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Abstract

A numerical model was developed to examine the behaviour of a vertical hniner
flow tubular reactor subject to varying physical properties. Analysis of the vesults
of the model using factorial design techniques indicated that the characteristics of
the reactor were closely tied to the heat transfer oceurring m the reactor,

Three regimes of heat trausfer behaviour were identificd. These three regimes
were instrumental in the effeet that varying physical properties had upon reactor
performance. In the high heat transfer regime it was found that varying properties
were only important when there were appreciable changes in the thermal condue-
tivity and density due to changes in composition. The medium heat transfer reghne
gave similar results: however. under some conditions changes in heat capacity were
found to be significant. In the low heat transfer regime physical property varia-
tions had the largest effect. Under these conditions temperature dependent prep-
erties were capable of affecting reactor performance when large temperature rises
occurred. Concentration dependence was also significant. With respect to concen-
tration dependence of the plysical properties, density and heat capacity variations
were found to be the most significant in this regime.

An experimental program was carried out to verify the more obvious effects
determined in the theoretical program. Although the experimental results could not
completely be modelled through the developed numerical model. some of the major
. findings of the numerical study were verified. In the experimental investigation the
reaction was carried out in an adiabatic reactor. Some of the differences between
theoretical and experimental conversions were directly attributable to the sensitivity

of the system to the dimensionless heat of reaction and to frec convection. To »
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smabler extent the effect of a varying heat capacity was observed.
The correspoudence between numerical and experimentad results conld be im-

proved if the following maodificatiens were made:

1. Modify the numerical model to allow for the possibility of negative or stagnant

Hows.

2. In conjunction with the above recommendation the range of values for the
huoyancy term that are solvable by the nwuerical model should be increased.
Convergence difficulties were encountered for larger values of J;;. These were
quite likely due to the manner in which the system pressure was solved. A

different. formmlation of the momentum equation may be necessary.

3. Investigate a reaction in which all of the pertinent information regarding the
kinetics and physical property data are readily available. Some of the error
hetween the numerical and experimental results could be attributed to the
contradictory literature on the hydrolysis of acetic anhydride. The exper-
imental results also indicated that the heat of reaction, heat capacity and

density should be as accurate as possible.

1i
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Nomenclature

a Reactor aspect ratio. R/ L, dimensionless

A Frequency factor. s~! (for a first order reaction)

A, Banded niatrix generated by finite difference equations, dimensionless
Bi Biot Number. h R/k_ . dimensionless

C.4 Concentration of acetic anhydride, mol/em?

CR Concentration of water. mol/cm®

ce Concentration of acetic acid, mol/em?

oF Concentration of component i, mol /n

C',, Constant pressure heat capacity, J/kgly

C';) Dimensionless heat capacity, C',, / C',,,J

D Diffusivity, m®/s

Dy; Multicomponent diffusivity of the pair i, j, m?/s

E Activation energy, J/mol

Fu Dimensionless function of physical property derivatives

F, ,» Value of F distribution with »; and 1, degrees of freedom
1,12 1 2 &

g Gravitational acceleration vector, m/s?
7 partial molal Gibbs free energy for component j, J/mnol

- Gy Dimensionless function of physical property derivatives

gz Gravitational acceleration in 7 direction, m/s?

H, Partial molal enthalpy of component i, J/mol

AH, Heat of reaction, J/mol

he Outside heat transfer coefficient, .J/m%sk

Ji Mass flux vector for component 1, kg /m?s
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Mass flux of component i in the radial direction. kg/ s
Molar flux vector of component i, mol/m*s

Molar flux of component i in the radial direction, mol/ m?is
Activation energy for acetic anhydride hydrolysis model,
em®{(mol acetic acid)(s)

Correction of activation energy in acetic anhydride hydrolysis
model due to presence of acetic anhydride.

(em®)?/(mol acctic acid){mol acetic anhydride)(s)

E/R, in acetic anhydride hydrolysis model, It

Correction in E/R, due to presence of acetic anhydride,
Kem®/mol acetic acid .

