plug flow: <x> = 2 [ x a da (ITI-75)
o
1
<> = 2 f 6 a da (III-76)
o
1
Laminar flow: <x> = 4 f x(l-a?)a da (ITII-77)
o
1
<> = 4 [ 8(l-a)a da (III~-78)




Other numerical methods using Romberg's integration and
the Gauss quadrature were investigated but showed only marg-
inal improvement or were inferior to Simpson's rule(zz).
Numerical calculations were then carried out to determine
the effecfs of varying parametric groups, reaction conditions,
reaction kinetics, flow conditions and inlet reactant concen-

tration on conversions and temperature rises along the reactor.
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Iv. THEORETICAL RESULTS AND DISCUSSION

IV-A INTRODUCTION

Before carrying out detailed numerical computations,
comparisons were made with the work of previous investigators(u-e)
(see Appendix 1). Figure IV~l shows the results reported by
(6,7)

Rothenberg for a first~order reaction taking place in a

constant-wall-temperature (CWT) reactor. Calculations pre-
dicting the variation of both cup-mixing temperatures, <6>
and cup-mixing concentrations, <x> with the axial distance,
W, were compared. The results are in good agreement and in
addition, the instabilities reported by Rothenberg for G4
values greater than 0.37 have been eliminated. The results
were also compared with data reported by Cleland and Wilhelm(“)
for the hydration of dilute solutions of acetic anhydride

under isothermal conditions, the agreement was very good.

The results obtained by Vignes and Trambouze(s) and Shinohara(a)
for a second-order reaction, the saponification of ethyl

acetate, were also found to be in good agreement with results

computed from the equations developed in this investigation.

Iv-a-1 Effect of Reaction Conditions

The behaviour of an adiabatic and a CWT reactors is
shown in Figure IV-2. In the CWT reactor, the temperature
profile exhibited a characteristic maximum whereas in the

adiabatic reactor, the average temperature, <0> is found to
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increase with the axial distance and then flatten and remain
constant. The calculations showed that under normal cond-
itions, in order to achieve a given degree of conversion,
higher residence time is required in a CWT reactor than if
the reaction is carried out under adiabatic conditions. In

comparing results, it was found to be more convenient in all

cases to plot <x> values rather than the <y> values calculated

for the second-order reaction.

IV-a-2 Effect of Reaction Kinetics

The effects on concentration and temperature profiles
investigated in this study were generally of the same form
for both first- and second-order reactions. However, in the
adiabatic and CWT reactors for a given axial distance, w,

first-order kinetics always gave higher conversions than

second~order kinetics, (Figure IV-2). Also, for the adiabatic

reactor, the corresponding temperatures were always greater
for a first-order reaction than for a second-order reaction
until they both converged to the maximum temperature attain-
able, (Figure IV-2) while for the CWT reactof, a first-order

reaction was found to result in a higher maximum temperature

(Figure IV-2).

IV-B Adiabatic Reactor

IV-B-1 Effect of Flow Model

As a general rule, the more uniform the velocity profile,




the higher the conversion. This is shown in Figure IV-3
where at a given axial distance, w, the plug flow model gave

a higher average temperature, <8> and a higher conversion than

Case 3 and Case 2.

IvV-B-2 Effect of Lewis Number, Gl

When radial movement of material took place, the velocity
pfofile became more uniform and conversion increased as can
be seen in Figure IV-4 where Gl was varied from 0.00659 to

6.59. However, at very low values of Gl’ increasing G, ten

1
fold did not change the temperature and concentration profiles
appreciably and it was only when Gl values where increased by
a factor of 100 that an effect of radial movement on conver-
sion and temperature became significant. These results indi-
cate that temperature effects on the diffusion coefficient

can be ignored in liquid systems in developing the transport
equations and confirm the results reported by Shinohara(e)

IV-B-3 Effect of Activation Energy Group, G2

and Frequency Factor Group, G3

When studying the effects of G2 and G3, the energy of
activation group and the frequency factor group, respectively,
the products G3e—G2 were held constant at 3.316. The results
were similar to those obtained with the CWT reactor and will

be discussed in section IV-C-3. Tabulated results appear

in Appendix 1.

iy
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Iv-B-4 Effect of Heat of Reaction Group, G4

In studying the effect of G4 on the conversion and temp-
erature profiles, a concentrated system was investigated so
that the heat of reaction is of major importance in effect.

G4 was varied from 0.634 to 2.536. As can be seen from
Figure IV-5, the maximum temperature attainable will be obser-
. ved in a short reactor when G4 values are high and a long
reactor will be needed when a reaction exhibits low heat of
reaction.

The temperature rises became steeper as G4 was increased.
When G4 was doubled from 0.634 to 1.268, the maximum temper-
ature changed from 0.093 to 0.190 and when doubled, from 1.268
to 2.536, <06> went from 0.190 to 0.380.

It was also possible to observe the effect of flow model
as G4 was varied. At a given value of G4, the maximum temp-
erature was reached sooner for the plug flow case than for
the laminar flow models (Figure IV-5). It was also observed
from Figure IV-5 that as G4 was increased, conversions in-
creased with the plug flow model predicting higher conversion

than the laminar flow models.

IV-B-5 Effect of Concentration

Varying the inlet reactant concentration, affected

Pao’
the overall conversion and the final temperature. Conversions

initially increased to a maximum and then decreased as Pao

eRikersd
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was increased; this was the result of the accompanying de-
crease in pBo' As can be observed in Figure IV-6, this
decrease in Ppo Was not always compensated for by the in-
crease in reaction rate due to the temperature rise. Conse-
quently,.for a given length reactor, the percentage conversion
could decrease as the concentration Pro Was raised. This

effect of concentration on percent conversion was also pron-

ounced for a CWT reactor as discussed later in section IV-C-5.

IV-C CWT Reactor

In this section, a reactor with a wall temperature equal

to the inlet temperature will be exclusively studied.

IvV-C-1 Effect of Flow Model

In a CWT reactor, the cup-mixed temperatures were found
to exhibit characteristic maxima as the reaction proceeded
(Figure IV-7). In the same figure, the predicted maximum
temperatures were observed to be appreciably smaller in plug
flow than in laminar flow. It was also observed that due to
the larger temperature rises taking place under laminar flow
conditions, overall conversion rates were slightly higher in

laminar flow than in plug flow.

iv-C-2 Effect of Lewis Number, Gl

When the effect of radial transport was studied by vary-

ing Gj, the maximum temperature decreased as Gj increased
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and the results tended towards those predicted for the plug

flow reactor. Tabulated results appear in Appendix 1.

Iv-Cc-3 Effect of Activation Energy Group, G,

and Frequency Factor Group, G3

Those results were similar to those calculated for the
- adiabatic reactor. The product G3e—G2 was held constant at
3.316, and Figure IV-8 shows that the higher the frequency

factor group, G3, the higher the conversion.

Iv-C-4 Effect of Heat of Reaction Group, G4

When G, was varied, the calculations showed that as Gy
values were increased there was an accumulation of heat in
the initial section of the reactor resulting in very high
initial temperatures (Figure IV-9). These temperature rises
resulted in acceleration of the reaction (Figure IV-10).

This effect was the same for all flow models with the maxi-
mum temperature being reached faster in plug flow than in
laminar flow.

The effect of G4 on conversions is shown in Figure IV-10
where a varied effect of flow pattern on conversion was obser-
ved. Thus, for high values of G4, overall conversion could
be greater under laminar flow conditions than for plug flow
conditions due to the large temperature rises. However, as

heat effects became less important, the plug flow reactor

B s
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was observed to be more efficient. This latter effect has
been predicted for an isothermal flow reactor(lu) and was
found in this study to be particularly pronounced for endo-
thermic reactions (Figure IV-10). It should be noted that
depending'on the reaction, high temperature rises taking
place in laminar flow could lead to undesirable product de-

gradation rather than an increase in conversion.

IvV-C-5 Effect of Concentration

The effect of inlet concentration was similar to the
effects calculated for adiabatic reaction conditions. The
maximum temperature initially rose as Ppo Was increased then
decreased due to the decrease in Pro (Figure IV-11l). This
resulted in a decrease in the fractional conversion along the
reactor as Pao Was raised. Figure IV~ll shows the difference

in conversion among various values of initial concentrations

of reactants.

Iv-D Radial Profiles

Iv-D-1 Radial Profiles for Adiabatic Reactors

The radial profiles depended on both flow model and reac-
tion conditions. Under plug flow conditions, concentration and
temperature profiles were constant for an adiabatic reactor
(Figures IV-12 and IV-13). Under laminar flow conditions,

the profiles varied widely with the radial distance, a. The
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residence time of the material was higher at the wall and
conversions were greater, resulting initially in a higher
wall temperature (Figures IV-12 and IV-13). Figure Iv-12
shows that the reactant concentration fell rapidly at the
wall with a maximum reactant concentration being established
at the centre of the reactor. Then, as the reaction proceed-
ed and the reactant depleted, the profile gradually flattened.
The corresponding temperature profiles for the laminar
flow reactor are shown in Figure IV-13. The maximum radial
temperature occurred first near the reactor wall because of
the small velocity there and then moved towards the centre
of the reactor as the reaction proceeded. Point temperatures
in excess of the theoretical adiabatic temperature were found
due to radial transport of material. When the effect of Gl
was studied, radial transport of material tendedlto flatten

the profiles.

IVv-D-2 Radial Profiles for CWT Reactors

In contrast for the plug flow CWT reactor, the concentra-
tion profiles do not remain uniform as the reaction proceeds
as observed in the adiabatic case (Figure IV-14). For the
plug flow reactor, the model predicted a depletion of reac-
tant concentration at the centre of the reactor opposite to
that predicted for laminar flow. Heat was removed at the
wall resulting in a decrease in reaction rates. Consequently,
conversions were greater in the centre of the reactor than

at the wall.
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An opposite effect was observed for laminar flow. Due
to the parabolic velocity profile, the residence time was
larger at the wall and higher conversion took place, deplet-
ing the reactants (Figure IV-14). The concentration profiles
were of approximately the same shape under laminar flow con-
ditions as those found for the adiabatic reactor. As the
reaction proceeded, the radial concentration profiles became
more pronounced for plug flow but flattened for laminar flow.

In the case of the temperature profiles, the plug flow
model always predicted a maximum at the centre of the reactor.
Under laminar flow conditions, calculations showed that in-
itially, the maximum temperature should appear at an inter-
mediate radial position before being established at the centre
of the reactor (Figure IV-15).

The calculations also showed that for all fiow models,
maximum point temperatures were much higher than the maximum
cup-mixed temperatures. The calculations indicated, however,
that there was very little effect of flow model on maximum
point temperatures reached in a flow reactor even though max-
imum cup-mixed temperatures differed appreciably under laminar

and plug flow conditions.

IV-E Comparisons between Adiabatic and CWT Reactors

Adiabatic reactors gave, as expected, greater conversions
and temperature rises when compared to constant-wall-tempera-

ture reactors.
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Although in the adiabatic reactor the plug flow model
always gave higher conversions than the laminar flow
assumption, in a CWT reactor and for highly exothermic
reactions greater conversions can be obtained with the laminar
flow conditions than with the plug flow assumption.

The radial concentration profiles for both the adiabatic
and the CWT reactors predicted a maximum concentration at
the centre of the reactor when laminar flow was assumed.
However, with the plug flow assumption, the radial concen-
tration profile for the adiabatic reactor was uniform and
that for the CWT reactor was found to predict a minimum
concentration at the centre of the reactor. The maximum
radial point temperature reached the reactor centre at a
shorter axial distance, w, in the CWT reactor than in the

adiabatic reactor.
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V. DETERMINATION OF REACTION RATE CONSTANT

. 4 ,23-26
Previous workers (s )

concerned with the deter-
mination of the rate constant of the hydrolysis of acetic
anhydride found that the pseudo-first-order rate constant
is dependent on both the temperature and the initial acetic
anhydride concentration.

Vles (2%) published a summary of hydrolysis constants
determined at temperatures between 0° and 25°C and a con-
centration range of 0.00324 to 1.1025 mole of acetic
anhydride per liter of solution. The reaction rate constant,
k, was found by Gold (27) to be a linear function of
(D - 1)/(2D + 1) where D is the dielectric constant. It was
observed by Rivett and Sidgwick (22) and Vles (25) to decrease
with increasing concentration of acetic anhydride. And
finally it is reported by Orton and Jones (24) and Oshima (ze)
to be dependent on the presence of acetic acid. Koskikallio(zg)
observed that the activation energy, E, decreased as tempera-
ture increased. He also found that E was a function of the
amount of acid present and concluded that the reaction was
acid-catalyzed.

From data collected in the literature, it was found that
the energy of activation was not a constant but depended
strongly on the concentration of acetic anhydride. A wide range
of activation energy values has been reported in the literature
from 8.03 to 16.37 kcal/mole as concentration of acetic

anhydride was varied from infinite dilution to equimolar

i




concentration. For the concentration range (0.291 to 1.470
mole/%) studied in this investigation no unique value of
activation energy could be taken. Values of E at different
temperatures and concentrations of acetic anhydride are
summarizéd in Table V-1. The variation of E with concen-
tration of acetic anhydride is shown in Figure V-1. In the
same range of temperatures, the activation energy at a

. concentration of 10M was found to be twice that at infinite
dilution. The activation energy was therefore assumed to be
a function of concentration. The variation of E with acetic

anhydride concentration, Ppr Was approximated by

E = 5,270 pA'22 + 8,030 when Py < .2M (Vv-1)

and E

]

5,270 pA'Z“ + 8,030 when p, > .2M (V=2)

The effects of temperature and concentration on the
frequency factor, A, were then investigated using previous
workers' values of reaction rate constant, k (see Table V-2).
Substituting E values from the above equations into the
values of k reported in the literature, Rn;;could be
evaluated. These values were then plotted against pA
(Figure V-2). No significant effect of temperature on n A
could be found but nA was shown to increase with increasing

concentration. The following relationship was found.

2n A= 8.2689 pA°22 + 12.00 (V=3)
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TABLE V-1

ACTIVATION ENERGY VALUES, E.

E T Pa
(kcal/mole) (°c) (gmole/2.) Authors
8.03 25 o dilution Takashima (3%

10.61 15 to 35 | 0.02 to 0.06 | Cleland & Wilhelm '’
10.75 30 to 65 0.25 Glasser (°%)
11.64 10 to 40 0.25 Takashima (°2)
11.68 35 to 65 0.17 Dyne (%)
13.69 65 to 95 1.34 Marek (")
13.75 25 to 50 | 1.24 to 2.59 | Janssen (%)
16.0 20 to 60 | 9.7 to 10.5 | Oshima (2%
16.37 - 8.85 Marmers (38)
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VALUES OF REACTION RATE CONSTANT,

TABLE V-2

kI.

E na kI kI
Tem- | (Egn. 3-1 (Eqn. |Litera-
0 pera-| or 3-2) 3-4) ture
A tgre (kcal (Egn. -1 -1
(mole/ )| ( Q) /mole) 3-3) J(min )| {(min ) Authors
0.02 25 10.26 15.50| .1621 .1620 Orton & Jones (24)
0.035 25 10.55 15.96| .1566 .1600 Vles (26)
0.075 15 11.01 16.68| .0778 .0817 Cleland & Wilhelm ()
0.075 25 11.01 16.68| .1482 .1553 Cleland & Wilhelm ()
0.075 25 11.01 16.68 | .1482 . 1596 Kusunoki (37
0.075 35 11.01 16.68 .2710 .2733 Cleland & Wilhelm (4)
0.17 35 11.60 17.601 .2609 .2516 Dyne (39)
0.25 25 11.81 18.10} .1593 .12264 | Glasser ¢h
0.25 25 11.81 18.10) .1593 . 1590 Takashima (32)
0.2650 25 11.86 18.17| .1575 .1485 Rivett & Sidgwick (23)
0.3389 18 12.09 18.52 .0917 .0916 Wilsdon & Sidgwick<25)
0.5353 25 12.57 19.21| .1347 .1328 Rivett & Sidgwick (23)
1.1 25 13.42 20.44 ] .1095 . 1405 Kusunoki (37)
1.1025 18 13.42 20.45| .0635 .0634 Wilsdon & Sidgwick (2%)
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The reaction rate constant was then evaluated at any

value of temperature and concentration using the following

derived relationship.

22 or .2% 4 8,030)

5,270p, °
ik = 8.2689 p "*" + 12,00 - ¢ A (v-4)
RT
, =1
where k: min
On . g mole/f%.solution
T: 9K

Values of reaction rate constant calculated from equation
(V-4) were found to be in good agreement with most litera-

ture values (Table V-2).
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VI. EXPERIMENTAL - APPARATUS AND PROCEDURE

VI-A Apparatus

A échematic diagram of the apparatus is shown in Figure
VI-1l. Acetic anhydride and water were pumped by Milroyal
duplex metering pump (B) to heating coils and to a mixing
tank (D) where the two phases were mixed together. The coils
and the mixing tank which also acted as a surge tank, were
immersed in a water bath (C). The reactant mixture was then
passed through the reactor (F) where acetic anhydride reacted
with water to form acetic acid.

The reactor was made up of a stainless steel tube,

I.D. = 1.87 cm. and overall length 250 cm. The inlet of the
reactor comprised a conical section 4.25 in. long to minimize
flow fluctuations as reactants entered the reactor. Water
was circulated through the jacket (G) for operation of the
reactor as a CWT reactor. When operating as an adiabatic
reactor, walls were first covered out with an air jacket, but
with later runs, the reactor was insulated with styrofoam.

Eight temperature probes (H) were placed in the reactor.
The first seven ones were 25 cm. apart and the remaining ones

50 cm. apart. In order to obtain a radial profile, each

thermocouple was placed on a traversing mechanism (Figure VI-2).

During the runs, the thermocouples were recessed into the
reactor wall so as to avoid disturbing the flow patterns.

The millivolt readings were obtained with a Leeds and Northrup
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8686 Millivolt Potentiometer. Sample valves (J) were placed

at the inlet and outlet of the reactor.

VI-B Experimental Procedure

The pumps were adjusted to give the desired flow rate.
The reactants then passed in the heating coils, mixer and
reactor. When CWT runs were being carried out, water was
circulated through the jacket. Temperature and concentration
measurements indicated when steady-state could be assumed.

At this time, temperature profiles were taken down the reac-
tor and the exit and inlet concentrations evaluated.

The values of the concentrations measured at the inlet
of the reactor varied between 0.291 to 1.470 mole acetic an-
hydride per litre of solution. The range of inlet tempera-
tures varied from 25.57° to 27.51°C and 35.45° to 38.91°C.
The Reynolds number ranged from 88 to 346.

Acetic anhydride concentration was determined by the
aniline-water method as described in Appendix 3. Two samples
were taken at both the outlet and inlet of the reactor. One
sample was analyzed for total acidity and the other was reac-
ted with an excess of saturated aniline-water solution. The
aniline reacted with the acetic anhydride to form acetanilide.

Details and example of calculations appear in Appendix 3.
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VII. EXPERIMENTAL RESULTS AND DISCUSSION

VII-A Introduction

Experiments were carried out at 25° and 35°C under
adiabatic conditions and in a constant-wall-temperature
(CWT) reactor. The effects of reaction conditions, inlet
concentration and velocity on conversion and temperature
were studied. The range of conditions investigated are
shown in Table VII-1l. The values of the physical properties,
the dimensionless parameters characterizing each experiment
and experimental results obtained are tabulated in full,
Appendix 2.

Temperature rises were found to vary between 1.96 and
4.80°C in the air jacketed reactor and between 3.39 and
6.06°C in the insulated reactor. Typical radial and axial
temperature profiles are shown in Figures VII-1 and VII-2,
respectively. Conversions were between 30.6 and 56.4% in the
CWT reactor, between 26.8 and 72.5% in the air jacketed

reactor and between 24.0 and 75.6% in the insulated reactor.

VII-B Comparison of Experimental and Predicted Results

VII-B-1 Conversions

As water concentration was relatively constant simu-

lated comparisons were based on a first—-order reaction. The



Temperature (OC)
DAo(mole AAJQ)
pBo(mole H0/%)

pCO (mole CH3COOH/R)
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TABLE VII-1

RANGE OF CONDITIONS

<us(ém/sec)
Re

Temperature Rises (OC)

Conversion (%)

CWT Reactor Air Jacketed Insulated
Reactor Reactor
26.70-38.91 26.68-36.55 25.57-36.96
.291-1.282 .330-1.356 .582-1.470
43.26-50.84 43.18-50.91 42.44-46.76
.912-2.613 .840~-2.502 1.370-2.458
.629-.856" " .402-1.316 .629-1.316
137-188 88-~287 134-346
0.00-0.25 1.96-4.80 3.39-6.06
30.6-56.4 26.8-72.5 24.0-75.6
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reaction rate constant, k, as discussed in Chapter V, was
found to vary with acetic anhydride concentration and was
calculated in the present investigation according to equation
(v-4). The computed k values were found in good agreement

with most literature values (Table Vv-2).

VII-B~1l-a CWT Reactor

In the CWT reactor agreement between experimental and
predicted conversions was very good (within 2% when laminar

flow was assumed) at low initial acetic acid concentrations,

Pe = 0.912 mole/%, but larger differences were observed at
o

higher P values (Table VII-2). The axial conversion profiles
predictedoby the plug flow (Case 1) and the laminar flow (Case
2) models and corresponding to reaction conditions of Run no.
15 are represented by the dashed lines in Figure VII—3 and
show expected trends of conversions with axial distance, w.
Experimental conversions obtained at 27°C for different
Reynolds numbers were in general lower than those predicted
by the three flow models and even lower than those computed
for the constant-stirred-tank (CSTR) reactor (Table VII-2).
The acceleration of the reaction due to the presence of
acetic acid has been reported by Oshima (z0) at low (up to
0.8M) acetic acid concentrations (Section VII-C-1). On the
other hand, the reaction has been observed by Orton and Jones
to be slowed down by the acid, the reaction taking place very
slowly in glacial acetic acid. In the present study

and at high acetic acid concentrations experimental

conversions were found to be lower than

(24

)
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TABLE VII-2

EXPERIMENTAL AND COMPUTED ACETIC

ANHYDRIDE CONCENTRATIONS. CWT REACTOR

pc <x> Computed Difference
Run o} <x> Case Case Case Case Case Case
no. (mole/L.) expt. CSTR 1 2 3 CSTR
15 0.912 .436 .510 .382 .456 .450 -.074
17¢ 1.353 .601 .575 .477 .539 .532 +026
17B 1.373 .610 .582 .487 .547 .541 +028
13 1.648 .694 .621 .544 .596 .589 +073
14 2.001 .630 .530 .412 .482 .475 100
24 2.613 .461 .308 .105 .185 .182 -153
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predicted and to differ more from the simulated results

as the initial acetic acid concentrations increased

(Table VII-2). The effect was found to be more pronounced
at higher temperatures. When 2.6M acetic acid were present
initialiy at 38.91°C, 28% less conversion than predicted
was experimentally observed (Table VII-2). The acetic acid

effect on conversion and temperature rise is discussed in

greater detail in Section VII-C-1.

VII-B-1-b Air Jacketed and Insulated Reactors

Similar results as those observed in the CWT reactor

were found in the air jacketed and insulated reactors

(Table VII-3). Acetic acid concentration again tended to
decrease conversion but its effect on conversion was not as

evident as in the CWT reactor. 2aAn effect of the heat of

reaction, AH, which is strongly concentration dependent

was also observed (Table VII-4). Discussion is reported to

Section VII-C-2.

Observed and predicted conversions and temperature
rises at different Reynolds numbers are tabulated in
Table VII-5. The combined effect of Reynolds number and
acetic acid concentration at 25°C is best visualized in
Figure VII-4. It was observed that at a given Reynolds
number conversion decreased as the initial acetic acid
concentration increased showing the deceleration of the

reaction at high acetic acid concentration. However at
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TABLE VvII-3

ON CONVERSION AND TEMPERATURE RISE

Run P (}x>
Yo. <, expt

(mole/%)

CWT REACTOR

15 912
17¢C 1.353
178 1.373
13 1.648
14 2.001
24 2.613

AIR JACKETED REACTOR

.840

1.046

1.180

1.450

1.542

1.742

1.848

2.046

4 2.502

WooHwWwNN~NNOH WL

INSULATED REACTOR

7PC 1.370
2P 1.380
2PC 1.394
3p 1.492
3PC 1.662
4P 1.872
47C 1.886
31PC 1.664
37pC 1.764
32pC 1.938
33PC 2,276
34PC 2.458

_ x> Ri - T.Ri
*“Case 2:) (:T Rlseexpt T RlseCase

-.020
+.062
+.063
+.098
+.148
+.276

~-.003
-.049
+.018
+.112
+.140
+.184
+.120
+.089
+.131

+.010
+.105
+.138
+.090
+.082
+.124
+.115
+.219
+.100
+.186
+.171
+.091

[eNeoNoNoNolNe]

-0.07
+0.16
~-0.17
-0.59
-2.92
-1.79
-1.53
-1.04
-2.66

-0.54
-2.61
~1.57
-2.08
-1.71
-1.21
~1.05
-3.17
-1.59
-3.65
-2.86
-1.77

D

D PSTTO| {.51ic0i
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TABLE VII-4

EFFECT OF HEAT OF REACTION VALUE ON

PREDICTED CONVERSION AND TEMPERATURE RISE

Difference in

Difference in Temperature Rise
N 0 Conversion (OOC)
Run B S AH = -8.9 AH=-12.54 AH = -8.9 AH=-12.54
no. (mole/%.) (mole/R.) kcal/mole kcal/mole kcal/mole kcal/mole
7PC . 795 1.370 +.009 -.010 +.73 -.54
2P 1.470 1.380 -.078 -.105 -.62 -2.61
1 . 880 1.046 +.061 +.049 +1.17 +.16
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TABLE VII-5

EFFECT OF REYNOLDS NUMBER

ON CONVERSION AND TEMPERATURE RISE

Run <x> <x> T. Risg T. Risg
no. Re expt. Case 2 expt. ( C) cCase 2 ( Q)
CWT Reactor

13 188 .694 .596 -0.15 0
17¢C 175 .601 .539 -0.06 0]
17B 174 .610 . 547 -0.25 0
15 163 .436 .456 -0.13 0
14 137 .630 .482 0.00 0
24 174 .461 .185 -0.02 0
Air Jacketed Reactor

1l 287 .595 .644 3.41 3.25
2 238 .732 .592 2.73 5.65
3 188 .676 . 492 4.80 6.59
7 177 .575 .463 3.55 4.14
5 163 .433 .436 1.96 2.03
4 138 . 497 .377 4.43 5.96
6 125 . 360 . 342 2.38 2.55
8 88 .301 .212 4,09 5.13
34 166 .275 .144 4.47 7.13
Insulated Reactor

2p 237 .703 .598 3.39 6.00
2PC 232 . 760 .622 3.91 5.48
3p 186 . 599 .509 4.61 6.69
3PC 183 .609 .527 4.68 6.39
7pC 169 .526 .516 3.51 4.05
4p 136 .514 . 390 4.95 6.16
4PC 134 .523 .408 5.19 6.24
31pPC 346 .625 . 406 5.14 8.31
32pC 289 .485 . 299 5.90 9.55
33pC 227 . 396 .225 6.06 8.92
37pC 208 .356 . 256 3.42 5.01
34pPC 165 .244 .153 5.11 6.88
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low acetic acid concentration higher conversion than
predicted was always obtained in the three different types
of reactor. This indicated that, as reported by

(28)

Oshima + the reaction was accelerated by acetic acid

when the acetic acid concentration is less than 1.05M. At
higher acetic acid concentrations, the reaction was slowed
down by the acid.

Conversion profiles for the air jacketed and insulated
reactors are shown in Figure VII-5 for runs at 25°C and in
Figure VII-6 for runs at 35°C. The simulated conversion

profiles (dashed lines in both figures) were based on the

reaction conditions for Run no. 4P (Figure VII-5) and Run

no. 34PC (Figure VII-6). Experimental conversions were in

most cases lower than predicted (Table 2-6).

The effect of reaction conditions is summarized in
Table VII-6& Under similar conditions of temperature,
initial acetic anhydride concentration and average velocity,
more conversion was obtained in the insulated reactor
(Run no. 3P) than in the air jacketed reactor (Run no. 3)
and than in the CWT reactor (Run no. 13). The effect of
reaction conditions was found to be less bronounced at low
initial acetic anhydride concentration (Run nos. 15 and 5).

The greater differences observed between experimental
and simulated values at 35° than at 25°C (Table 2-6)
could be due to an error in estimating the activation energy.

The error caused by approximating the kinetic constants is

discussed in greater detail in Section VII-C-3.

% Sikasn
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TABLE VII-6

EFFECT OF REACTION CONDITIONS

ON CONVERSION AND TEMPERATURE RISE

Run
No

1.
13

15

3p

3pC

To Pa <x> Temperature Rise
o
(OC) (mole/LR) expt. Exptal.(oc)
CWT REACTOR
27.42 1.282 .694 0
26.70 .291 .436 0

AIR JACKETED REACTOR

27.48 1.252 .676 4.80

26.68 .330 .433 1.96

INSULATED REACTOR

27.03 1.325 .599 4.61
26.34 1.316 .609 4.68




VII-B-2 Temperature Rises

The temperature rises were based on a heat of
reaction value of -12.54 kcal./mole at 25°C as given by
(32)

Takashima (Appendix 3). The results obtained were

generally found to be lower than those predicted by laminar
flow (Table 2-5) and were consistent with the observed
conversion. The differences between experimental and
predicted temperature rises are explained by the strong
dependency of heat of reaction on concentration (Section
VII-C-2) and were generally observed to be greater at high
initial acetic anhydride concentrations or at high initial
temperatures where the kinetics were not well-established.

The observed low and asymmetric radial temperature
profiles (Figures VII-1 and VII-7) could be due to the heat
lost through the temperature probe holders. The predicted
lower temperature at the centre of the reactor could not
be obserbed experimentally.

Figure VII-8 shows the variation of average temperature
along the reactor. Measured values were lower than
predicted and increasing with axial distance. The predicted
higher average temperatures at 35°C than at 25°C were not
observed (Run nos. 4 and 34). This was probably an error
in estimating the activation energy at 35°C (Koskikallio(zg)).

Air jacketed temperature rises were lower than those in
the insulated reactor indicating heat lost through the

reactor wall (Figures VII-2 and VII-8). In the insulated
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reactor (Figure VII-2) the agreement was better than in the
air jacketed reactor (Figure VII-8). In both reactors the
axial temperature profiles were found to intersect at a
shorter axial distance than predicted. This could be due

to the presence of acetic acid. For example, in the
insulated reactor, the larger initial acetic acid concentra-
tion in Run no. 34PC (pc = 2,458M) than in Run no. 4P

(o]
(pc = 1.872M) caused the difference between the predicted

o
and measured axial temperature profiles for Run no. 34PC
to be greater at higher axial distance and more pronounced

than that for Run no. UP.

VII-C Discussion of Results

The mentioned differences between experimental and

predicted results could be explained by the following

effects:

1) Presence of acetic acid

2) Heat of reaction dependency on acetic anhydride
concentration

3) Kinetics

4) Density and free convection

5) Entrance effect

6) Analytical errors.




VII-C-1 Presence of Acetic Acid

In his studies of the hydrolysis of acetic anhydride

(28)

Oshima observed that as the number of moles of acetic
acid iﬁcreased, the reaction was accelerated and developed
an equation to evaluate the reaction rate constant as a
function of acetic acid concentration. He showed that his
equation held for acetic anhydride concentrations between
9.7 and 10.5M and for acetic acid concentrations of less than
0.8M. Consequently, Oshima's equation could not be used in
the present study as acetic anhydride concentration at the
reactor inlet ranged from 0.291 to 1.470M and acetic acid
concentration from 0.84 to 2.61 moles/& (Table VII-3). In
the present investigation an acceleration of the reaction
was also observed at low acetic acid concentrations however
the opposite was consistently observed at higher acetic acid
concentrations. This was in agreement with the deceleration
of the reaction reported by Orton and Jones (24) at high
acetic acid concentrations. In the CWT reactor, when 0.912M
acetic acid was present at the inlet, 2.0% more conversions
than predicted were observed (Run no. lSX; But as the
initial acetic acid concentration, Pe increased from 1.3
to 2.0M conversion was found to be prggressively decreased
(6.2 to 14.8% lower than predicted). The effect was more
pronounced at 35°¢ (Run no. 24).

This effect was also observed in the air jacketed and

insulated reactors. In the air jacketed reactor and at low

initial acetic acid concentration, e conversions were
o




found to be slightly higher than predicted. At pco greater
than 1.05M experimental conversions were found to be lower
than predicted indicating the deceleration effect of acetic
acid. 1In the insulated reactor the lowest acetic acid

concentration was 1.37M so that, as would be expected,

conversions were always found to be lower than predicted at
both 25° ana 35° c.

é In most runs, temperature rises were lower than 3
‘ | predicted. The heat of reaction, AH, was taken as -12.54
kcal. /mole. However, Takashima (32) showed that AH is a

strong function of the acetic anhydride concentration.

ViI-C-2 Heat of Reaction Dependency on
Acetic Anhydride Concentration

The assumption that the heat of reaction, AH, was }
independent of acetic anhydride concentration was found to
disagree with the present nonisothermal results (Table VII-4).
Measured values of AH at different acetic anhydride concen-
trations are tabulated in Appendix 3. Heat of reaction
effect on conversion and temperature rise can be shown by
taking AH = -8.9 kcal./mole as calculated from Perry (38)
(Table VII-4). Accurate values of AH are necessary to

correctly predict conversion and temperature rise in noniso-

thermal reactors.

ot AL A e




VII-C-3 Kinetics

Lowering the reaction rate constant, k, calculated
from equations (v-4) and based on Rivett and Sidgwick's(za)
acetic'anhydride concentration (pA= 0.2650M), from 0.1575
to 0.1485 min“l (Table V-2) would lower the predicted
conversions by about 2%. Other approximations of k
compared to measured literature values for the present range
of concentration were found to be less significant.

The differences between experimental and predicted
results at temperatures higher than 25°C could partially be
due to the activation energy dependency on temperature
measured by Koskikallio (29) and neglected in the present
computations. This effect could be responsible for the
larger differences observed between experimental and

predicted results at 35°C than at 25°cC.

VII-C-4 Density and Free Convection

Shiraishi, (11 studying the hydrolysis of acetic
anhydride, measured the density of the réécting solution and
found that it increased with increasing conversion. Also,
in most of his isothermal runs, he observed lower conversion
than predicted by laminar flow and even lower than predicted
by a constant-stirred-tank reactor (CSTR). He explained

that the discrepancies were caused by free convection

decreasing conversion in an upward flow reactor.




The difference in density (due to a concentration
difference) caused convective currents to take place in
the reactor and disturbed the laminar flow. But since the
reactor was in the vertical position, the convective
currenﬁs were parallel to flow and the induced radial
mixing due to free convection cannot cause conversion to
become lower than that computed for a CSTR reactor.
Another possible explanation for Shiraishi's observed
discrepancies in conversion would be the reaction rate
constant dependency on acetic anhydride and acetic acid
concentrations.

(8)

Shinohara, studying the saponification of ethyl
acetate, observed that as Gr/4Re (parameter characterizing
the magnitude of free convection and defined in Appendix 2)

increased, in a nonisothermal reactor, the data differed

more from the solutions for no free convection. Both,

(11) (s)

Shiraishi and Shinohara, reported that free con-
vection in an upward flow reactor decreased conversion for
exothermic reactions.

The present results agree with Shiraishi's and
Shinohara's results since in most runs conversions were
lower than predicted (Table VII-7). Due to the effect of
acetic acid it is not possible, however, to evaluate the
free convection effect. 1In the present investigation no
definite conclusion can be drawn from Shinohara's work.

Gr/4Re values are in the range where natural convection

was reported. However, conversions are lower than those
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TABLE VII-7

EFFECT OF Gr/4Re VALUES ON CONVERSION AND TEMPERATURE RISE

Run

No.

(oo B - N R M I o) B ¥ 2 B

w
[N

2P
2PC
3pC
7PC
3p
31pC
4p
4pC
32pC
33pC
37pC
34PC

Gr/4Re

11
12
18
20
27
29
33
65
104

10
11
15
16
20
25
29
34
36
56
65
73

(<X>expt B X>Case 2) (T' Riseexpt - T RiseCase 2)
-.049 +.16
-.003 -.07
+.018 -.17
+.140 -2.92
+.112 -.59
+.184 -1.79
+.120 -1.53
+.089 -1.04
+.131 ~2.66
+.105 -2.61
+.138 -1.57
+.082 -1.71
+.010 -.54
+.090 ~-2.08
+.219 -3.17
+.124 -1.21
+.115 -1.05
+.186 -3.65
+.171 -2.86
+.100 ~1.59
+.091 -1.77




computed for a CSTR reactor and until the kinetics of the
reaction are well-established no estimation of the magnitude

of any free convection effect can be made.