Reaction order of acetic acid in acetic anhydride

hydrolysis model, dimensionless

Thermal conductivity. W /miy

Dimensionless thermal conductivity, k./k.,

Rate constant for mechanism proposed by Rao et. al.,
(em®)"7/(mol)!(min)

First order reaction rate constant, s~

Reduced rate constant, k,,cc,. am™/(mol }(min)

Reactor length, m

Molecular weight of component i, kg /kgmol

Number of interior grid points in the finite difference method
Molar flux of component i in the radial direction, mol/m?s
Pressure. Pa '

Dimensionless pressure drop. (p — po)kr, R?/ 4(v:)_§ Ho
Dimensionless pressure, (pR2)/{2{v:)ojtoL)

Heat flux vector, J/m?2s

Ratio used to determine quantitative lack of fit, dimensionless
radius, m

Mass rate of reaction of component i, kg/m>s

o



ER-E

=

Dimensionless radius, »/ R

Reactor radius, m

Gas constant, J/mol I¥

Molar rate of reaction of compounent i. ol /mts
Matrix of noulinear generation terms, dimensionless
Dimensionless general generation term

Coefficient of determination

Reynolds number, (2R{v.).p.) /o, dimensionless
Time, s

Residence time of reactor centerline. s
Temperature, [y

Dimensionless axial velocity. v./2(v.),
Diagonal matrix composed of system axial velocities

Velocity vector, m/s

Radial velocity component. m/s

Axial velocity component, m /s

Volume per unit mass, m>/kg

Dimensionless radial velocity, (0. L)/{2{r.) 7}

Dimensionless radial velocity, v./Rkp,

Mass fraction of component ¢

Weighting factor for point j in Simpson’s and Trapezoidal Rules
Dimensionless concentration of component ¢, ¢;/¢;,

Mole fraction of component

Ratio of variable property concentration to constant property
concentration, {(@),./.1

Vector of system state variables

Axial distance, m

Normalized reactor length, =/L, dimensionless

Dimensionless ¢ - al distance, kp,z/2{v.),



Greck Letters

ap Dimensiondess radial heat dispersion term, I.'(._J/R",r)‘.,C';‘a“l.';;,_
Dimensiontess radial mass dispersion term, Dy, /R*kp,

o, General dimensionless radial dispersion term for variable y
4, Estimates of regression coefficients

Ar  Dimensionless heat of reaction, —AHpej,/p.C. T,

A Dimeusionless buoyancy term, &pog. R2/2(v)opty

4,  General dimensionless generation term for variable y

¥ Dimensionless activation energy, E/R,T,

€, General dimensionless constant for component ¢

6 Dimensionless temperature, (T — T,)/ To

7 Viscosity, Pa - s

¢ Dimensionless viscosity, g0/

1,2 Degrees of freedom

P Density, kg/m®

pi Mass concentration of component 2, kg/m®

pi Dimensionless density, p/p,

a Estimate of variance

r  Viscous stress tensor, N/m?

7.. Shear stress exerted in the z-direction on a fluid surface

of constant r by the fluid in the region of lesser 7, N/m?



Operators, Superscripts, Subscripts

Mo

=

Cup-mixed or average

Gradient operator

Dimensionless guantity

Per unit mass or estimated value
Calculated from mumerical mockel
Effective value

Experimental value

Reaction order

Non-constant

Componrent ¢

Component j

Jacket

Initial value

Radial direction

Energy balance paramecter
Momentum halance parameter
Species balance parameter
Arbitrary state variable paramncter

Axial direction



Chapter 1
Introduction

In the field of chiemical engineering the mass, energy and momentum balance equa-
tions are widely emploved to model processes. Depending upon the goal of a par-
ticndar application, the use of these equations may lead to simple or extremely
diffiendt. formulations. The degree of complexity employed is determined by the
type of problem to be solved and the assumptions used to set up the problem.

The microscopic equations of change have often been used to model tubular flow
eactors. Iuitially. if the reactor under study was assumed to be operating under
isothermal, plug flow conditions the mass halance could be reduced to a single
ordinary differential equation which could be solved analytically.