VII-C-5 Entrance Effect

Assuming that the temperature in the conical zone is
constant and equal to the temperature read by Probe 1 and
that the rate of reaction is constant and equal to the rate
at the inlet of the reactor, then the number of mole of
acetic anhydride per litre of solution, reacted in the
entrance section will be equal to the product of the reaction
rate at the inlet of the reactor and the residence time of

acetic anhydride in the entrance section. Therefore,

- no. mole AA/L reacted

p =p
Ao, treated Ao ,untreated in entrance section.

The inlet concentration of acetic anhydride was es-
timated about 42 cm. below the inlet point of the reactor
where the initial temperature was read. This included two
parts: the tubing part and the conical iéne with a total
volume of 23.37 cc.

Then the fraction of acetic anhydride unconverted was

calculated.

< =
X>treated pA,outlet / pAo, treated

< ==
X>untreated pA,outlet / pAo,untreated
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The maximum difference calculated between <x>treated and

<x> was 2.8%. Therefore, the entrance effect
untreated

was only of minor importance.

VII-C-6 Analytical Errors

Calculations were performed on the lowest flow rate
experiments in order to estimate the maximum possible error
due to sampling. At an average velocity of 0.402 cm./sec.,
the time required to collect a ten cc. sample was about 9
seconds. If two more seconds are added for reading the
exact volume collected and pouring it into a mixture of
aniline-water, then the total time taken between the outlet
of the reactor and the quenching of the reaction amounts to
around 1l seconds.

The error, however, was found to be negligible and self-
cancelling as the ratio of outlet to inlet fraction

unconverted of acetic anhydride was the required measurement.




VIII. SUMMARY AND RECOMMENDATIONS

A theoretical study performed by computer and applicable

to any homogeneous liquid-phase reaction has been carried

out in order to determine the effects of varying parametric

groups, reaction conditions, reaction kinetics, flow

conditions and inlet reactant concentration on conversions

and temperature rises. Radial and axial concentration and

temperature profiles were obtained. Comparison of the CWT

reactor with previous work showed good agreement. Some of

the most important findings follow:

1)

2)

3)

4)

Although normally molecular diffusion would not be
expected to influence profiles, conversions can be
significantly affected if radial movement of material
takes place.

At 25° C and when the reaction rate constant remained
unchanged, an increase in activation energy showed
that the reaction approached completion at a lower axial
distance.

Higher overall conversions are usually obtained in
plug flow, but for a constant-wall-temperature reactor,
conversion rates can be enhanced under laminar flow
conditions when large temperature effects are present.
Decreasing the inlet mole fraction of reactant A while
increasing the total number of moles of reactants
increased both the reaction rate constant (frequency

factor group, G,) and the heat of reaction group, G,, and
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consequently conversion was increased for both the
adiabatic and the CWT reactors. Also as both G, and
G, increased, the maximum temperature rises were
approached at a faster rate and the maximum attainable
témperature was reached at a shorter reactor length.
5) Under plug flow conditions, radial concentration and
temperature profiles were constant for an adiabatic
reaction. Under laminar flow conditions, maximum
temperatures initially arose at an intermediate radial
position before the maximum was established at the

reactor centreline.

An equation based on data published by different
authors was developed to compute the reaction rate constant

as a function of the acetic anhydride concentration.

(5,270pA'22 Or -2% 15,030

)

.22
tn k = 8.2689 p °  + 12.00 - _ (v-4)

This equation could cause a 2% error in predicting conver-
sions at 25° c.

Experimental data for the hydrolysis of acetic anhydride
in concentrated solutions were obtained at 25° and 35° C
under adiabatic conditions and in a constant-wall-temperature
reactor. Experimental conversions and temperature rises
were in most cases lower than predicted. Conversions were
predicted within 15% at 25° C and within 28% at 35° C in the
CWT reactor, within 19% in the air jacketed reactor and within
22% in the insulated reactor. The best agreement between

experimental and predicted results were generally observed




at low acetic acid con centration and with the laminar flow
model.

The reaction was found to be accelerated at initial
acetic acid concentrations lower than 1.05M and slowed down
at higher initial acetic acid concentrations.

The heat of reaction dependency on acetic anhydride was
shown to affect both conversions and temperature rises. The
effects or reaction conditions were found to be less
pronounced at low initial acetic anhydride concentration.

Computation of Gr/4Re values indicated that free
convection could be present but its effect on experimental
results could not be estimated.

In carrying out the experimental runs, it is

recommended that a different system be employed. The initial

partial immiscibility of acetic anhydride into water made

the system difficult to work with. A system with well-
established kinetics would allow the effects of reaction
conditions, inlet concentration, velocity and free convection
on conversion and temperature rise to be evaluated.

The use of proper insulation around the temperature
probe holders would improve data.

A computer programme taking into account the variation
of the physical properties with temperature would be more
accurate.

It would also be interesting to work with a larger
diameter reactor where radial temperature, concentration

and velocity profiles could be evaluated.
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APPENDTIX 1

THEORETICAL RESULTS AND PREVIOUS WORK

Theoretical Results

Previous Work
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1-A Theoretical Results

Table

Page
Effect of Activation Energy Group, G2,
and Frequency Factor Group, G3.
Adiabatic Reactor 95

Effect of Lewis Number, Gl' CWT Reactor 95
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TABLE 1-1

2

AND

FREQUENCY FACTOR GROUP, G

3

ADIABATIC REACTOR.

G2 G3 w = 0.10 w = 0.15 w = 0,20
<> <x> <0> <x> <p> <x>
20.223 2.010 x 10° .1688 1126 .1897 .0027 .1901 .0001
17.920 2.010 x 108 .1497 .2130 .1859 .0226 .1898 .0017
15.617 2.010 x 107 .1325 .3030 .1753 .0780 .1875 .0139
TABLE 1-2
EFFECT OF LEWIS NUMBER, Gl' CWT REACTOR.
G1 w=0.10 w = 0.15 w = 0.20 w = 0.50
<> <x> <> <x> <B> <x> <> <x>
0.00659 .05937 4455 .06968 2422 .06384 1321 .01148 .0182
0.0659 .05850 4413 .06810 . 2405 .06212 .1316 .01115 L0171
0.659 05602 4343 .06281 .2432 .05661 .1385 .01040 .0173
6.59 .05371 4261 .05826 2445 .05215 1441 .00992 .0183
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1-B Previous Work

1-B-1 Hydration of Acetic Anhydride under Isothermal

Conditions

A comparison was made with the data reported by Cleland
and Wilhelm(“) for the hydration of acetic anhydride in dil-
ute solutions (0.0222 to 0.0628 mole of acetic anhydride per
litre of solution). The reaction conditions were approxima-
ted to an isothermal first-order reaction and experimental
results were compared with predicted results of Cleland and
Wilhelm and results calculated from the present theoretical

study. These results are given in Tables 1-3 and 1-4.

Agreement was very good. The calculations showed that Case 3

gave a very closed representation of experimental results

with the plug flow model giving the poorest predictions, both

at 25° and 35°C.

1-B-2 Saponification of Ethyl Acetate under Isothermal

Conditions

A comparison was also made with the data reported by
Vignes and Trambouze(s) for the saponification of ethyl ace-
tate. The data were obtained for a second-order reaction
with equimolar concentration of reactants taking place in a
horizontal and isothermal (26°C) reactor. Results appear in

Table 1-5. Good agreement between experimental results and



TABLE 1-3

COMPARISON OF CLELAND AND

WILHELM'S

EXPERIMENTAL AND THEORETICAL VALUES

WITH

- PRESENT STUDY THEORETICAL VALUES AT 25°C

T A T T e e i S S A T T A e S RS L

z:? giiizgi': <x> Present Study Differences

<x> <x> Case 1 |Case 2 | Case 3 Case 1 Case 3

Expt Theor
1 .592 .594 .560 .609 .593 +.032 -.001
1A .697 .700 .678 .711 .699 +.019 -.002
1B .587 .594 .560 .609 .593 +.027 -.006
1C 468 465 .418 .488 466 +.050 +.002
2 .201 .172 .123 .205 .178 +.078 +.023
2B .139 .172 .123 .205 .178 +.016 -.039
2D .191 .172 .123 .205 178 +.068 +.013
3 .623 .620 .591 .636 .621 +.032 +.002
8E .282 .316 .240 .326 .315 +.042 -.033
3A .629 .620 .592 .637 .621 +.037 +.008
3B .622 .620 .591 .636 .621 +.031 +.001
4A .160 172 .123 .205 .178 +.037 -.018
4B .179 172 .123 .205 .178 +.056 +.001
7A .712 .726 .701 .730 724 +.011 -.012
78 714 .726 .701 .730 .724 +.013 -.010
8A .285 .319 .242 .327 .316 +.043 -.031
8B .289 .317 241 .326 .315 +.048 ~-.026

t:
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TABLE 1-4

COMPARISON OF CLELAND AND WILHELM'S

EXPERIMENTAL AND THEORETICAL VALUES

WITH

PRESENT STUDY THEORETICAL VALUES AT 35°C

Run Cleland & <x> Present Study Differences
No. Wilhelm's
<x> <x> | Case 1 |Case 2 |Case 3 | C & W | Case 1 | Case 2 | Case 3
Expt Theor
9C 571 .578 .536 .589 574 -.007 ; +.035 -.018 -.003
11A 1§ .441 .452 .394 .466 446 -.011 | +.047 -.025 -.005
11B | .439 452 .394 .466 446 -.013 | +.,045 -.027 -.007
5C .435 461 .390 462 454 -.026 | +.045 -.027 -.019
S5F 428 461 .390 462 .454 -.033 | +.038 -.034 -.026
9A .571 .578 .536 .589 .574 -.007 { +.035 -.018 -.003
9B .578 .578 .536 .589 .574 0 +.042 -.011 +.004
10B | .147 .132 .083 .159 .137 +.015 | +.064 -.012 +.010
10C | .155 .132 .083 .159 .137 +.023 | +.072 -.004 +.018
5D 422 461 .390 .462 454 -.039 | +.032 -.040 -.032
5E .423 461 .390 462 454 -.038 | +.033 ~-.039 -.031
6A .043 .069 .023 .070 .065 -.026 | +.020 -.027 -.022
6B .042 .069 .023 .070 .065 -.027 | +.019 -.028 -.023
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TABLE 1-5

COMPARISON OF VIGNES AND TRAMBOUZE'S

EXPERIMENTAL AND THEORETICAL VALUES WITH

PRESENT STUDY THEORETICAL VALUES

Run Vignes &, <x> Present Study Differences
i N Trambouze's
2 o.
<x> <x> Case 3 Case 3 V&rT Present Study
Expt Theor
De = lODM De = DM De = lODM De = lODM De = DM De = lODM
Al 113 .107 .107 .094 +.006 +.006 +.019
Bl .126 .126 .131 .116 0 -.005 +.010
Ccl .146 .145 .152 .136 +,001 -.006 +.010
D1 .180 .190 .199 .180 -.010 -.019 0
El .256 .262 274 254 -.006 -.018 +.002
Fl .340 .356 .364 344 -.016 -.024 -.004
Gl .540 .557 .568 .554 ~.017 -.028 ~.014
A2 .129 .125 .128 114 +.004 +.001 +.015
B2 .145 144 152 .137 +.001 -.007 +.008
c2 .188 <194 .201 .185 -.006 -.013 +.003
D2 .206 .205 .212 .195 +,001 ~-.006 +.011
E2 .228 .228 .236 .219 0 -.008 +.009
F2 .268 .257 .267 .250 +.011 +.001 +.018
G2 .290 .289 .291 274 +.,001 -.001 +.,016
H2 . 345 .350 .358 .342 -.005 -.013 +.003
12 .388 .393 .402 .387 ~.005 -.014 +.001
J2 432 447 456 442 ~.015 ~-.024 -.010
K2 472 463 498 484 +.009 -.026 -.012
L2 .487 .508 .516 .503 -.021 -.029 ~-.016
M2 .580 .606 .612 .601 -.026 -.032 -.021
N2 .650 .655 .659 .650 -.005 -.009 0
02 .676 .692 .696 .688 -.016 -.020 -.012
P2 747 .749 .749 743 -.002 -.002 +.004
A3 .135 .129 .132 .123 +.006 +.003 +.012
i B3 174 .165 .170 .160 +,009 +.004 +.014
| C3 .175 172 .176 166 +.003 -.001 +.009
’ D3 .208 .208 214 .204 0 -.006 +.004
1 E3 .291 .272 .292 .283 +.019 ~.001 +.008
| F3 .309 .315 .322 .313 -.006 -.013 ~.004
% G3 .385 .397 413 405 -.012 -.028 -.020
ﬁ H3 .505 .526 .533 .526 ~-.021 -.028 ~-.021
% I3 .600 .613 .612 .606 -.013 -.012 -.006

T I
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Case 3 flow conditions was obtained. Although the latter
was always higher than the former, it was not considered
necessary to enhance the diffusivity by a factor of ten as

carried out by Vignes and Trambouze to improve their theoret-

ical predictions.

1-B-3 Saponification of Ethyl Acetate

Isothermal and Nonisothermal Conditions

Shinohara(e) investigated the saponification of ethyl

acetate in dilute aqueous solutions. Experiments were per-

formed under the following conditions:

Isothermal Reactor:

Temperature: 25° to 35°C

Average Velocity: 0.26 to 1.70 cm./sec.

Inlet Concentration: 0.023 to 0.048 mole ethyl
acetate/%

Nonisothermal Reactor:

Inlet Temperature: 20.95° to 34.50°C
Wall Temperature: 21.00° to 37.15°C
Average Velocity: 0.38 to 1.79 cm./sec.

Inlet Concentration: 0.036 to 0.050 mole ethyl
acetate/%

Results are given in Table 1-6.



SRATET

on

TABLE 1-6

-101 -

COMPARISON OF SHINOHARA'S EXPERIMENTAL RESULTS

WITH PRESENT STUDY THEORETICAL RESULTS

T e T e S

Run Shinohara's <x> Present Study Differences
<x>
No. Expt Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
758 .5290 .5141 +5620 .5554 +.0149 -.0330 -.0264
759 .5383 L4992 5477 5407 +.0391 -.0094 -.0024
760 .5285 L4900 .5390 .5320 +.0385 -.0105 ~.0035
761 4607 4204 4716 4642 +.0403 ~-.0109 -.0035
762 L4312 .3808 4326 4247 +.0504 -.0014 +.0065
763 L4448 L4042 .4558 L4480 +.0406 -.0110 -.0032
764 L4706 .4359 L4871 .4799 +.0347 -.0165 -.0093
765 .4851 L4521 .5029 .4958 +.0330 -.0178 -.0107
766 5042 L4782 .5308 .5232 +.0260 -.0266 -.0190
767 4769 4481 .5026 4946 +.0288 -.,0257 -.0177
768 L4704 .4398 4947 .4866 +.0306 ~-.0243 -.0162
769 4556 .4318 L4872 4792 +.0238 -.0316 -.0236
770 L4410 4141 L4705 L4625 +.0269 -.0295 -.0215
771 L4131 .3785 4362 4275 +.0346 -.0231 -.0144
772 .3991 .3639 4222 4136 +.0352 -.0231 -.0145
773 .3691 .3395 .3983 .3892 +.0296 -.,0292 -.0201
774 .3360 .2938 .3526 3434 +.0422 -.0166 -.0074
775 .3588 .3243 .3831 .3739 +.0345 -.0243 -.0151
776 .5152 .5013 .5523 5443 +.0139 -.0371 -.0291
777 .5069 L4864 .5386 .5301 +.0205 -.0317 -.0232
780 L4673 4467 .5016 .4928 +.0206 -.0343 -.0255
781 .4588 L4270 .4829 4740 +.0318 -.0241 -.0152
782 .4329 .3996 4570 4478 +.0333 -.0241 -.0149
783 .3950 L3741 L4327 4232 +.0209 -.0377 -.0282
784 .3813 .3536 4126 4030 +.0277 ~-.0313 -.0217
785 .3748 . 3459 .4051 .3954 +.0289 -.0303 ~.0206
786 .5612 .5205 .5699 .5620 +.0407 -.0087 ~.0008
787 .5658 .5423 .5898 .5825 +.0235 ~.0240 -.0167
788 .5645 .5387 .5865 .5791 +.0258 -.0220 -.0146
789 .5885 .5699 .6148 .6079 +.0186 -.0263 -.0194
790 L4943 4671 .5180 .5110 +.0272 -.0237 -.0167
791 L4800 L4490 .5003 L4931 +.0310 -.0203 -.0131
792 L4790 4435 4948 L4876 +.0355 -.0158 -.0086
Continued
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TABLE 1-6

(continued)

Run Shinohara's <x> Present Study Differences
<x>

No. Expt Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
793 L4461 .4075 .4596 4522 +.0386 -.0135 -.0061
794 L4561 L4212 .4733 4661 +.0349 -.0172 | -.0100
795 .4182 .3850 .4373 .4298 +.0332 | -.0191 | -.0116
796 .4093 .3701 L4225 L4149 +.0392 | -.0132 | -.0056
797 .4076 .3645 4167 4092 +.0431 | -,0091 | -.0016
798 .3940 .3509 .4028 .3953 +.0431 | -.0088 | -.0013
799 .3521 .3070 .3580 .3503 +.0451 ~-.0059 | +.0018
629 .6860 .6923 .7237 .7150 -.0063 | -.0377 -.0290
630 .6803 .6906 .7222 .7135 -.0103 | -.0419 -.0332
631 .6664 .6556 .6913 .6815 +.0108 | -.0249 -.0151
632 .6634 .6570 .6925 .6828 +.0064 -.0291 | -.0194
633 .6102 .6076 6484 .6370 +.0026 -.0382 -.0268
634 .6125 .6048 .6459 .6344 +.0077 -.0334 -.0219
635 .7868 .7691 .7912 .7850 +.0177 -.0044 | +.0018
636 .7388 .7374 .7634 .7563 +.0014 -.0246 | -.0175
637 .7136 .6977 .7285 .7201 +,0159 -.0149 ~-.0065
709 .6946 .6664 .7005 .6909 +.0282 | -.0059 [ +.0037
710 .6672 .6408 .6783 .6679 +.0264 -.0111 | -.0007
711 .6590 .6304 .6693 .6586 +.0286 -.0103 | +.0004
712 .6033 .5894 .6337 6217 +.0139 -.0304 | -.0184
713 .5843 .5641 .6115 .5988 +.0202 -.0272 | ~.0145
714 .5540 .5342 .5854 .5716 +.0198 -.0314 ~.0176
716 4251 .4038 L4694 .4520 +.0213 | -.0443 | -.0269
717 .6980 .6936 L7244 .7156 +.0044 -.0264 -.0176
719 .6580 .6393 .6769 .6661 +.0187 | -.0189 -.0081
720 .6596 .6395 .6770 .6665 +.0201 | -.0174 | -.0069
721 .6029 .5823 .6268 .6142 +.0206 -.0239 -.0113
722 5747 .5570 .6043 .5911 +.0177 -.0296 -.0164
723 .5680 .5383 .5878 .5739 +.0297 -.0198 -.0059
724 .4532 L4494 .5080 4916 +.0038 -.0548 | -.0384
725 .4878 L4799 .5356 .5199 +.0079 -.0478 -.0321
726 .6022 .5735 .6193 .6071 +.0287 | -.0171} -.0049
727 .5979 .5829 .6275 .6158 +.0150 -.0296 | -.0179
728 .5784 .5370 .5872 .5740 +.0414 -.0088 | +.0044
729 .5626 .5188 .5709 .5572 +.0438 ~.0083 | +.0054
730 .5620 .5150 .5677 .5538 +.0470 | -.0057 | +.0082
731 .5269 4931 .5482 .5336 +.0338 | -.0213 | -.0067
732 .4986 4755 .5323 5171 +.0231f -,0337| -.0185
733 .4287 .3980 4623 4454 +.0307 -.0336 | -~.0167
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APPENDTIX 2

EXPERIMENTAL DATA AND RESULTS

Values of Physical Properties

Values of Dimensionless Parameters

Values of Gr/4Re

Experimental Data
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2-A Values of Physical Properties
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TABLE 2-1

VALUES OF PHYSICAL PROPERTIES

mole/% mole/ml

ggn To Pao PBo
: (°c) mole/%
CWT REACTOR
13 27.42 1.282 43.26
14 27.00 0.936 43.95
178 26.72 0.770 46 .84
17C 27.11 0.769 46.91
24 38.91 0.612 43.36
15 26.70 0.291 50.84
ATR JACKETED REACTOR
2 27.29 1.356 43,27
3 27.48 1.252 43.18
4 27.26 0.890 44 .74
1 27.16 0.880 47.36
7 27.51 0.722 46.90
34 36.55 0.694 43.35
8 27.17 0.575 45.76
6 26.79 0.350 49,72
5 26.68 0.330 50.91
INSULATED REACTOR
2P 27.12 1.470 43.19
2PC 26.21 1.432 43.32
3p 27.03 1.325 43.59
3PC 26.34 1,316 43,07
31PC 36.23 1.285 42 .94
32PC 36.96 1.210 42 .44
33PC 36.73 0.995 42,49
4PC 26.21 0.994 44.05
4P 26.83 0.946 44,37
7PC 25.57 0.795 46 .76
34PC 36.23 0.680 43.59
37PC 35.45 0.582 46.37

p

.05268
.05277
.05352
.05354
.05237
.05438

.05271
.05265
.05298
.05369
.05351
.05242
.05316
.05412
.05441

.05273
.05278
.05281
.05266
.05251
.05232
.05226
.05284
.05291
.05353
.05249
.05324

19
19

19.
19.
.95
18.
18,
19,
.80
44
.35

18

18
18
18

19

19
19

19

19
18
18
19
18

cal/mole®K

.15
.03
18.
18.
19.
18.

74
74
02
35

17
16

72
73
05

.20
19.
.13
.18
19.
.23
19.
.03
.99
.75
.03
.76

18

20

19

Ll e e el
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kc(103)

cal/cm.sec®K

.392
.393
413
414
421
<435

.394
.391
.399
419
413
422
.402
428
436

.395
.395
.396
.392
427
422
.419
.395
.397
413
423
445

O+-HRPFPROOMK

OO P

HMHEPOOOKHKHPEPOOORK

5
DAB(10 )

em?/sec

.01
.99
.99
.00
.31
.99

.00
.01
.00
.00
.01
.25
.00
.99
.99

.00
.97
.99
.98
.24
.26
.25
.97
.99
.96
24
.21

cm/sec

COO0OO0OO0OO

OCODDO0OOHHOOK

OCOOCCOO0CO=RKFHOORH

<u>

.856
.629
.804
.804
.629
.753

.086
.856
.629
.316
.804
.629
.402
.578
.753

.086
.086
.856
.856
.316
.086
.856
.629
.629
.804
.629
.804

sy <y e s oy
7 T
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2-B Values of Dimensionless Parameters

Table Page

2-2 Values of Dimensionless Parameters 107
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TABLE 2-2

VALUES OF DIMENSIONLESS PARAMETERS

N A B B A T T e A

gg? G (x 103) Gao Ga(x 10 9) Gy (x 102) w Re
CWT REACTOR
13 7.32 22.81 10.610 0 .232 188
14. 7.14 22.16 5.886 0 .317 137
17B 7.03 21.78 4.114 0 .252 174
17¢C 7.10 21.75 4.104 0] .252 175
24 9.18 20.50 2.766 0 .326 174
15 6.88 20.05 0.8954 0 .274 163
AIR JACKETED REACTOR
2 7.25 22.95 11.830 5.619 .182 238
3 7.33 22.75 10.150 5.193 .231 188
"4 7.18 22.04 5.357 3.712 .318 138
1 7.08 22.02 5.181 3.668 .154 287
7 7.16 21.60 3.684 3.014 .252 177
34 8.78 20.89 3.412 2.940 .325 166
8 7.13 21.19 2.542 2.408 .501 88
6 6.92 20.35 1.168 1.470 .356 125
5 6.88 20.26 1.068 1.386 .274 163
INSULATED REACTOR
2P 7.26 23.15 13.880 6.083 .182 237
2PC 7.04 23.16 13.180 5.935 .182 232
3P 7.16 22.92 11.290 5.492 .232 186
3PC 7.11 22.95 11.170 5.464 .231 183
31pC 8.76 22.17 10.390 5.380 .154 346
32pC 8.92 21.98 9.276 5.104 .187 289
33pC 8.83 21.59 6.444 4.207 .237 227
4PC 6.99 22.35 6.560 4.147 .317 134
4p 7.12 22.20 5.985 3.945 .317 136
7PC 6.82 21.93 4.350 3.328 .251 169
34pPC 8.70 20.88 3.296 2.878 .325 165
37pC 8.36 20.64 2.513 2.453 .258 208




i
2
:
i
i

R R P e T L A

T T

R

- 108 -

2-C Values of Gr/4Re

The Grashof number, Gr is defined as
Gr = g p? B @3 AT/n?
where g = 980.665 cm./sec?

density of the solution

ol
f

= 1.00 gm./cm?

B = thermal expansion coefficient

= 2.97 x 10 * ¢!
d = diameter, cm.
AT = radial temperature difference, °C
U = viscosity of water (g./cm. sec.)

The Grashof number was evaluated for all nonisothermal
experiments. The viscosity of the solution was taken as the
viscosity of water at the average temperature recorded by
Probe 8. Values of Grashof numbers, Reynolds numbers and

Gr/4Re appear in Table 2-3.
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TABLE 2-3

VALUES OF Gr/4Re

; Run 5Tprobe 8 Hprobe 8 Gr_

; No. (°c) (x 10%2g./cm. sec) | (x 107 3) Re Gr/4Re

§ 2 0.65 .8004 19 238 20

3 3 0.69 .7635 22 188 29 g

i 4 0.56 . 7729 18 138 33 |

' 1 0.43 .7912 13 287 11 f
7 0.63 .7830 19 177 27
34 1.52 .6437 69 166 104 ;
8 0.73 .7798 23 88 65 !
6 0.32 .8151 9.1 125 18
5 0.27 .8245 7.5 163 12
2p 0.32 +7922 9.6 237 10 -
2PC 0.34 .7987 10 232 11 s
3P 0.48 .7737 15 186 20 5
3PC 0.36 .7837 11 183 15 |
31PC 0.76 .6395 35 346 25 z
32PC 0.86 .6223 42 289 36 ;
33pC 1.05 .6231 51 227 56 :
4PC 0.59 .7776 18 134 34 g
4P 0.50 .7714 16 136 29 g
7PC 0.39 .8166 11 169 16 z
34PC 1.03 .6399 48 165 73 |
37pC 1.29 .6702 54 208 65 g
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2~-D Experimental Data

Table

2-4 Radial Temperatures

2-5 Average Temperature Rises

2-6 Computed and Experimental Acetic

Anhydride Concentrations,

Pn / Pao

Page
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117
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TABLE 2-4

RADTAL TEMPERATURES (°C)
CWT REACTOR
—~— Radial
! Position 4 7
Probe no.™ a 1 a=90 a=1
Run no., 13 1 27.48 27.40 27.50 27.50 27.50 27 .43 26 .99
2 27.26 27.50 27.50 27.50 27.48 27.33 26.57
3 27.28 27.50 27.52 27.52 27.52 27.40 26.77
4 27.45 27 .65 27.65 27.65 27.57 27.48 26.74
5 27.43 27.67 27.70 27.70 27.67 27.55 27.04
6 27.45 27.77 27.77 27.74 27.72 27.62 27.18
7 27.58 27.70 27.73 27.68 27.51 27.07 26.80
8 27 .34 27.46 27.46 27.46 27 .43 27.24 26.48
Run no. 14 1 27.16 27.09 27.26 27.26 27.26 27.21 27.04
2 27.06 27.11 27.11 27.09 27.04 26.82 26.18
3 26.94 27.06 27.06 27.06 27.06 26.91 26.33
4 26.89 27.18 27.18 27.16 27.11 27.01 26.33
5 26.91 27.18 27.21 27.21 27.11 26.99 26.57
6 27.11 27.23 27.21 27.21 27.21 27.06 26.40
7 27.07 27.19 27.19 27 .17 26.97 26.68 26.24
8 27.09 27.17 27.17 27.17 27 .14 26.92 26.34
Run no. 15 1 27.21 27.38 27.38 27.38 | 27.33 27.11 26.77
2 26.48 26.82 26.82 26.79 26.77 26 .65 26.16
3 26.48 26.74 26.82 26.82 26.77 26 .60 26.23
4 26.52 26 .84 26.82 26.82 26.82 26.70 26.30
5 26.57 26.82 26 .82 26 .82 26.72 26 .48 26.26
6 26.55 26.82 26.82 26.82 26.79 26.50 26.29
7 26 .68 26.75 26.75 26.73 26.60 26.36 26 .14
8 26.63 26.73 26.73 26.73 26.65 26.36 26.17
Run no. 17B 1 27.65 27.72 27.72 27.70 27.50 27.30 26.62
2 26.33 26.67 26.67 26.67 26.67 26.57 25.74
3 26.52 26.82 26.82 26.82 26 .82 26.72 26.13
4 26.62 26 .89 26.89 26.89 26 .89 26.72 26.11
5 26.79 26.99 26.99 26.99 26.99 26.82 26.40
6 26.65 26.79 26.72 | 26.72 26.72 26.60 25.94
7 26.65 26.78 26.78 26.73 26.62 26.41 25,87
8 26.53 26 .65 26.70 26 .60 26 .46 26.46 25.87
Run no. 17C 1 27.70 27.84 27 .84 27.79 27.62 27.28 26.79
2 26.60 27.24 27.21 27.21 27.06 26.82 26.13
3 26.74 27.24 27.28 27.28 27.33 27.06 26.30
4 26.72 27.43 27.38 27.30 27.30 26.89 26.26
5 26.92 27 .35 27.35 27.39 27.33 27.00 26.50
6 27.21 27 .45 27 .45 27.48 27.38 27.04 26.33
7 27.17 27.29 27.31 27.24 27.07 26 .60 26.24
8 27.17 27.34 27.29 27.29 27.24 26.63 26.36

Continued
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TABLE 2-4
(continued)
Radial
Position 1
Probe no. a=1 a=>0 a=1
Run no. 24 1 39.05 39.36 39.36 39.31 39.19 38.79 38.17
2 38.63 39.04 39.04 39.04 38.97 38.83 38.17
3 -
4 38.78 38.33 39.11 39.11 39.11 39.11 38.56
5 38.92 39.18 39.18 39.14 39.14 38.99 38.34
6 -
7 39.05 39.14 39.14 39.05 39.03 38.67 38.19
8 39.98 39.07 39.05 39.05 39.00 38.69 38.36
AIR JACKETED REACTOR
Run no. 1 1 27.23 27.21 27.13 27.23 27.09 27.13 27.09
2 27.70 27.72 27.60 27.60 27.57 27.52 27.11
3 28.11 28.11 28.04 28.04 28.04 28.06 27.77
4 28.57 28.48 28.45 28.50 28.45 28.45 28.21
5 28.94 28.87 28.91 28.99 28.94 28.89 28.52
6 29.43 29,33 29.38 29.40 29.38 29.33 28.99
7 29.75 29.75 29.70 29.78 29.68 29.39 28.87
8 30.66 30.66 30.63 30.56 30.66 30.56 30.23
Run no. 2 1 27.26 27.26 27.28 27.30 27.38 27.28 27.28
2 27.91 27.87 27.74 27.72 27.67 27.60 27.11
3 28.09 28.06 28.06 28.06 28.06 28.16 27.84
4 28.18 28.11 28.06 28.09 28.09 28.11 27.74
5 29.40 29.40 29.40 29.43 29.43 29.57 29.21
6 28.77 28.77 28.70 28.65 28.72 28.72 28.30
7 29.19 29.19 29,21 29.21 29,21 29.07 28.41
8 30.23 30.23 30.16 30.13 30.09 29,97 29.58
Run no. 3 1 27.41 27.41 27.41 27 .41 27.50 27.65 27.60
2 28.30 28,23 28.21 28.11 28.09 28.06 27.79
3 28.91 28.91 28.94 29,01 29.01 28.91 28.72
4 29.67 29.65 29.62 29.52 29.57 29.57 29.53
5 30.23 30.23 30.28 | .30.30 30.55 30.48 30.13
6 30.48 30.45 30.45 30.52 30.40 30.43 29.96
7 30.87 30.87 30.97 30.97 31.02 30.78 30.28
8 32.44 32.44 32.42 32.35 32.35 32.20 31.75
Run no. 4 1 27.23 27.23 27.26 27.26 27.30 27.28 27.23
2 27.52 27.48 27 .48 27.45 27.40 27.35 27.11
3 28.65 28.65 28.65 28.67 28.67 28.60 28.35
4 28.82 28.82 28.82 28.77 28.81 28.77 28.50
5 30.23 30.23 30.26 30.28 30.28 30.13 29.99
6 29.89 29,91 29.89 29.89 29.89 29.87 29.45
7 30.37 30.42 30.42 30.42 30.40 30.18 29.78
8 31.82 31.82 31.82 31.77 31.77 31.60 31.26

Continued
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TABLE 2-4
(continued)
Radial
Position 1 2 3 4 5 6 7
Probe no. a=1 a=20 a=1
%]
4] Run no. 5 1 26.67 26.67 26.67 26.67 26.67 26.70 26.70
2 27.04 27.04 27.01 27.01 27.01 26 .99 26.77
4 3 27.28 27.28 27.28 27.30 27.23 27.23 27.06
'% 4 27.57 27.57 27.57 27.57 27.55 27.55 27.35
1 5 27.77 27.77 27.77 27.82 27.82 27.74 27.72
6 28.01 27 .99 27.96 27.96 27.96 27 .91 27.67
7 28.24 28.21 28.26 28.26 28.26 28.12 27.95
8 28.70 28.70 28.68 28.68 28.68 28.60 28.43
Run no. 6 1 26.79 26.79 26.79 26.79 26.79 26.79 26 .82
2 27.23 27.23 27.21 27.21 27.21 27.21 27.04
3 27.65 27.65 27.65 27 .65 27.62 27.62 27.43
4 27.96 27.96 27.96 27.96 27.91 27.84 27.79
5 28.16 28.16 28.16 28.16 28.21 28.13 28.04
6 28.26 28.26 28.26 28.26 28.23 28.21 28.01
7 28.65 28.65 28.65 28.63 28.63 28.41 28.31
8 29.24 29,24 29.21 29.21 29.19 29,17 28.92
Run no. 7 1 27.48 27 .48 27.48 27.48 27.60 27.60 27.48
2 28.27 28.04 28.04 28.04 28.04 27.91 27 .48
3 28.48 28.48 28.48 28.48 28.62 28.57 28.13
4 29.09 29.09 28.99 28.94 29.01 29.13 28.55
5 29.45 29.47 29.47 29.52 29.62 29.62 29.30
6 29.82 29.74 29.74 29.77 /| 29.79 29.74 29.28
7 30.28 30.35 30.35 30.35 30.37 30.01 29.53
8 31.19 31.17 31.14 31.14 31.14 31.09 30.56
Run no. 8 1 27.21 27.21 27 .21 27.18 27.18 27.18 27.04
2 27.94 27.91 27.91 27.91 27.91 27.77 27.30
3 28.65 28.65 28.65 28.67 28.67 28.52 28.21
4 29,28 29.28 29.28 29.23 29.23 29.18 28.67
5 29.89 29.89 29.89 29.89 29.87 29.65 29.30
: 6 30.18 30.18 30.18 30.18 30.11 29.84 29.62
ﬂ 7 30.73 30.75 30.70 30.63 30.51 30.09 29.70
' 8 31.41 31.41 31.41 31.39 31.36 31.19 30.68
Run no. 34 1 36.81 36.91 36.91 | 36.91 36.72 36.17 35.43
2 37.71 37.76 37.76 37.71 37.71 37.49 35.39
3 38.36 38.36 38.34 38.19 38.00 37.53 36.50
4 39.14 39.21 39.21 39,21 39.09 39.07 38.02
5 39.59 39.61 39.61 39.59 39.51 39.11 37.78
6 39.91 39.74 39.31 38.93 38.36 37.73 37.53
7 40.55 40.55 40.55 40.48 40.12 39.55 38.43
8 41 .31 41.36 41.36 41.31 41.17 40.72 39.84
INSULATED REACTOR
Run no. 2P 1 27.20 27.18 27.18 27.18 27.08 27.08 26.93
2 27.90 27.90 27.88 27.88 27.88 27.88 27.76
3 28.12 28.10 28.10 28.07 28.05 28.00 27.95
4 28.73 28.73 28.80 28.75 28.75 28.75 28.66
5 29,22 29.22 29.19 29.05 29.05 29.00 28.90
6 29,61 29.56 29.39 29.37 29.32 29,22 29.12
7 29,88 29.93 29.93 29.93 30.00 29.95 29.61
8 30.56 30.54 30.59 30.54 30.54 30.51 30.27