Unfortunately most problems can rarely be modelled by simple ordinary differ-
ential equations. The assumptions used to reduce a system to such a simple set of
cquations are often in error. More realistically, in the case of a tubular flow reac-
tor. at the very least both mass and energy balances must be considered, and heat
transfor with the surroundings may be of importance. In this latter case the radial
transfor of heat would require the solution of a partial differential equation. These
more complicated systems have to be solved numerically using computers.

With advances in the field of numerical methods the capability to solve more
complicated systems exists. In this regard much recent work in the area of lanunar
How tubular reactors has centered around the velocity profile distortion caused by

large radial viscosity gradients in polymerization reactors. Iree convectinn has



also been considered. Caleulation of the velocity profile distortions has required
including the momentum balance i the solution of the system. The veloeity profile
distortions mentioned above were the result of changes in physical properties within
the reactor. To date the mclusion of variable viscosity i polymerization systems andd
variable density in frec convection have been the only varying propevties studied in
detail. In this study heat capacity and thermal conductivity have also been icluded
in the analysis.

The primary goal of this study was to determine the circumstances under which
the'inclusion of variable physical properties in a laminar flow reactor model would he
appropriate. The analysis was applied to a homogeneous liquid systerm in a vertical
flow reactor. This was accomplished through the use of a rigorous numerical model.
In order to examine the effect that vartable physical properties had upon reactor
performance a theoretical study was undertaken. Both temperature dependent and
composition dependent physical properties were considered. The influence of heat
transfer with the surroundings using a wall heat transfer boundary condition was
also investigated.

The results of the numerical study were compared with the data of previous
studies reported in the literature. In these studies physical properties were essen-
tially constant since very dilute solutions were cmploved. Laboratory experiments
were carried out in this study under conditions where physical properties could be

expected to vary significantly.



Chapter 2

Literature Review

2.1 Introduction

Models describing laminar flow tubular reactors have evoived through the years
from the simple study of an isothermal reaction to more complex cases of non-
isothermal reactors. It has been recognized that the preseﬂce of the laminar velocity
profile and subsequent residence time distribution within the reactor may result in
complex radial concentration and temperature profiles. Different types of behaviour
are possible when laminar flow is -—accomi)a.nied by reaction. Of particula.i‘ interest
has been the distortion experienced by the velocity profile due to free convection
and viscosity changes in the reactor fluid. These velocity profile distortions are
known to affect the degree of conversion in the reactor. Through the years, with
the growing capabilities of computers and numerical methods, more rigorous models
have been developed to take into account these velocity profile distortions.

For the most part, the study of laminar How reactors has involved the study
of relatively simple cheinical systems. Sophistication has come about through the
adclition of the energy balance and, subsequently, consideration of the momentum
balance. Much of the work has concentrated upon the solution of the pertinent
partial differential equations considering only the termperature dependence of the
viscosity anc dénsity. An areaof special interest to polymer scientists has been the

potential for highly distorted velocity profiles to occur in polymerizing systems due



to the large differences in viscosity between monomer and polyer solutions.
Another aspect of the problem that has acquired special consideration has heen
the adaptation of the isothermal situation to the axial dispersion model often eni-
ployed in plug flow reactor studies. Numerous papers have been written on this
approach to the problem. Although this particular technique has been shown to be
useful for isothermal reactors, extension of the method to a non-isothermal reactor
would be difficult since the temperature profile and concentration profiles juteract
in a complex mauner. Much of the foundation upon which the axial dispersion
model has been based would not apply to the non-isothermal reactor becanse of the

extra complexity.

2.2. General Studies of Laminar Flow Reactor Sys-

tems

Bosworth {1] and Denbigh [2] examined the effect that residence time distribution
had upon conversions for a first and second order reaction respectively. Through
simplifying assumptions. the reactors under study were deseribed by differential
equations having analytical solutions. These analyses were performed primanly
to compare the conversions in a laminar flow reactor with those in a plag How
reactor. Radial cohlposit.ion effects were not considered by Denbigh, but Bosworth
attempted to establish the significance of radial diffusion upon the c mversion. By
calculating the deviation in the concentration profile from that due to residence

time effects alone, he concluded that radial diffusion was significant only if:

4 2 - K
Dimto/R* > 3.1 x 1077 (2.1)
where .
D,,, = mixture diffusivity of component i, m?/s
t, = residence time of the reactor centerline, s
R = reactor radius. m
9



Lauwerier (3] derived an expression for determining the radial and axial concen-
tration profiles for a first order isothermal reaction. By incorporating a parabolic
velocity profile within the species continuity equation. a serics solution was obtained
{liat involved caleulation of a set of cigenvalues and the corresponding eigenfunc-
tions. However, near the entrance of the reactor, a large number of terms was
required. As a result, application of the solution was difficult.

Cleland and Wilhelm [4] were the first researchers to employ a digital computer
to assist in carrying cut their caleulations. Both theoretical and experimental stud-
ies were performed. In the sheoretical work, an isothermal first order reaction with
constant physical properties and fully developed laminar flow was studied. Radial
diffusion was included. Analytical solutions for the limiting cases of no radial diffu-
sion and infinite radial diffusion (which was identical to a plug flow solution) were
presented. Dimensionless. parameters were incorporated into the resultant species
continnity equation. Axial concentration profiles were presented in graphical form
for differing values of the parameter characterizing radial diffusion. In an analysis
similar to that of Bosworth, Cleland and Wilhelm determined that radial diffusion
could be neglected if:

Dimts/ B2 < 1.95 x 107 o

[S]
i

The above criterion was determined by assuming that radial diffusion could be
neglected when its effect upon the conversion was less than one percent.

The theoretical work was compared with experimental data for the hydrolysis
of acetic anhydride. Deviations between the theoretical and experimental studies
were attributed to heat generated during the reaction and free conveciion caused
by radial concentration and temperature gradients. An effective diffusivity rather
than the true molecnlar diffusivity was used to predict the experimental values using
the numerical model. The effective diffusivity was a function of both temperature
changes in the reactor and free convection. Rather than including these effects in a
more complete model, Cleland and Wilhelm concluded that replacing the molecular
diffusivity with au effective diffusivity was sufficient for describing the system.

A theoretical and experimental study of a second order isothermal reaction was

-
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performed by Vignes and Trambouze [5]. A theoretical model similar to that pre-
sented by Cleland and Wilhelm was derived. The species continuity equation was
suitably changed to refleet second order rather than fivst order kineties. The system
studied was the saponification of ethyl acetate. In the subsequent comparisons of
theoretical and experimental results, a mixture diffusivity, defined as the aritinaeti-
cal average of the diffusivities of sodium hydroxide and ethyl acetate, was emploved,
It was found that the experimental results could adequately be deseribed if an ef-
fective diffusivity ten times greater than the mixture diffusivity was eniployved i
the theoretical model.

By transforming the species contimiity equation into a form represented by the
extent of reaction and employing a general enthalpy balance, Chambré [6] derived a
general analytical solution for a non-isothermal laminar How reactor. Again. phys-
ical properties were assumed to be constant. The Lewls number, o dimensionless
number reflecting the ratio of mass to heat diffusivities, was set to 1 for the derva-
tion. A perturbation technique was used to solve the mass and energy equations.
Due to the high Lewis number nvolved, the results and conchisions were mnost
applicable to a gas phase reactor.

Trombetta and Happel [7] studied hydrocarbon pyrolysis. They used a Pol-
hausen technique to solve numerically the momentum, energy, and species conuser-
vation equations. A first order gas phase reaction for which the ideal gas law was
applicable was tested. The usual balance equations were integrated in the radial
direction to obtain ordinary differential equations in the axial direction. Incorpo-
ration of polynomial trial functions for the state variables simplified the equations,
Multi-component diffusion was considered in the analysis and later compared to a
simpler binary diffusion analog. The simplified binary systemn vielded results similar
to the multi-component system. Results were presented graphically in the form of
correction factors (i.e. the length of the reactor needed for laminar flow divided by
the length needed for a plug flow reactor to obtain the same conversion). The re-
sults were compared with the theoretical data of Cleland and Willielm. Agrecment
was good for Damkohler numbers (knR?*/Dap ) less than 10,