Continued
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TABLE 2-4
(continued)
Radial 1 2 3 4 5 6 7
osition

Probe no. a=1 a=0 a=1
Run no. 2PC 1 26.25 26.22 26.20 26.20 26.22 26.22 26.14
2 26.88 26.85 26 .80 26.75 26.75 26.75 26.75
3 27.07 27.07 27.07 27.07 27.10 27.07 26.93
4 27.53 27.53 27.56 27.56 27.56 27.56 27 .48

5 - - - - - - -
6 28.42 28.37 28.34 28.25 28.25 28.20 28.12
7 29.25 29.25 29.29 29.29 29.27 29.20 28.93
8 30.24 30.24 30.17 30.12 30.12 30.07 29.90
Run no. 3P 1 27.10 27.10 27.00 26.98 27.05 27.05 26.93
: 2 27.78 27.78 27.78 27.71 | 27.78 27.78 27.69
3 28.05 28.00 27.95 28.07 28.10 28.00 27.93
4 - - - - 27.95 27.80 27.95
5 29.41 29.39 29.32 29.14 29,12 29.07 28.95
6 29.64 29.64 29.56 29.51 29.46 29.44 29.44
7 30.44 30.54 30.54 30.49 30.49 30.44 30.17

8 31.81 31.76 31.62 31.64 31.71 31.33 -
Run no. 3PC 1 26.44 26.32 26 .40 26.40 26.32 26.27 26.22
2 27.22 27.03 26.95 26.90 26 .98 26.88 26.95
3 27.32 27.34 27 .34 27 .34 27.34 27 .34 27.29
4 28.12 28.14 28.05 28.07 28.00 28.00 27.90

5 - - - - .- - -
6 29.12 29.05 29.00 28.98 28.88 28.85 28.83
7 29.93 29.93 30.05 30.05 30.03 29.95 29.71
8 31.14 31.12 31.10 31.02 31.02 30.98 30.78
Run no. 4P 1 26.86 26.86 26.86 26.86 26 .86 26.79 26 .69
2 27.76 27.64 27.59 27 .47 27 .47 27 .47 27.42
3 27.95 27.88 27.83 | 27.83 27.83 27.83 27.68
4 28.73 28.68 28.68 28.68 28.56 28.51 28.51
5 29.27 29.27 29.19 29.12 29.10 29.07 29.05
6 29 .44 29.37 29.34 29.34 29.29 29.27 29.25
7 30.68 30.68 30.68 30.68 30.68 30.59 30.12

8 31.95 31.93 | 31.81 31.79 31.69 31.45 -
Run no. 4PC 1 26,22 26.35 26.35 26.13 26.30 26.08 26.05
2 27.00 26.88 26.88 26.88 26.78 26 .88 26.88
3 27.39 27 .34 27.34 27.29 27 .44 27.37 27.27
4 28.17 28.24 28.17 28.17 28.14 28.14 28.00

5 —_ - - - —_ —_ -
6 29.32 29.22 29.12 29.07 29.03 28.98 28.88
7 30.25 30.27 30.32 30.39 30.29 30.27 29.83
8 31.57 31.57 31.50 31.52 31.40 31.24 30.98
Run no. 7PC 1 25.70 25.60 25,58 25.50 25.58 25.55 25 .45

2 — - - - - - —
3 26.24 26.29 26.24 26.46 26.36 26 .44 26.34
4 27.05 27.05 26.97 26.97 26 .80 26.90 26.83

5 — — - — —_— — —_
6 27 .46 27.42 27.39 27 .34 27.27 27.27 27.22
7 28.22 28.25 28.25 28.34 28.34 28.34 28.03
8 29.17 29.17 29.07 29.07 29.15 29.15 28.78

Continued
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TABLE 2-4

(continued)

osition :
Probe no:E\\\\\\\\\ a=1 a=0 a j

36.39 | 36.39 | 36.39 | 36.39 | 36.39 | 36.15 | 35.53

- - - 36.92 | 36.92 | 36.95 | 36.37
37.58 | 37.51 | 37.56 | 37.56 | 37.44 | 37.44 | 36.83
38.60 | 38.60 | 38.53 | 38.48 | 38.45 | 38.43 | 38.00

n -
[

Run no. 31PC

39.51 | 39.41 | 39.21 | 39.09 | 38.99 | 38.95 | 38.87 | |
40.14 | 40.12 | 40.16 | 40.16 | 40.16 | 39.88 | 39.42 | .
41.52 | 41.50 | 41.52 | 41.47 | 41.47 | 41.35 | 40.76
37.10 | 37.15 | 37.08 | 37.12 | 37.08 | 36.86 | 36.34| .
38.00 | 37.97 | 37.90 | 37.85 | 37.83 | 37.83 | 37.21| ;
38.62 | 38.55 | 38.57 | 38.55 | 38.40 | 38.36 | 37.66 |
39.74 | 39.62 | 39.64 | 39.55 | 39.48 | 39.31 | 38.81

- - - 40.42 | 40.23 | 40.04 | 39.85
41,50 | 41.22 | 40.98 | 40.76 | 40.62 | 40.41 | 40.22
41,50 | 41.50 | 41.57 | 41.57 | 41.57 | 41.33 | 40.62
43.07 | 43.07 | 43.00 | 42.97 | 42.90 | 42.81 | 42.21| :
37.03 | 36.93 | 36.86 | 36.77 | 36.89 | 36.60 | 36.05| !
37.85 | 37.90 | 37.78 | 37.78 | 37.64 | 37.54 | 36.95| |
38.45 | 38.45 | 38.48 | 38.40 | 38.36 | 38.26 | 37.70| |
39.69 | 39.72 | 39.64 | 39.62 | 39.45 | 39.22 | 38.81

Run no. 32PC

Run no. 33PC

41.48 | 41.24 | 40.93 | 40.79 | 40.65 | 40.48 | 40.34 | |
41.59 | 41.66 | 41.59 | 41.59 | 41.54 | 41.35 | 40.66 | |
43.02 | 42.97 | 42.95 | 42.95 | 42.86 | 42.79 | 41.97
36.50 | 36.48 | 36.50 | 36.43 | 36.29 | 36.00 | 35.43
37.45 | 37.33 | 37.25 | 37.25 | 37.25 | 37.25 | 36.45
38.05 | 38.00 | 38.00 | 37.90 | 37.90 | 37.68 | 37.05
39.14 | 39.14 | 39.07 | 39.07 | 38.93 | 38.79 | 38.34

Run no. 34PC

40.74 | 40.50 | 40.19 | 40.05 | 39.91 | 39.76 | 39.62
40.56 | 40.66 | 40.64 | 40.62 | 40.52 | 40.28 | 39.40
41.57 | 41.57 | 41.57 | 41.50 | 41.40 | 41.26 | 40.54
35.65 | 35.67 | 35.67 | 35.58 | 35.53 | 35.31 | 34.71
36.54 | 36.45 | 36.21 | 36.04 | 36.04 | 35.99 | 35.36
36.50 | 36.59 | 36.59 | 36.59 | 36.52 | 36.33 | 35.74
37.63 | 37.61 | 37.40 | 37.26 | 37.19 | 37.07 | 36.72

Run no. 37PC

37.98 | 37.84 | 37.88 | 37.69 | 37.57 | 37.48 | 37.29
38.21 | 38.29 | 38.28 | 38.31 | 38.31 ( 38.02 | 37.19
39.16 | 39.21 | 39.19 | 39.07 | 38.90 | 38.66 | 37.92
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TABLE 2-5
{ ;
j AVERAGE _TEMPERATURE _RISES
Temperature :
Experimental Rises at Out-~ :
Temperature let based on Computed Temperature :
Run Rises at Experimental Rises at Probe 8 Difference :
No. Probe 8 Conversion*
% o Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 ;
. (°c) (TQ) (°C) (°c) (°C) (°0) (°c) (°c) _;
|
CWT REACTOR
13 -0.15 0 0 0 0 -0.15 -0.15 -0.15
14 0.00 0 0 0 0 0.00 0.00 0.00
17B -0.25 0 0 0 0 -0.25 -0.25 -0.25
17¢C -0.06 0 0 0 0 -0.06 -0.06 -0.06
24 -0.02 0 0 0 0 -0.02 -0.02 -0.02
15 -0.13 0 0 o] 0 -0.13 -0.13 -0.13
AIR JACKETED REACTOR
2 2.73 5.69 6.42 5.65 5.75 -3.69 -2.,92 -3.02
3 4,80 6.37 7.60 6.59 6.69 -2.80 -1.79 -1.89
4 4,43 6.85 6.90 5,96 6.03 =2.47 =1.53 -1.60
1 3.41 5.16 3.64 3.25 3.30 ~0.23 +0.16 +0.11
7 3.55 4.50 4.75 4.14 4.19 -1.20 -0.59 -0.64
34 4,47 8.30 8.00 7.13 7.17 -3.53 -2.66 -2.70
8 4,09 6.06 5.83 5.13 5.17 -1.74 -1.04 -1.08
6 2.38 3.12 2.91 2.55 2.58 -0.53 -0.17 -0.20
‘5 1.96 2.55 2.31 2.03 2.05 -0.35 -0.07 -0.09
|
| INSULATED REACTOR
§2P 3.39 6.82 6.81 6.00 6.11 -3.42 -2.61 -2.72
éZPC 3.91 5.35 6.19 5.48 5.59 -2.28 -1.57 -1.68
i3P 4.61 8. 26 7.72 6.69 6.81 -3.11 -2.08 -2.20
533PC 4,68 8.08 7.35 6.39 6.50 ~-2.67 -1.71 -1.82
#i 31PC 5.14 7.90 9.69 8.31 8.40 -4.,55 -3.17 -3.26
I 32PC 5.90 10.43 11.16 9.55 9.62 -5.26 -3.65 -3.72
é 33PC 6.06 10.08 10.30 8.92 8.98 -4.24 -2.86 -2.92
4PC 5.19 7.34 7.23 6.24 6.33 -2.04 -1.05 -1.14
{ 4p 4.985 7.08 7.14 6.16 6.24 -2.19 -1.21 -1.29
f 7PC 3.51 5.52 4,63 4.05 4,11 -1.12 -0.54 ~0.60
§ 34pC 5.11 8.43 7.74 6.88 6.91 -2.63 -1.77 -1.80
il 37pC 3.42 5.75 5.73 5.01 5.04 -2.31 -1.59 -1.62

*
Since conversion and temperature rises were evaluated at points 50 cm.

apart, no comparison could be made between experimental temperature
rises and temperature rises based on experimental conversions.
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TABLE 2-6

COMPUTED AND EXPERIMENTAL ACETIC ANHYDRIDE

CONCENTRATION, <x> = /P a

P
Aoutlet (o)

Run <xX> <x> Computed Difference

No. Expt Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
CWT REACTOR

13 .694 .544 .596 .589 .150 .098 .105
14 .630 .412 .482 .475 .218 .148 .155
17B .610 .487 .547 .541 .123 .063 .069
17¢C .601 477 .539 .532 .124 .062 .069
24 .461 .105 .185 .182 .356 .276 .279
15 .436 .382 .456 .450 .054 -.020 -.014
AIR JACKETED REACTOR

2 .732 .529 .592 .585 .203 .140 .147
3 .676 .407 .492 .485 .269 .184 .191
4 .497 .279 .377 .370 .218 .120 127
1 .595 .596 . .644 .638 -.001 ~.049 -.043
7 .575 .381 .463 .457 .194 112 .118
34 .275 .064 .144 .141 .211 .131 .134
8 .301 .119 .212 .207 .182 .089 .094
6 .360 .252 .342 .337 .108 .018 .023
5 .433 .356 .436 .431 .077 -.003 .002
INSULATED REACTOR

2P .703 .535 .598 .591 .168 . .105 112
2pC .760 .565 .622 .615 .195 .138 .145
3P .599 .427 .509 .502 172 .090 .097
3PC .609 .449 .527 .519 .160 .082 .090
31pC .625 .305 406 .401 .320 .219 .224
32pC .485 .188 .299 .295 .297 .186 .190
33PC .396 .123 .225 .221 .273 171 .175
4PC .523 .312 .408 .401 211 .115 122
4P .514 .293 .390 .383 .221 .124 .131
7PC .526 .442 .516 .509 .084 .010 .017
34PC .244 .070 .153 .150 .174 .091 .094
37PC .356 .160 .256 .252 .196 .100 .104
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APPENDTIZX 3 :
g ANALYTICAL METHOD AND PHYSICAIL PROPERTIES
3-A Determination of Acetic Anhydride Concentration
3-B Physical Properties of the System




3-A Determination of Acetic Anhydride Concentration.

The Aniline-Water Method.

This method described earlier by Caudri(ag) was used in
the present study to determine the concentration of acetic
anhydride at the inlet and outlet of the reactor. This method
was also employed in the kinetics experiments.

Let us first consider the change in concentration occur-
ring at the inlet of the reactor. Let us call a, the number
of moles of acetic anhydride and b, the number of moles of
water present at the entrance of the mixing chamber when the
two reactants met. Assume that ¢ moles of acetic anhydride
have already been reacted when the solution arrives at the
inlet of the reactor. So, the number of moles of reactants

left and the number of moles of acetic acid produced are

(CH3CO) 20 + H,0 =+ 2CH;3;COOH

(a-c) (b-c) 2c

If the sample is allowed to go to completion, the concentra-

tions will be

(CH3CO)2,0 + H,O - 2CH3COOH

o) (b-a) 2a

If the reaction is quenched with a saturated aniline-water
solution, the number of moles of acetic anhydride and acetic

acid present in the inlet sample will be

(CH3CO) 0 + CgHsNH, + CH3;COOH + CH3;CONHCgHs

fo) (a+c)
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The same reasoning is applied at the outlet of the reac-
tor assuming x moles of acetic anhydride have reacted in

the reactor. Concentration values are summarized in Table

3-1.
Table 3-1
Concentration Values
Time Total moles acid present CA (moles acetic
when titrating sample anhydride unreacted

with water)
initially o a = CAO
inlet (a+c) (a-c)
outlet (a+c+x) (a-c=-x)
infinity 2a o

(a+c) and (a+c+x), the total number of moles of acid
present in the inlet and outlet samples after the addition
of aniline-water, respectively, were determined by titration.
By substracting the total number of moles of acid present in
the sample at the reactor inlet (a+c) from that present at
infinity (2a), the number of moles of acetic anhydride (a-c)
present at the reactor inlet was obtained. Finally, by sub-

stracting the total number of moles of acid present in the
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sample at the reactor outlet (a+c+x) from that present at
completion (2a), the number of moles of acetic anhydride
(a-c-x) present at the reactor outlet was obtained. When
calculating the ratio of (a-c-x) to (a-c), the experimental
value of the dimensionless concentration, <x>, of unreacted

acetic anhydride was estimated and compared with its corres-

ponding simulated value obtained by computer.
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3-B Physical Properties of the System

Acetic anhydride-water-acetic acid

3-B-1 Inlet Concentrations

Pac’ the number of moles of acetic anhydride per cm?®
of solution at the reactor inlet was obtained directly from
titration of inlet solution together with titration of a com-
pletely reacted solution. In all runs, the calculations were
based on a 10 ml. sample.

Sample Calculation

RUN NO. 3P
Time Volume 1 N NaOH CA

(ml) (mole/10 ml.)
initially - Cpo = 0.02071
inlet 28.17 0.01325
outlet 33.48 0.00794
infinity 41.42 -

The dimensionless experimental concentration was calculated

as the ratio of the outlet to the inlet concentration.

CA
_ outlet _ 0.0C0794
Xoxpt. - - T 0.0132% 0.539
inlet
p, = 0.0l xcC = 1.325 x 10"’ mole/cm’

o) inlet

i
m4£mﬁ



Ppo’ the number of moles of water per cm® of solution

at the reactor inlet was obtained from the following equations:

C . M .
C M C M acid . Tacid
Binlet - water + Ainlet - A + inlet - 10
pwater Pa pacid

Cacia = 2(Cpq - CAinlet)

inlet
o} = 0.0lx C

Bo Binlet
3-B~2 Diffusivity, DAB

The diffusivity of acetic anhydride into water was cal-

culated according to the Hayduk—Laudie(lg) equation.

5 _ 13.26 x 10
AB y_ 0-589 1«14
A Hp
where v. = A _ 102.00 _ 110.4 ml./g.mole
A Pp p 0.925 . /9.
Py
vA°°589 = 15.97

MA' the molecular weight of acetic anhydride and PR.p.. * its
‘P.a
density at normal boiling point, were obtained from Hydrocarbon

(4o)

Processing . The viscosity of water, Ugs Was determined at
the inlet temperature and assumed to remain constant through-
out the reactor. The values of water viscosity at different

(38)

temperatures were obtained from Perry .

e



3-B-3 Density, p

The molal density of the mixture, p, was calculated

according to the following equation:

p : mole/cm?

Ppr the density of acetic anhydride, was obtained from

( 41)

Timmermans and Py the density of water was taken from

Handbook of Chemistry and Physics(bz). Por the density of
acetic acid, and MA’ the molecular weight of acetic anhydride,
were obtained from Hydrocarbon Processing(ho). MB and MC’

the molecular weights of water and acetic acid were taken as
18.02 and 60.05, respectively. Since they are properties of

the mixture, p and Cp were calculated per mole of mixture.

3-B-4 Heat Capacity, Cp

The molal heat capacity of the mixture, Cp, was calcula-

(v3)

ted according to the equation

C = mf, . C . M + mf_. . C . M + mf, . C .
P A

where Cp : cal/mole°C,

CP and CP were read from a graph of Hydrocarbon Process-
C

and CP was obtained from the Handbook of Chemistry
B
(42

A
ing("°)

and Physics.
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3-B-5 Thermal Conductivity, kc

The thermal conductivity of the mixture, kc’ was

calculated from the following equation:

k_ : cal/sec. cm. °K.

y
k and kc were read from Hydrocarbon Processing (+0) and

A C
: (uw)
k was obtained from Hsu .
‘B
3-B-6 Heat of Reaction, AH

The heat of hydrolysis, AH, was taken as -12.54
kcal./mole at 25°C as given by Takashima (32). AH at

temperatures higher than 25°C were obtained from the

(v3)

following equations

(o] = (o] O @]
AHT AHreactants * AHzee * AHproducts
BHD = MO+ g (n T ¢ ar) - L (n ficlar)
298 products 298 P reactants 298P

Measured heat of reaction values at different tempera-
tures and acetic anhydride concentrations appear in

Table 3-2.
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TABLE 3-2

~AH T °a
(kcal/mole) (°c) (mole/%.) Authors
9.34 - 8.85 Marmers (3¢)
12.54 25 0.2488 Takashima (°2)
13.73 40 0.2488 Takashima (2
13.96 30 - conn (*%)
13.96 25 0.1507 Takashima ¢°?%)
1.3 ¢+ 4| 30,65 0.25 Glasser (!
14.6 + 2.8| 35 to 65 0.17 Dyne (*%)
14.97 10 0.2488 Takashima (°2)
15.05 25 0.0759 Takashima (°%)
16.1 25 o dilution Takashima (%
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1 APPENDTIX 4

: EQUIPMENT DETAILS

1. Metering Pump:

Manufacturer: Milton Roy Co.