Rothenberg and Smith [8,9] studied the enhancement of wall heat transfer caused
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by the diffusion of the reacting species in a non-isothermal reactor. Because they
assumed stoichiometrie diffusion. the influence of molecular diffusion did not ap-
pear explicitly in the encrgy conservation equation. Incorporation of a diffusional
term within a Nusselt number illustrated the presence of a heat transfer enhance-
went. Both an irreversible first order [§] and an equilibrium dissociation reaction
[9] were studied. Both reactions were run at high Lewis numbers, suggesting that
the results were again primarily applicable to gas phase reactions. One set of radial
concentration profiles was presented for a Lewis number (1073} approaching a value
that could be expected for a liquid phase reaction. Comparison of these profiles
with those at higher Lewis nunbers clearly indicated that concentration gradients
near the wall were larger at low Lewis nunibers. This suggested that heat transfer
enhaacement at the wall could occur in reacting liquid systems. Rothenberg and
Smith demonstrated that, for a non-isothermal reaction, the criteria determined by
Boswaorth a.1.11'cl“'u}r Cleland and Wilheln were not necessarily applicable. The inter-
dependence of the concentration and temperature profiles illustrated the complex
roles of all of the terms appearing in the conservation equations.

Andersen and Coull [10] compared the solutions of Rothenberg and Smith and
of Trombetta and Happel. Equimolar counter-diffusion was assumed which elimi-
nated the radial velocity included earlier by Trombetta and Happel. A temperature
dependent. diffusion coeficient was included along with a temperature dependent
molar density derived from the ideal gas law. The equations derived b:y Rothenberg
and Smith were limited to systems in which the number of moles did not change
during the reaction. Andersen and Coull extended the work of Rothenberg and
Smith to examine a change in the number of moles. The equations were solved for
a gas phasc reaction and were compared with the results of Rothenberg and Smith.
The temperature dependent diffusivity and molar densities did not significantly af-
feet the results. Caleulated correction factors agreed favorably with those reported
by Trombetta and Happel. Radial profiles calculated by the two methods were
compared. Although the approach taken by Trombetta and Happel accurately pre-
dicted the axial profiles, it was found that the approximations that were employed

did nat adequately describe the radial profiles.
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Merrill and Hamnrin [11] studied the demethylation of toluene as an example of o
complex reaction. The reaction rate was first order with respect to toluene and half
order with respeet to Ha. Temperature dependent viscosity. diffusivity and heat of
reaction were included. Comparisons were made among different types of reactor
models. It was concluded that for this particular reaction. au adiabatic plug How
reactor would provide the best performance followed by adiabatic or constaut wall
temperature in laminar flow, and constant wall temperature in plug fow. The least
desirable was isothermal laminar How.

Shinohara [12] studied the saponification of ethyl acetate in hoth a theoretical
and experimental analysis of a laminar flow tubular reactor. Of primary inferest was
the effect that the hydrodynamic properties wonld have upon conversion. Among
the subjects studied were free convection, the effect of flow index in a power law finid.
and a developing velocity profile at the reactor entrance. Constant wall temperature
was employed throughout the work. The viscosity and diffusivity were assuned to
be temperatuze dependent. Heating and cooling at the wall in both downward
and upward flow were considered. In the theoretical results the heat of reaction was
found to have considerable influence; however, the experimental work was performed
at such low concentrations there was minimal influence of the heat of reaction (1.c.
the dimensionless heat of reaction term was too small). Since the reaction rate
expression depended on both sodium hydroxide and ethyl acetate concentrations, «
species continuity equation was solved for both ccnnponcnfé. Different diffusivities
were used for the two reactants. Stoichiometric diffusion was not asstuued. which
necessitated the inclusion of a radial velocity in the model. However. although the
radial velocity was included in the analysis, its influence upon the yesults was not.
discussed.

In his theoretical work, Shinohara determired that, for an exotheriuic reaction,
free convection in an upward flow reactor decreased conversion. Inereased conver-
sion was observed in a downward flow reactor. The opposite effects were found to
hold for endothermic reactions. The temperature dependence of viscosity decreased
conversion in exothermic reactions but, as the flow index of a power law fluid was

increased, the magnitude of this effect was observed to decrease. Inclusion of
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developing velocity profile at the entrance of the reactor increased the conversion.
It the case of developing fow at the inlet. the systemn was initially operating under
plug flow. A greater level of conversion conld be expected to occur near the entrance
of the reactor because of the uniform radial mixing inherent in plug flow.

Santarelli and Foraboschi [13] studied the effect of free convection upon the con-
version in an analysis similar to that of Shinohara. The effect of the concentration
gradient on free convection was included in the developed equations although not
exploited in the ensuing study. Essentially the same conclusions that were made by
Shinohara were made by the above researchers.

Gray and Kostin [14] also studied frec convection in a vertical low reactor. The
purpose of their work was to compare two methods of representing the momentumn
balance equation. The first method considered the use of the stream function.
It was assumed that this representation was rigorous enough to yield the exact
solution. In the second method. a simplified momentum equation was employed.
The assumptions employed in the simplified equation included a negligible radial
pressure gradient, and negligible inertial terms. Comparisons of the two methods
indicated that the simplified momentum balance yielded results comparable to the
more rigorous method.

Golding et al[15,16,17,18,19] have performed experimental and theoretical work
on a homogeneous liquid reaction: the hydrolysis of acetic anhydride. Heat transfer
at the wall was considered but primarily an adiabatic reactor was investigated.
I one instance, the possibility of natural convection heat transfer at the wall was
considered to cxplain differences between experimental and theoretical results in the
reactor [19]. In the experimental work, radial temperature profiles within the reactor
were measured by the use of thermocouples attached to traversing mechanisms. For
the most part, the experimental and theoretical temperature profiles had similar
characteristics although the numerical values differed. ‘

Lin [20] examined the effect of a temperature dependent viscosity for a power
law fluid and n' order kinetics in a laminar flow reactor. The theoretical species
and energy balance equations were solved numerically. The results showed that

conversion for a given set of circumstances was affected by the flow index of the
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fuid and the order of the reaction. The theoretical conversion decreased with an
increase in the flow index. The temperature dependence of viscosity was also shown
to affect conversion. In these cases, a velocity profile different from the typical
patabolic profile associated with the laminar flow of a Newtonian fluid was shown
to yield different conversions. '

Houzelot and Villermaux {21] investigated an annular reactor in which a catalytic
heterogeneous reaction occurred at either the inside, outside or both walls.  An
isothermal reaction was investigated. It was found that the annular reactors were
more efficient than the simple tubular reactor. The efficiency criterion was based
on the equivalent reactor lengths needed to provide a given conversion.

Chang and Chern [22] performed a theoretical study of an isothermal tubu-
lar reactor in non-Newtonian flow (power law) with arbitrary order heterogeneous
and homogeneous reactions oceurring. The heterogeneous cases were examples of
catalysis occurring at the wall. It was found that, upon increasing the flow index,
the reactant wall concentration mcreased while the bulk reactant concentration de-
creased.

To summarize, a number of different aspects of the laminar flow reactor have
been examined. Most of the studies have emphasized the modelling of the reactor
based on the underlying balance equations. The experimental work has not en-
tively been reconciled with the theoretical models. Much of the differences could he
attributed to the overall complexity of the system. Compromises in the representa-
tion of some of the properties of the system, particularly diffusion, have sonetimes
been used to yield better correspondence between the numerical and experimental
results. In the limited experiimental work that has beén performed to date, the con-
centrations of reactants have been low enough that the assumption of temperature
dependent properties only has been valid. It seems to have been overlooked however,
that these concentrations have been so low that very little heat was generated so
that the inclusion of these effects was trivial. Although in some instances the tem-
perature dependence of physical properties has been used to explain the deviation
between experimental and theoretical results, it was more likely that other factors

were creating these deviations. One of the greatest areas of uncertainty could be the
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caleulation of the initial values of the properties in a liquid mixture and establishing
the kinetics of the reaction. The properties of liquid mixtures have been difficult to
estitnate accurately. With higher concentrations of given species, the estimation of
these properties has becoine more difficult. Coupled with this problem has been the
difficulty in adequately establishing the kinetics of some of the reactions that have
been employed in laminar flow reactor studies. These reactions have been found to

he very sensitive to the medium in which they occur.