Model: Duplex D4 117 and Mo DO 117

Specifications: Both sides positive displacement

Rated pressure: 1,000 psi

Maximum flow rates: 1.5 and 5.0 cm®/sec

2. Millivolt Potentiometer:

Manufacturer: Leeds and Northrup
Model: 8686 Millivolt Potentiometer

Specifications: Scale: 1 to 10 m.v. * 0.00025 m.v.

3. Mixing Chamber:

Volume: 1 litre
Mounted with a one litre plastic surge tank
Mixing: 1.5 hp. motor

4 sets of blades and baffles

4. Thermometer:
Manufacturer: Fisher Scientific
{
{ Model: Total Immersion White Back Thermometer

Range: 0.1 to 51°C * 0.05°C

.
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Thermocouples:

Manufacturer:
Nominal O.D.:

Specifications:

- 128 =~

Thermo Electric
1/16 in.
Metal sheathed, ceramic insulated

thermocouple wire
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APPENDTIX 5

PUMP AND THERMOCOUPLE CALIBRATIONS

5-A Pump Calibration

5-B Thermocouple Calibration
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5-A Calibration of Pump

The duplex stainless-steel positive-displacement pump
used in the experiments to pump reactants through the vertical
reactor was calibrated as follows. The punmp was set at a
fixed percent stroke and water allowed to flow in the mixing
chamber installed in the heat bath and then through the reac-
tor. A volume of water was collected at the outlet of the
reactor and registered for an interval of time. The calibra-

tion of the pump appears in Figure 5-1.

5-B Calibration of Thermocouples

Thermocouples were calibrated at two temperatures;

(1) at 25°C and then the experiments were carried out and
(2) at 35°C followed by experiments. They were inserted in
a constant-temperature bath and calibrated against an ASTM
thermometer from the Bureau of Standards (U.S.A.).

The difference between the real temperature (temperature
read from the Bureau of Standards thermometer) and the read
temperature (temperature obtained through readings on the
potentiometer) was added to the temperature read by the poten-

tiometer during experiments.

i
i
:
i
i
i
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TABLE 5-1

UPLES CALIBRATION

Calibration of Probes at 25°C

Probe#

RO~ WN

Reading
(mv)

.982
.945
.990
.987
.985
.988
.988
.990

Tread
(°C)

24.80
23.90
25.00
24.93
24 .88
24.95
24.95
25.00

Calibration of Probes at 35°C

Probe #

OJO U WNDH

Reading
(mv)

1.397
1.366
1.398
1.391
1.338
1.345
1.400
1.400

Tread
(°C)

34.90
34.15
34.93
34.76
33.48
33.64
34.98
34.98

real
(°C)

25.
25.
.00
.00
25.
.00
.00
.00

25

25
25
25

00
00

Treal

(°C)

35.
35.
35.

00
00
00

35.00
35.00

- 35.

00

35.00
35.00

Difference (°C)

0.20°
1.10
0.00
0.07
0.12*
0.05%
0.05
0.00

Difference (°C)

Due to breakage of thermocouples, some thermocouples

were changed between sets of experiments.
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APPENDTX 6

GRID SPACINGS AND FINITE-DIFFERENCE EQUATIONS

6-A Determination of Grid Spacings

6-B Finite-difference Equations
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6~-A Determination of Grid Spacings

Limited numbers of radial and axial increments were used
by previous workers(u’s) since computation time was the res-
tricting parameter. In this study, the computer programme

was written in the PLI language such that it could be compiled
only once and executed many times. Compiling and execution
were performed within less than 2 1/2 minutes computer time
for the most complicated programme (Case 3). Programmes with
different numbers of axial and radial increments were run and
it was found that 100 radial and 500 axial increments could

be run in less than 2 minutes execution time without yielding
instability. This grid spacing was adopted in the theoreti-
cal survey.

In the experimental study, 120 radial and 300 axial in-
crements were employed in order to minimize printing and get
the computed values corresponding to a probe position. Since
seven different radial temperatures were read, radial theor-
etical results were printed every 20 radial steps and since
8 probes (distant by the same length except the last two)

were used, axial computed results were printed every 30 axial

increments.
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6-B Finite-Difference Equations

Table

6~-1 First-order Reaction. CWT Reactor

6-2 Second-order Reaction. CWT Reactor

6-3 First-order Reaction. Adiabatic Reactor
6-4 Second-order Reaction. Adiabatic Reactor
6-5 Coefficients Values

Page

136

137

138

139
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CASE

0 S a

CASE

0 % a

CASE

'_l
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TABLE 6-1

FINITE-DIFFERENCE EQUATIONS

FIRST-ORDER REACTION

CWT CONDITIONS (ewall

X = A X
m,n+1 2 X

As em+l,n+l t By em,n+l +

+ Ag 6

e2,n+l 1,n+l

B x = By X
! m,n+1 2 m,n

Bs em+1,n+1 + By O +

B~ 62,n+l + Bg 6

Xwall,n

Ch + Cz2 x% +

xm+l,n+l m,n+1

C5 X + CG X

2,n+1 1,n+1

Cs X + Cqg X +

w,n+1 w-1,n+1l

Ci2 6 + Ci3 ©

m+1l,n+1 m,n+1

Cie e2,n+l + Civ el,n+l

= 0)

Bs O ine1
Ag

Bs em—l,n+l =
By

Cs Xm—l,n+l =
o

Cro X, 5 n+1

+ Ciy em—l,n+l

Cis

Ag

Cy

Cis




CASE

0 5 a

CASE

0 S a

=
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TABLE 6-2

FINITE-DIFFERENCE EQUATIONS

CWT CONDITIONS (©

SECOND-ORDER REACTION

wall — 0)

_ - 2
Xm’n+l = (-D» +/D2 4D1D3 ) / 2D,

Dy © + Dg 6

m+l,n+1 + De 8

m,n+1 m-1,n+1

De Oy n41 ¥ Do 87 41 = Dio

X (-E, + /fz - 4E,E; ) / 2E,

m,n+1 =

2
xwall,n 0 for n 2

Ey 6m+l,n+l + Es em,n+l + Ee 8

Ee 05 ey ¥ B9 07 1y = Eio

Dy

.F:,

Fia

Fis




CASE

1

en+l
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TABLE 6-3

FINITE~-DIFFERENCE EQUATIONS

FIRST-ORDER REACTION

ADIABATIC CONDITIONS

-G,/ (6_+ 1)
en + k Gan(xn+l + xn) e 2 n

_2,2 Bis

+ B;s 6 + B1gs O

w-1,n+1l w-2,n+1

1)

o)
Il

+ Coo X + C21

w-1,n+1 ¥w-2,n+1

+

Couw 8 7 ne1 + C2s 855 nia

Cas
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TABLE

6-4

FINITE-DIFFERENCE EQUATIONS

: CASE 1
en+l = en
CASE 2 (a
when n = 1
Eq 6w,2 +
when n > 1
Eis 6w,n+l
CASE 3 (a
Fis Xw,n+l
Fas 6w,n+l

SECOND-ORDER REACTION

ADIABATIC CONDITIONS

+ % k G3Gu(Xn +

w-1l,n+1

xn+1) (

+ Fos 6

X + x
n n

E

w=2,n+l

+1

14

+ 2Ax)e

Fosg

—G2/(6n+ 1)

el
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i TABLE 6-5

COEFFICIENTS VALUES

The coefficients A, B, C, D, E and F were known values

and are defined as follows:

A, = 1+ k Gj e_GZ/(em,n+ 1)
A, = 1-%kG6;e %/ gt d
A; = -k (h+ 2a) / 2a_ h?
A, = 1 + (2k/h?)
As = k (h - 2a) / (2a h?)
As = k (h+ 2a) / (2a h?) 8l n * (1 + (2k/h?)) em,n
+ k (2a, - h) / (2a_ h?) Oe1,n v K GaGulxy Loy + xp )
e"GZ/(em,n+ 1)
A; = -4k/h?
Ay = 1+ (4k/h?)
As = (4k/h?) 8y n t (1 - 4 k/h?) 8, n T Kk GGy (X) 4q + X )
e_GZ/(el,n+ 1)
By, = 1+ [k Gse G2/ ™) /01 - a’)l
| B, = 1 - [k Gae_GZ/(em,n+l) / 2(1 - aij]
é Bs = -k (h+2a) /4(l-a) a h?
% B, = 1+ k/h%(1 - a;)
% Bs = k (h-2) /4(l-a)a h
;




Beg

Bg

By

C,

Cz

Ci

Cy

+
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TABLE 6-5
(continued)
2 2 _ 2 _ .2

[k (h + Zam)/4(l am)am11 ]em+l,n + [1 k/h“ (1 am)] em,n
) 2

_ _ 2
[k (2a_ - h)/4(1 - a_)a h ] em_l,n + k G3Gz,(xm,n+l + Xm,n)

-2k/h?
1 + 2k/h?
2 _ 2
(2k/h?) 62,n + (1 2k/h?) el,n +
Byy, = 5/2h?
Bi1s = —8/3h2
Byjg = 1/6h?
1 -G
5 (Xw,l + lez)Gane 2
0

2
- - 2
k G;(h + Zam)/4(l am) a h
1 +k G;/(1 - a;) h? + k G3e—G2/(
- a2 2
k G: (h 2am)/4(l am) a. h
2 2
[k G;(h + 2am)/4(l - am) a h*] x

[1 - k G (1 - a;)'hz ~ k Gie G/ !

[k Gi(2a, - h)/4(1 - a;) a_ h?] x

e~G2/(em,n4.l)/2(l - a;)

1
3% (xl,n+l + Xl,n)

GiGye G2/ (8 ¥ 1)

2 + 2
em,n 1) / 2(1 - a)
m
m+l,n
0 +1) 2
m,n / 2(1 - am)] Xm,n
m-1l,n




ey
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Cis
Civ

Cis

Cig

Cao
Caa

Cza2

TABLE 6-5

(continued)

-2k G;/h?

' kK G. -
1+ 2k Gi/h? + —2 e G,/ (8

2
(2}( G1/h )X2,1'l

5 G, -G
W—+G3e2

+ (1 - 2k G;/h? -

-8G,/3h?
G,/6h?
0

-k(h+2a) / 4(1 - a;)am h’
1+%k/ (1 - a;)hz
k(h - 2a_) / 4(1 - a;)am he

2 2
[k(h + 2am) / 4(1 - am)am h ] em

0 + [k(2a_ - h) / 4(1 - a;)am h’1 6

m,n

-G,/ (8
k( + xm,n) G3iGye 2 m,n

Xm,n+l
-2k/h?
1 + 2k/h?

2 _ 2
(2k/h*°) 62,n + (1 2k/h*) el,n

G3Gue_G2/(el,n

5 G -
TﬁT% + Gje G2/(ew,n + 1

~-8G,/3h?
G,/6h?

0

1)

k G -
-3 e G2/(el,n + l))x

2 1,n

2 2
s1n* L=k / (1-apn]

-l,n

1 o0 - a;)

k

+ f(xl,n+l

+
xl,n

+ 1)




B
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TABLE 6-5
(continued)
Caa 5/2h?
Cay -8/3h?
Cas 1/6h?
- 6 + 1
Csos GaG“xW,I‘H'l e Gz/( w,n )
k G -
D, _Tfi e GZ/(em,n + 1)
D, 1+ (k Gge—GZ/(em,n + l)) (x + Ax)
m,n
kG, -6,/(8 + 1)
- —3
D, [-1 + ( 5 e 2 m,n ) (Xm,n + 2Ax) ] Xm,n
- 2
Dy k(h + 2am) / 2am h
Ds 1 + 2k/h?
- 2
Dg k (h 2am) / 2am h
2 _ 2
Dy [k(h + Zam) / Zam h<l] em+l,n + [1 2k/h“] em’n
_ 2
[k(2am h) / 2am h<€] em_l’n |
k -G,/ (8 + 1)
5 G3G“(Xm,n+l + xm,n) (Xm,n+l + Xm,n + 2Ax)e T2 m,n
Ds -4k/h?
Dg (1 + 4k/h?)
2 - 2
Dio (4k/h*) 62,n + (1 4k/h<) el’n |
K -G,/ (0 + 1)
5 G3G“(xl,n+l + Xl,n) (xl,n+l + Xl,n + 20x)e T2 1,n !




i Eis

L

II 3
12
) 3
: - 144 - j
§ TABLE __ 6-5
-§ (continued)
kK G )
; 4(1 - am)
; A
i k -
E E2 = 1 + ————Ei—?— e G2/(6m,n + l). (xm n + Ax)
g 2(1 - a ) !
! k G -
i E; = [-1 + —~———i—7- e GZ/(em,n + l). (xm n + 2Ax)] . X5
5 4(1 - a_) ’ '
5 m
é = —k(h + 2a )/4(1 - a_)a_ h
| Ev = =k( a )/4(1 - a)a
! 2 2
Es = 1 + k/(1 - am)h
= 2a_) /4 (1 ®ya_ n®
Es = k(h - am)/ (1 - am)am
2 2
E7 = [k(h + 2am)/4(l - am)am h ] em+l,n
[1 - k/(1 - a-)h®]1 68_ _ + [k(2 h)/4(1 - a’)a_ h’] o |
* - k71 - am) m,n ( qm )/ n’?m ] m-1,n
k G,G, . o —a./ 1)
o —(x L Fx o )x o+ x + 28%) .62/ Bgpt L)
4(1 - a’) m,n+ m,n m,n+ m,n
m
Es = =-2k/h?
Es = 1 + 2k/h?
_ 2 _ 2
Eie¢ = (2k/h*°) eZ,n + [1 2k/h*] el,n
k G,G, -G, /(6, _ + 1)
+ — (Xl,n+l + xl,n)(xl,n+l + Xl,n + 2Ax).e "2 1,n
Ei1 = Eis = 5/2h?
E;2 = Ei1s = -8/31’12
E13 = Ei7 = 1/6h?
_ -G
Eiy = (G3GQ/4).(xl + x2)(xl + X, + 2Ax)e T2
; - 0



Fo

Fi
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TABLE 6-5

(continued)

2 2
-k Gi(h + 2a)) / 4a_ h (1 - a)
k G,

1+kG/h*(1-al) + ;
4(1 - am)

(x

e

2 2
k Gi(h - 2am) / 4am h (1 - am)

[k Gi(h + 2a) / 4a_ hi( - a;)] X

m+l,n
2 2 k G -
[1 -k G/(lL -a)h - —3 _ (x + 2Ax)e GZ/(em,
m 2 m,n
4(1 - a’)
m
2 2
Xm,n + [k G1(2am - h) / 4am h (1 - am)] Xm—l,n
-2G1k/h?
k G -G, /(8
2 3
1+ 2k Gi/h° + - (xl,n+l + 2Xl,n + 2Ax)e T2 1,n
(2k Gi1/h?) x + {1 - 2k G,/h? - k G, (x + 2AX)
! 2,n 1 4 1,n
-G,/ (8 + 1)
e 2 1,n } X1 n
2 -G
5G1/2h* + Gse 2(Xw,n+l + Ax)
Foo = ~8G1/3h2
Foy = G1/6h2
Foo = 0
2 2
~k(h + 2am) / 4(1 - am)am h

2. .2
1 +k/(1 - am)h

k(h - 2a) / 4(1 - a;)am h’

+ 2x

+ 2Ax%
m,n+1l m,n

+ 1)

—Gz/(em,n

)

n+ l)]

+ 1)




Sastitd

Fis

Fas
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TABLE 6-5

(continued)

2 2
[k(h + 2am)/4(l - am)am h 1] em+l,n

[1 - k/(1 - a;)hzl 6. o + [k(2a_ - h)/a(1 - a;)am nh?] o

,n m-1l,n
k G,G, -G,/ (8 +1)
m Xm,n+l + Xm,n) '(Xm,n+l + Xm'n + 2Ax).e 2 m,n
m
-2k/h?
1 + 2k/h?
k G,G, -G,/(8 + 1)

2 - 2 37y
[2k/h°] 62,n + [1 2k/h*] el'n e 72 1,n
(%3 pa1 * Xy ) (Xg g X, 20%)

2 -G,/ (6 + 1)
5G;:/2h*° + Gie ~2 w,n . (Xw,n+l + Ax)
5/2h?
-8/3h?
1/6h?
G3GuX ( + Ax).e-GZ/(ew,n + 1)

X
w,n+1l""w,n+l
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APPENDTIX 7

COMPUTER PROGRAMME

.
| oy
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NsBe: THE REMAPKS AT THE
THE LINT APPLIFS. WHEN

REMARKS:
A P THE LINE APPLILS TO
C & THIZ LIND ARPRLITS TO
C ¢ OXAMPLE. THL LINHE SH
$0 (ALONE OR PRECEEDING
2  (ALONE QOR PRUCEEDING
L2433 ¢ (FOLLOWING A OF C) C

THE, LINE APRLIES TO

PROCFDURE OPTIONS (MAIN) S

TR o Ak kool Rk e Ky kb R ROk &

PROGRAM TO SOLVE SIMULT

TUBULAR RZEACTOR B8Y NUMIR

CASZ_3: LAMINAR FLCW WJ
ADIABATIC SFACTOR

CFIRENCE?: Rs DUSSAULT

2 TS ERYERYIASIAT AR AS L E L S L3

IDECLARE

K1 FIXED BINARY(16) .
Al FIXZID BINARY (I 6),
NRI FIXUD OQINARY(16)
NAT FIX-D BINARY (Y6A)
LBND FIXED BINARY(LE

= END OF EACH LINE INDICATE TO WHAT CASE
NOTHING APPEARS, THE LINY APPLIES TO ALL CASES.

ADIABATIC CASES.

CwT RIZACTORE CASHSe.

NULD BE CHANGED APPROPRIATCLY FOR SACH CASE.
A OR C) FIRST ORLCER CASHS.,

A OR €C) SECOND OKRDCR CASES.

ASES %42y OR 3.

ALL CASZS EXCEPT THOSE PRECCEDED BY A MINUS SIGN.
REMARKS

CASE_3: ‘ E

o R o kv ok Yok ok ko b kol bk R Rk B Rtk o Mok

ANFOUS HIEAT AND MASS VANGFER IN A
ICAL RELAXATION MEZTHOD.

TH RADIAL DIFFUSION OF MATERTIAL

M

PHeD THESIS UNIVERSITY 0OF OTTAWA

WA kRt R Ak hob XAk kAN kR Rk Ak R g gk )/

/% RADIAL ITERATIONS »/
/% AXTAL ITERATIONS *®/
/% NUMRBER 0OF RADIAL ITLRATIONS PRINTEO¥/-1A1,-2Al
/= NUMHER CF AXTAL ITUORATIONS PRINTZID */

y /% LOWER PRINTING BOUND v/

-3 AL+ - 2AS

UBND FIXID BINARY(TO6
(TaKaMiN4IC, INJNC) F

(KoaNsIC, INJNC) FIXLD
(IsKsMyN,y ICs ININCy1IC

BACK LABZL,

EXP BUILTIN,

SYSIN FILE STRIAM IN

SYSPRINT FILF STRIAM
START:

OPFN FILE (SYSPRINT) PA

ON SENDFILE (SYSIN) GO TO EQOP;

ENEW_CATAL

GFT FILE (SYSIN) LIST(RILZAI JNFITWNATLLBNDUBND) S -1A1,~2A1
GUT FILF (SYSIN) LIST(AL«NAILBND,UBND); 1AL 2A% .
BEGING
DECLARE
X{CSRIZTIE ) o THETALN IRIZOIIVVAIRI+S 43 ) 4RIFI4S ), E
GY s GlsG24GaGK WIART AL  AREAZ2,DELTAKX, E
AVCOUNS JAVTIMPPARTI +DIVeTNVCON.ROWAC s POWBO s AVSPUEC, £
B(RX+L'3).PART(“!RIo3).XX(O:RI)-Y(f.RI)'TOLFRANC&- E
TA(UIRT) sAA(LIRID) yFUNCI(CIRT) o FUNC2()IRI ) €
PART2sPARTI (PAETALGH TS s TSL s TS2, TEMP) E
FLOAT BINARY(53): /% COUBLE PRECISION VERSION %/
ON ERROR SNAP BEGIN;
ON ERRPOR SYSTIMS
PUT PAGE FILF (SYSPRINT) DATAS )
END S

Y3 7% UFPER PRINTING BOUND /7

IXZED BINARY(L16) INITIAL(D), =4 AL »— AL
-2A3,~-2C3
HINARY (16) INITIAL(UG )Y, 1AL s 2A7
JUNT ) FIXED BINARY(16) INITIAL(D), 2A3.2C2

PUT ENVIF(8(0)
(F(

)
FRINT &NV 121) )5

GESIZE (300), FILE (SYSIN) INPUT:




Gzt FIUE TSYSTNT LIST(GU G2 4G34GaawW )3 1
GUT FILY (SYSIN) LIST(GL+68+G34G4,%,ROVAO,ROWBO )} 2A1 .28
GET FILT (SYSIN) LIST(TOLERANCE . Gl.bZ.G?oco'h QJ“AO'ROWUO)' QA3
G-T FILY (SYSIN) LISTICONST Gl 02|G3|GG'W-QOhAG'FOWBO). 2Cis2C
GET FILZ (SYSIN) LlST(CQNST-TCLLRANC&.GloGEcG3vG4oWoROﬁkD'RONBO); 2C3
GH=1.2/R1} -1A1+,-2A1
GK=W/Al;
DELTAX = (ROWBO-RCWAC)/ (ROWAO+RCWBD) 3 2
TNVCON = (ROWAOD+ROWBLC)I/RCWADS 2
/% AA IS THE DIMENSIONLESS RADIUS »/ —~1Al4-2A1
AALD) = 0403 -3 ALe=ZAS
DO I=% TO RIS =% ALl e-2AY
AA(1)Y = AALI-1)4GH] =3 Ay 2A}
LND S =1 AS y—~2A1
TA(*) = S el=AA(w )2AA(%) ~1A]1 -2A1
-2 C%+—=2Co
X{G) = 1493 LAl
; X(4o00) = 1,073 1A2+,1A3,1C1
: 1Cc41C3
: X((C) = RCWAQ/Z(ROVWAC+ROWBD) 2h1
X{(¥42) = nDhAO/(POhAD+ROhBO): 22273, 2C12
2CZ2.2C3
Y{G) = X(Q)+TNVCCON? 1Al
Y{t,0) = X(x2)*THVCOn 3 2A2,2C3,2C2
Y{&) = X[(=,23)%TNVCON; 2A3,2C3
THETA(» ) = 0423 . —-EAL v —2A%
THITA(C) = '7'-'-'; 1 AN » QAT
FUNCT (*) = X(®,0)2AA(x) ¥TA(X%)] 1A2,1A341C2
1C3,2A242A3
2C24,2C3
FUNCL(¥) = X{*,0)*®AA(*) ] 1C5+2CH
FUNCZ(7) = THETA(? o) «AA(R)RTA(>) 1A2+2A3,3C2
1C3+2424,2A3
2C2Zy2C3
FUNC2(*) = THETA(*+D)%AA(X)] iCLs2CH
/% INTE GRATION BY SIMPSONS RULE #/ -2 A% v—2A1
AREAL VAREAZ=C ™3 —1Als—-2A1
DO I=1i TO RI-y QY 23 —1 A%y =2A7
AREALZAREA + ((GH/3N )3 (FUNCR (1= )4 (4e0*FUNCE (1) ) 4+FUNCI( 145 )i=5 AL s —2AY
ARTAZ=AFPZAZH ((GH/3 U )% (FUNC2(I-1)+(4.0xFUNC2(I))+FUNC2(T+] Y i 1AL —2A%
ZND3 -3 AL v—2A%
X(*ei) = X(743)3 /% CONCINTRATION PROFILE %/ =1AL y—2A]
X{:)y = X(a)3 /% CONCUNTRATION PRROFILE %/ 1A1,42A1
THETA(* V) = THETA(X,6C) ;5 /% TUMPIRATURE PROFILE */ -1 Al y—-2A1L
THETA(L ) = THETA(T) S /* TEMPERATURE PRGFILE »/ LAS W 2A%
AVCONS = 4.0%AREAR S LA2,3A3,1C2
1C3,2A242A3
2C24+.2C3
AVCONS = 2.ND*AREAL S $1C1.,2C%
AVTEMP = 4,0%AREAZS LAZ,3A3,5C2
1C342A242A3
2Czy2C23
AVTEMP = 2.0%ARFAZS 1C3,2C)
PUT FILE (SYSPRINT) TODIT
('SCCOND DRDER *,*CASfE 3 *,% ADIABATIC REACTOR ¢, E
TTHETA(WALL) = 240 ', '0DUBLE PRECISION') E
(PAGKE s S(SKIP(4),COLUMN({AN)+A))
(¢ X(N) = ¥yX(D)) 1A1
(PAGZ COLUMNI(40),A,F(8,44)) 1A%
(*THE VALUES OF X(Cys0) TO X{*9yRI«*40) INCLUSIVE ARE *+X(0,01)}) }AZv‘AEv!CX
C2.4C2
{ PAGE, COLUMN(4C), Ay F(343)s Ay F(844) ) 1A243A25CH
1C2,1C2
(¢ Y(C) = *,¥(D})) 2A%
(PAGE sCOLUMN(40) +AF(B46)) 2A1
(*THE VALUSS OF Y(C D) TO Y('3RIL',0) INCLUSIVE ARE sY(CWeD)) 2A2,2CE 0C2
{ PAGEy COLUNMN(EQ )y Ay F(340)y Ay F(Bs4) ) 2A2,2CL,»2C2
(S THE VALUGSES OF Y(C) TO Y(*'yFIs') INCLUSIVE RE *+Y(0)) 2A3.2C2
( PAGCT,y COLUMN{AO)s Ay F(340)y As FlBss) ) 2A3.2C3
(*THE VALULS OF THETA(DWN) TO THETA('«RIV*+C) INCLUSIVE ARTZT ¢, —=1A1+=2A1
THETA(S D)) -1Als=22A1
( SKIP(A), CCLUMN(AN )y Ay F(3+0)s Ay F(BsG) ) —L AV = ZAT
(PTHEYACLD) = ¢ THITA(C)) 1A1 «2A70
( SKIF(&) COLUNMNIA4O)AF(8,44)) LAV, 2AS
(*AVERAGE CONCENTRATION IS ¢4 AVCONS) —~1Al =281
{ SKIP(4), COLUMNM(&4G), Ay F(2045) ) ~5 AL = 2N
(PAVERAGS TEMPERATURY IS ¢ ,AVTEMP) ~LAL—2AF
i SKIP{4)y COLUMNI(LG)Ys Ay F10,45) ) —LAT v AT
H { *NUMBIR OF RADYIAL ITURATIONS 1S *4R1I) —4AL =228
i ( SKIP(%4). COLUMN(“))' Av F(3,0) ) =1Als=2A1
i (*NUMBER OF AXIAL ITESRATIONS IS *,Al)
i ( SKIP(4}ysy CCLUMNILO)s As F(4,0) )
L .




]

[P

- 150 -~
T TTTTUTCURS T OR  TRETAIWALLY TS L CORSTY 2CL s 2C2,2C5
( SKIP(2)y COLUMN(EGC)s Ay F(1447) ) 2C1.,2C2,223
(*THF TOLERANCE 1S ¢,TOLERANCS) 2A3,2C2
{ SKIPL4)1,COLUMN(AU) sAF(5a,7)) 2A3,2C3
(' GI=',Gl,* G2=1,G2,% G3I=1,G3,! GA='4Ghet W=',W)
(5(SKIP(4)4COLUMNI38) sAsE(]20a)) )3
/* STT UP MATRIX B o+ B IS STORTO IN COMPRESSED FORM #/ ~1A5 y=2A)
Blisl) = 1.04((2e0%GK)/ (GH*GH) )3 —1A14~2A1,
-1Ci,-2C)
B{1+2) = §.04((440*GK)/ (GHXGH) )} 1Cr,2C3
Bl1+2) = =(2eU%GK)/(GH*GH) ; —1AL . ~ZAY,
. -1CL ,-2C%
B(142) = =(4.0%GK)/{GH*GH) ; 1C1, 2C1
B(%,3) = 0.03; ~3 AL ~2A%
DO T = % YO RI-1; ~3A1,=2A1
TS = AA(I); ~L A% s=2AY
TS = TA(1): —1AS s =2A%,
-1C1l,~-2C1
TS2 = 4,0*%AA(1)*GHYXGH? ~1A.+—2A%,
~1C1,~-2C1
TS2 = 2.0%AA(1)%GH*GH; 1Ct,2C?
BOI+50Y) = (GK*» (GH=2.C*TS) )/ (TS2%TS) ) ; ~31AL =221,
~JCis=2C2
B(l+14%) = (GKT™(GH=2.0%TS))/TS23 1C1,2C8
B(I+1,2) = 7 «0+(GK/(GH%GH*TS: )); ~1A1,4-2A1,
=1Ch,~2C%
BUI+542) = 1.04¢((2.24GK}/(GHYGH) )} ici.2cC1
BUI+1,43) = ~(GK¥ (GH+240%TS))/(TS2%TSL ) : =141 1—2A%,
~1Cl,~-2Cs
BlI4342) = —(GK¥ (GH+2.02TS))/TS2} 1C1, 2C1
END ~3 AL —-2A%
B(PI+3,3%) = £.0/(6.3%GHtGH) 1A2,1A3,1C3
2A2+¢2A3,2C3
B{RI14+3) = B(RI.2); 1C1,2C%
BIR1+1,2) = ~840/(3.0%GH*GH) ; 1A2,1A3,1C3
. 2A2,242,2C3
n(n Te2) = B(RIL1); 1Cl,2C1
BIRI+L43) = S540/(2.04GH%GH); AA2viA3,5C3
2A24243,2C3
B(RIs1) = 0,03 1Ci,2cs
/% SET UP MATRIX PARYT WHICH IS USFD IN CALCULATION OF R %/ -1A1,-2A1
DO I = & TO -3 —L AL =2A%
= E ¥OHPAATIY*TATTY S e ~1A1,~-2A1,
TS 4NN GHEGHYAATTY TiciitEes
TS = 240%¥GHEGH4AA(T); ici,z2cz
PART(1,1) = (GK*(GH+2-0*AA(§)))/TS: -g:}»—gﬁ}
- = 2 SGHYTA(T H =3AL,=2A%,
PART(I+2) GK/(GH*G (1) REERR
PART (I1+42) = (2.07GK)/(GH*GH) ; iCl.zCy
PART (I +3) = (GK*(2.0%AA(1)=GH)I/T =1Al,~2A1
END: —~31AN s~2A%
M = RI + 13 2A3
N=3 3
IN = N+3 3
NC = 03 /% COUNTER FOR AXIAL POSITION, AI %/
LOOP_ 3¢
ICOUNT = 03 2A3.2C3
K=K+3 3§
TC=NC+3 3
X{%gN) = X(¥N+5)3 TlAls—-2n1
X(N) = X{N+.)3; LAl 2A7
XX(*¥) = X{%®,N); 2AJ.?C3 "
Y(heN) = X(*,N)=TNVCON; 2A242C3 . 2C2
THETA(® oN) = THETAl{«,N+$)3 -LAL,-2AL
/7 SOLVING FOR X(N+i) %/ 1AL, 2A%
; 2,1C1,1C2
/% SOLVING FOR X(&,N+1) =/ éﬁzzéc3.zc2
- — s 1A2,35C2,2A2
DO 1=0 TO RI-i; ?ca ven
! 0O 1=0 TO PI; CL.2C
) TS = Gr'G’*EXP(—G“I(THETA(N)il.0))o LAL . 2A1
; TS = GKEGI:IXP(—G2/(THETA(T+M)I+30))/(2.0%¥TA(I)) 1AZ2,2C2
: TS = GK*G3#HXP(=G2/(THETA(I,MN)4)1.0))3 1C
! TS = GKXG3*xF XP(~G2/(THETA(I NI +1.0))/(4.0%TA{T)); 2A2.2C2
: XCIN) = X(H)IF(3 eC=TS)/(1e2+TS) 1AL
i X(IoIN) = X(I4N)%(140=TS)/(L.0+TS); 1A2,1C1,1C2
Di = TS/2.0U% 2A3
D2 = L 0+(TS*(X(N)+DELTAX) )} 2A%
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03 = (—z.oo(w.sst*(x(N»+a.chFETAx))) X(N)3 2A1
X(INY = (=D2+SORT(D2%D2-4.0*DI4D3))/{2.3%D1 )3 2A)
YUIN) = Z({IN)*TNVCGN; 2A1
EYl = TS: 2A2
E2 = 1404(2,0%TSH{X{INM)+DFLTAX) ) 2A2
i F3 = =x{I N)+(TSEIXTT N)+2,C*DELTAXIEX{T W MY) S 2A2
; X(1¢IN) = (~F24SART(E2:02-4,0%xU14E3))/(2.00C0) 3 2A2
j DY = (GK*G3/2.0)*IXP(=Gi/(THUTA(LI NI+14C))5 2ct
! D2 = ;0 (GKYGIEXP(=GR/ITHETA(TNI+I «0))*(X(T+N)+DELTAX)): 2Ci
; D3 = (=1 eCH{GRYGIVEXP(~G2/(THETA(INI4140)) 2Ct
; A{X{I o NIHI2.0DELTAX))IZ2.0) )% X (T N) 2¢2
] X(I14IN) = (~D2+SQRT(D2*D2~4.0%¥D1%¥D3))/(2.02D1); 2c1
: L = TS; 2cz
i E2 = 1 e0+(2.0%¥TS=(X{I.N)+DELTAX) ) 2cz
; T3 = ~X(1 NI+ LTSN (X(T W N) 4240 %DELTAX)I X (14N a2¢c2
! X{14IN) = (=F24S0RT(I0402-4.0%E1%E3)) /(2. C*EL )3 2¢2
; Y(IsIN) = XOI4IN)*THVCON; 2A242C142C2
[
! /% SET UP MATRIX A FOR CONCENTRATION IN COMPRESSED FORM %/ 1A3,1C3
! Al®42) = GrxB(ve3); 1A2,1C3
. DO 1 = 2 TC RI: 1A3,1C3
: Al142) = GI¥B{1,72) =Gl +{ 0 +GKAGIVEXP(=G2/(THETA(I=1,N)I+3.9)) 1A3,4C3
| Z(207TALI=-2))3 1AR,1C2
END; 1A2,1C3
Al*,3) = GIvE(*,3); 1A3,1C2
ALl 41) = GL¥B(! +4) =Gl +L T+ (GKAG3/2.0)*¥EXP(~G2/(THETA{ON)+140))5 $SA3,1C3
Al142) = Go¥vB3(!.2)% 1A3,31C3
A(RI+} +2) = GLVYB(Ri+5,1)3 1A3,58C3
A(RI+1,2) = Gl#B(RI+1,2)3 1A3,1C3
A(RT+? 43) = GLoB(RI+L,3)+G3%EXP(~G2/ (THETA(RI «N)+200)) 3 1A3
A(RI#:43) = GLXB(RI+1,3)+G3*EXP(~G2); 1C3
/%xSET UP MAT Rlx R FOR CONCENTRATION %/ 1A3,1C3
R{%) = ((241%GK*GI)I/(GHRGH) )AX (1 4N) L1A3,2C3
+X(C .N)t('{ e U= ((2s0%GK¥GL I/ (GH®GH)Y ) iA2,2C3
~((GKTYG3/2e0 )} ¥EXP(=G2/ (THETA(WN)I+1.0))) )35 1A2,3C3
DO I=1 TU RI=-i3 1A3,4C3
PART? = X(T+7 4yN)*G} =PART (142 1A32,1C3
PART2 = X(I N)» (!, 0~=GI2PART(]1,2) 1A2,1C3
~((GKEGITEXP(=G2/ (THETA(IsN)+%40)))/{2.08TA(1)))); 143,4C3
PARTI = X(I-14N)¢Gl*PART(I,3); 1AZ,1C3
RUI+v) = PARTL +FART2+PART3; $1A2,1C3
CND; 1A3,1C3
RIRLI+Y) = D403 TAZ,LC3
LOOP_2: 243,2C3
ICOUNT = ICOUNT+1: 2A3,2C3
/* SET UP MATRIX Ay A IS TD BE STORED IN COMPRESSID FORM */ 2A3,2C3
Alxys1) = G1*B(x,1); 2A3,2C3
A(A43) = GI¥B(%,2); 2A3,2C3
All91) = 140+4((2e03%61*GK)/(GH*GH) ) 2A3,2C3
1 {IGK%EG2)/4.3)=(XX(D) 2A3,+2C3
+2 40X WN)+2 C*DELTAX) 2A3,2C3
EEXP (=G2/ (THETA(OWN)+1 0D ) )3 2A3,2C3
Al34+2) = GIL®BlL,2)3 2A3,2C3
TS = (GI%GK)/(GH*GH) § 2A3,2C3
TS2 = (GK¥G3)/4403 2A3,2C3
PO I=f TO RI-i BY i 2A3,2C3
TSY = TA(l): 2A3,2C3
A(TI+142) = 1 40+4TS/TSA+(TS2/TS? 2A3,2C3
F(XX(T)+2.0%X{TIsNI+2.G¥DELTAX) 2A3,2C3
HEXP(~G2/(THETA(I4N)+1.0)) )3 2A3,2C3
CND 2A3,2C3
A(RI+2,7) = Gi/(6+.0%GHAGH) } 2A3,2C3
A(RI+i +2) = ~(Be0O%GL1/ (30 ¥GHGH) S 2A3.2C3
A(RI+1,3) = (5.0%G1 )/ (2.7 ¢GHXGH) AZ,2C3
+G3% (XXIRI)+DELTAX)¥EXP{~G2/(THETA(RI+N)+1.0)) 3 2A3.zc3
/% SET UP MATRIX R +/ 2A3,2C3
R(1) = (X(14N)I%({2.0%G14+GK)/(GH%GH) ) 2A3,2C3
+X(0sNI=(L o0~ ((2.04G1%GK)/ 2A3,2C3
(GH*GH) ) - (GR* (G3/4 40 )7 (X{04N) 2A3,2C3
420 *DULTAXI*EXP(=G2/(THETA(G NI +3.0)))) 3 2A3,2C3
DO I=) TO RI-1 BY i 2A3,2C3
i PART1=X({141 N)»Gl*¥PART (141} 2A3.2C3
: PARTZ=X{T, NI e~ (GLi»PART (1,2)) 2A3,2C3
; ~{((GR*G3)/7(AA*TA(T)))x 2A3,2C3
] (X(I o N)+2.08DELTAX) 2A7,2C32
§ EXP(=Ga/ (THETA(I JN)+10))) ) 2A3,2C3
| PARTI=X(1~2 N)I*GIAPART (I,3) 3 2A3,2C3
] R(JI41)=PARTI+PART2+PART3 2A3,2C3
: =ND; 2A3,2C3
! R(RI+}) = 0.03% 2A34+2C3
H
; M=RI+13% 1A3,1C3,2C3
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. 2c3
GO TO S0LVE:F /¥ SCLVE LINSAR FQUATIONS */ . 1A2,1C3,2A3
2C3
CONCONTRATION: 1A3,1C3,243
2c3
BO I=0 TO RI; 1A3,1C3,243
2Cc3
X{IWIN) = RITI#1)3 1A3,1C3,2A3
2¢3
END; 2
IF ICOUNT = 1 Zage2cs
THEN DO 2A3,2C3
XX(%) = X{(%,IN); 2A3,2C3
GO TO LOCGP_2; 2A342C3
END3 2A3,2C3
DO I =G TO RI; 2A3,2C3
IF ABS(X{1,IN)=~XX(1))>=TOLCRANCE 243,2C3
THEN DO 2A3,2C3
XX(*x) = X{¥,IN); 2A3,2C3
IF 1ICOUNT>6S 2A3,2C3
THIN DO 2A3,2C3
PUT FILF (SYSPRINT) EDIT 2A3,2C3
(VICOUNT=' y ICOUNT) (SKIP(2) 4AsF(a,0))3 2a3,2C3
PUT SKIP(2) FILS (SYSPRINT) DATA: 2A3,2C3
IF ICOQUNT>7C THEN GO TO NEXT: 2A3,2C3
_ END3 2A3,2C32
ELSE GO TO LOOP_2; 2A3,2C3
... END; - 2A3,2C3
, END3 2A3,2C3
NEXT: 2A3.2C2
XX(%) = X{(*,1N): 2A3,2C3
END; ~1A1,=-2A41,
—2A3 —zca
X(RILIN) = 2.0 1A2.1C2.54
2c2
Y(RIJIN) = Q.04 2A2,2C2
THETALIND = THITAIN)+GK*G3*G4x(X(IN)+X{N))&EXP(=G2/(THETAINI+1.0))3 {AS
THETA(CIN) = THETAIN) 0 S %GKEG3%GA* (X (N} +X(IN)) 2A1
FOXINI+EX(IN) 4200 *DELTAX)IREXP (= G2/ (THETA{N) 4540 ) ) 3 ZAL
/4% SET UP MATRIX A FOR TCMPERATURE IN COMPRESSED FORM %/ —1A1,-221
A=B3 ' -1 A1 ,-2A3
A(RYI3) = A(RI2) L 1C2+,1C3,2C2
2c3
A(RI2) = A(RTI i) 1C2,1C3.2C2
2c3
A(RIL1) = 2,03 . . 1C2,1C3,2C2
2C3
/% ST UP MATRIX R FOR TOMPERATURE %/ —iAls-2A2
FI1) = (((2.0%GK)Z(GH*GH) }ATHTTA(I,N)) —1AL+~ZAl,
-1C1,~2C1
RI5) = (((4.0%GK)/(GH*GIH) )#THETA (L N)) 1CE.2CH
+(THETALO o NI* (2 0~ ({2.0%GK)/ (GH*GH) ) )} 'ié%"iéi'
- D Read I8
+(THETA(O yN)I %15 oCm( (4 e0%GK)/(GH¥GH) ) ) ) 1c1,2¢4
4+((GK/2,0)A (XD sNI+X (03 IN) ) XG3*GEA2EXP (~G2/ ({THETA(714N) %A2o1A3.1C2
c3
+540)))3% 1A2,1A3,1C2
1C3
+(GKE(X{NWNI4X(N,IN))I*G2%GA 1C1
*EXP(=GR2/ (THETA(CWNI+1.0))) 3 1C1
+00IGK/AeD)* (XL JNY+X(0 W IN)I®GIKGASF XP(~G2/{THETALD N} 2A2,2C2
#5eN ) IIHIXCOANIIX(C W INY42LO*DELTAX) ) & 2A2,2C2
FOIGK» (X{DO NI+ X(DJIN)IEG2*Ga 2CY
LEXAP(=GR/ (THETA(C WNY+S eI ))) 2Cs
FUXIYoNIEX(C o INY+2.0%BELTAX) /2405 ac: .
F(UGK/8 40 )7 (X(C O NI+X(O 4 IN) IV IXTOWNI4X{GoINI+2.04DELTAX) 2A3,2C3
FG3CGAYEXP(=G2/(THETA(OWN)I+1.0))) 3 2A2,2C3
Co I = % TO RI-%3 =1 AL +=2Ad
PERTY = THETA[I+7 JNI4PART (1423 -1A1,-241
PART2 = THETA(I M) % (1e7=PART (14203 ~31AX e=2AY
PARTI = THETA(I=YNIPAKT(1,3): -1 Al O"EA?-
PARTA = (GRAG3XGA«(X(I+N)+X(1sIN))SEXP(~G2/(THETA(I NI +1.0))) 1AR¢%A3,
X XL?. C3
Z(2.0%TA(I))Y: ' ' 1A2.1A3,
. 1C2.5C3
PARTAE = (GK*G3*Ga¥* (X (I N)+X{T4IN)I*EXP(=G2/(THETA(TWNI+140)))5 1CL
PARTA = (GK*GI%GA* (XL NI +X(14IN))¥EXP(=G2/(THETA(IN)+)%.0)) 2A2.gh3'
2C2,2C3
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e (X{T RV XTI W TN+ 2. 0Dl YAXRT I 7{6 . CxTATYI T ) s A2y 2R3
. 2C24.243
PARTA = (GK¥G3%Go*(X(I NI+X(IT+INIIXEXP(~G2/(THETA(IWN)I+1401))) 2Cs
WEXCToNIEX{TIWINI+2.0VDELTAXY /72608 2Ce
R{(I+1) = PARTI+PART2+PARTI+PARTA ; =1AL =245
END ¢ =1A1,=-2A}3
RIRI+L1) = 92403 1A2,2A2
ARIRI+Y) = GA*GAVX(RIZINI*EXP(~G2/(THEZTA(RIIN)+$.0)); 1A3
R(R1+1) = G3‘GQ“X(Q19I~)‘(X(RI-]N)+OELTAX) 2A3
ATXP(=G2/(THETA(RTWNI+1L .0) )3 2A3
IF N=0 THEN F(RI4+)=005" (X{RIWN)+X(R1JIN))I*G3*GAIEXP(-G2) 1A2
IF N=C THUN RIRI+1)=0,25%(X{RIN)+X(RI+IN))I®G3I*G4 2A2
¥IX(RIWNIEXIRIZINI+2.0+#DELTAX)Y*EXP(~G2) 3 2A2
M = RI + 13 1A24+1A3, 242
M = RIG 1CL42C2,1C3
2C1,2C242C3
BACK = TEMPERATURE 1A\ +=2A1%
GO TO SOLvZ /% SOLVE LINIZIAR EQUATIONS %/ —1 AL +—2AS
TeMPERLTURE S 1Al =24}
D01 = 2 70 RIG 1A2.8A3.2A2
2A3
DO 1 = 0 TO RI-1 JCi.iC2,1C3
2C5i2C242C3
THETA(TISIN) = R{I+1)3 —lAl.*Zkl
ZND3 =1 AL A
THETA(RILIN) = CONST 1C1,1C2,1C3
2CL,2C,2C3
IF K=NAT | (NC>=LBND & NC<=UBND)
THEN DD 3 /4% PRINT OUT CALCULATIONS %/
K = 03
Y(r) = X{(xy INYETNVCONS 2A3.+2C3
FUNCS (%) = X(v IN)Y*AQ(X)ETA(K) =TALy»—=221
~aCl,~-2C1
FUNZ2(*) = THETA(* IN)*AA(*)RTA(KX) ~YAL =240,
~1C1l,~2C1
FUNCYX () = X({» sIN)=AA(Y ) iC1.,2Ci
FUNC2(%) = THIZTA(* s IN)I¥AA(¥) ] 1Cl1.2C1
/% INTEGRATION DY SIMPSUONS RULE 3%/ ~1 Al =241
3 1 = 1 TO RI-1 HY 23 ~31A% =241
ARCAL +ARTA? = e =1 Al =2A%
ARZALSARCAL 4 ((GH/3 .0 ) * (FUNCI(I~1)+(4,04FUNCI(I))+FUNCI{I+1)))3i—1A1,~2A1
ARZAZ=EARV A+ ((GH/3.0)=(FUNC2({I-3 )+ (4. 0*%FUNC2(I1))4+FUNC2(I+1)))i=1A)~2A2
END ~L1AY =242
PUT FILE (SYSPRINT) EDIT =LAl =243
(PTEMPIRATURE VALUES FROM THETA(C*w1Cs*) ) ~31Al+—~2A1
{ PAGT, COLUMN(?)v As F(3,0)s A) =AY s=2AL
('TO THETA(®* yRI W', IC,*) ) ~1A1.,~2A1
( Ay F{340)s Ay F(347)s A) -1 AL e~ZAL
(YCONCENTRATICN VALUES FRCM X(0 495 ICy*) ) 1A2,5A241C1
1C2+1C3
("CONCENTRATICN VALUES FROM Y(0,°,ICys*) ) §A21243-2C§
C24+2C3
( CCLUMN(70), A, F(3,0), A) =1AL—2A%
(*TO X{*sRIv*s*»ICy') ) 1A2,1A3,1C1
. 1C2,1C3
('TO Y(*,RIs®styICe*) *) 2A2.2A3,2C1
C24+2C3
Ay FI34Q)s Ay F(340)s A) -1 Al y—~2A%
((THETAC(ISZIN)»1,X(14IN) DO I=C TO RI BY NRI)) {AZ-}A3.1C1
C2,1C3
((THETA(ISIN) w1, Y(IL 1K) DC I=D TO RI BY NRI)) 2A2 ,2C54+2C2
(CTHUTACTIWIN) I Y(I) DO I=4 TN RI BY NRIY) 2A3,2C3
( SKIP{X)s 32( SKIP(2), COLUMNI(25)e F{21+7)y COLUMN(GED) +=1A) +—2A1
F(3+2)y COLUMNI(99)y F(32,7)) )i =1Al+~Z2A1
AVCIONS=4 ¢ AREEATL § ~1Al4s=2A1,
-1Cl+~2C1
AVCONS = 2.0%AREAI S tCct.2CHt
AVTEMP=4.0*ARE A2 =1 A1 +—2AY,
~1C1s—2C1
AVTIMP = 2.,0%ARLCA2, 1Ci+.2CH
AVSPEC = AVCONS*TRNVCON;S 2A24,2A342C1
. 2C24,2C3
DIV = THETACIN)IZ(S«9=X(IN)); 1AL
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DIV = AVT =HP /(Y U-AVCONS) S 2+ 1A3
DIV = THETA(IN)/Z(2e%=Y(IN)}}{ 2A1
DIV = AVTEMP/(L .0~AVSPEC) S . 2h2¢2A3
PUT FILfE (SYSPRINT) FOIT
(PTHETA(® W ICy*') = *WTHETA(IN)) 1A% ,2A%
{COLUMNIE2) s A+F (240G )sAF(1L1.7)) . . AA1.2A1
(YAVERAGE TEMFRXQATURD IS ¢, AVTIZMP) =1 A +—2AL
( SKIP(?). COLUMN(2)s As F(11,7) ) —1A1.+-241
(*X{*+IC,*) = *oXUIN}) 1A%
('Y (*,ICe*) = yY (IN)) 2A1
(COLUMN(AD) oA lF(3!))lAIF(,1'7)) JAL »2A)
(*AVERAGE CCONCENTRATION IS *, AVCONS ) LAZ1A32C
1€C2,1C3
(VAVERAGE SPECIFIC CONCENTRATION IS t L AVSPEC) 2A2,2A3,2CY
2Cc2,2C23
( COLUMNI(T4&)y As FLR1.7) ) ' 1A2+7A3+2A2
2A3.,2C2
( COLUMN(74)s Ae F(11:7) )3 1C1.1C241C3
2Cis2C2
(*OIVv IS *,DIV) A
({COCLUMNIBL ) sAsF (11 47)) 3 1AL s 2A0
{ SKIP(2)y COLUMN(2)sAF(L2+7))3 1A24.1A3,2A2
( SKIP(2)s COLUMNI(2)s Ay F(1147)) 2A3
(P ICOUNT IS ' ICOQUNT) 2A3,2C3
( SKIP({Z)+COLUMNI2) AF(S:s0)1)3 2A3.,2C3
END: /% END OF PRINTING SHECTION */
NC = NC+1;
IF NC<AYI THEN GO TO LOCP_! 3
IF K>0 =1 AL +=2A1
THEN DO3 —5AL W v—2A)
K=NAT 1Al y~2AL
GO TO TEMPERATURE ) -1 A% y=2A%
EMD S ~1A1,=-221
PUT FILY (SYSPRINT) EDIT
(PMIORMAL END CF PROGRAM®)
[ SKIPLG)Y A )i
GO TO END_BLCCK;S
3 SOLVF @ ~314% 4y=2A)%

/*

THE FOLLGWING SUB=-ROUTINF SHOULD BF USED IN ALL CASES EXCEPT
CASES 1 An AND 2A1

MODIFICATION DF PROCEDURE *TRIDIA¢ WHICH SOLVES SIMULTANEOQUS
LIMNCAR SQUATIONS IN WHICH THL COEFFIC IGENT MATRIX 'A' HAS THE
TRI-DIAGONAL TTFMS MON-ZERO AND OTHLR CTHER EBLEMERNTS ARE ZERO.
THE SOLUTIONS CF THI $QUATIONS ART STCRED IN THr DFPENDENT
VARIABLE CCOEFFICIENT VECTOR *R'e

Al*,3) MATRIX OF INDUPH =ENDONT COCFFICIENTS
R(*) VECTOR OF DOEPFNDENT COGFFICIENTS, RETURNa SOLUTIONS
NUMBER OF LINEAR LQUATICNS

THIS MODIFICATION USES THE COMPRUESSCD STORAGE MODE OF THE
MATRIX *A', THAT IS US% A(M,3) INSTCAD OF A{MsM)a
FOR EXPLICIT USE SEE THE COMMENTS IN THE ORGINAL PROCEDURLC.

*/
/+ MODIFICATION FOR THE A(M,1) TERM BEING NOMN—=2ZERO %/
TEMP = A(Met)/ZA(M—=141)3%
DO 1=2,733
A(MeI) = A(MI)=TEMP®*A(M-1,1)3
END 3§
R(M) = R(M)I=TEMP*R(M H
/* MODIFY FIRST AND LAST ROWS FOR CALCULATION PURPOSES %/
AlT43) = A(L.2)%
Alis2) = AL} 1)3
A{Myi) = A(M2)35
AlMs2) = A(M32)5
/% MODIFY THE SECCND COLUMN WHICH NOW CONTAINS THE OLD DIAGONAL
ELEMENTS */
DO I=2 BY y TAQ M3
TEMP = A(I+1)/7A(1I-142)3%
A(1+2) = A(142)-TEMPEA(I=1,3)3
R(1) = R{1)-TEMP+R({1I~-3)3

gl AT
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ND §

/¥ BACK SOLUTICN AND STORE ANSWERS IN R VECTYOR */

R{M) = RIM)ZA(M2);

DO I = M=% BY =i TO i
R(1) = (R(IV=A(T+3)%R(I+1)I/A(T42)3%
END3

END_BLOCK:
CND: /% END BEGIN BLOCK %/

GO TO NZW_DATAS

EQP 3
END CASL_3% /% END OF PROCEDURE */

DATA CARDS ¢

L204300 020430 +505 45024 eC0N00L 320703991731 8i11 ¢e6261E+07 4169375,
01822, 16432U5=-03,43,32E~-03,

GO YO BACKT /% RETURNS TO EITHER CONCENTRATION DR TEMPFRATURE */