2.3 Polymerization and Laminar Flow

Of particular interest are polymerization reactions taking place and these have been
studied extensively. The viscous nature of polymer solutions has led to the use of
the laminar flow conditions in polymerization models for many systems. A unigue
feature of polymerization systems is the potential for the creation of extremely high
radial viscosity gradients due to the large difference between monomer and polymer
viscosities. These large gradients can result in highly distorted velocity profiles
[23,24,25,26,27,28,29,30].

Cintron-Cordero et al [31] recognized that the laminarflow in a polymerization
reactor could create a molecular weight distribution across the radius of the reactor.
They also surmised that the non-uniform temperature profiles within the reactor
could contribute to the polydispersity. Primarily, the type of polymerization mech-
anism was found to play a role. Condensation reactions were influenced by both
the residence time distribution and the thermal gradients. Molecular weight distri-
butions in a chain polymerization were determined by the thermal gradients. Of
interest was the effect of flow index in a power law fluid model. An interesting re-
sult, based upon theory and substantiated by their model, was that in an isothermal
reactor the molecular weight dispersionl for condensation polymerization was not as
great as was encountered in a stirred tank reactor undergoing non-ideal mixing.

Wallis et al [32,33] examined the feasibility of performing a bulk styrene poly-

merization in a tubular reactor. A reasonably complex reaction mechanism was
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employed and a parabolic veloeity profile was assumed in their reactor nmodel. Sur-
prisingly good agreement was attained between the model conversions and molecular
weight distributions and those found experimentally. despite the lack of a varying
viscosity in the model. Comparisons between a laminar flow model and plug flow
model demonstrated that the laminar How model gave hetter results.

Lynn and Huff [23] derived a numerical model for studying a polymerization
reaction in a tubular reactor. The main purpose of the work was to evaluate the
effect of variable viscosity upon the reaction. Newtonian flow was assumed and the
viscosity was represented by a complex function of both temperature and degree
of polymerization. The resultant velociiy, temperature, and concentration profiles
were highly distorted. As a result of the distortions, a large variation in the number
average molecular weight was predicted from the model. This was consistent with
observations made from experimental studies. The numerical model was also em-
ployed to examine different strategies to narrow the molecular weight distribution.

In a study similar to that of Wallis et «l, Baillagou and Soong [27,28] studied
methylmethacrylate polymerization in a tubular reactor. They suggested that the
agreement found by Wallis et al with their simple model may have been a result of
not allowing the reaction to reach steady state. Much theoretical evidence has shown
that the large viscosity gradients experienced in the tubular polymerization reactor
can have a great influence upon conversion and molecular weight dispersion. In the
study, it was found that by operating a tubular reactor above the glass transition
temperature, many of the problems associated with the viscosity gradients could
be avoided. At higher temperatures the product molecular weight was smaller than
that for colder reactors.

Most of the previously mentioned polymerization studies have included a veloc-
ity profile distortion in their analyses. Because the viscosity of polymer solutions
could change by several orders of magnitude with conversion, the degree of axial
velocity profile distortion was large. The presence and importance of a radial ve-
locity has only recently been considered in these systems [29,30]. McLaughlin et

al-[29] demonstrated that, although the radial velocity term may not be required
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in the momentim equation. exclusion of this term from the heat and mass bal-
ances resulted in a 30 percent difference i conversions, Vrentas and Huang [30]
showed that the error in excluding the radiai velocity term from the mass balance
was a strong function of the produet to reactant viscosity ratio. The radial velocity

hecame more important for larger viscosity ratios.

2.4 The Axial Dispersion Model

The plug flow reactor model has been the basis for tubular reactor design. The
simplicity of the plug flow equation allowed analytical solutions to be developed
for a number of different reaction mechanisms. The axial dispersion model was
developed as an extension of the plug flow model to account for deviations of a
true reactor from the ideal plug flow condition. An additional term was added to
the plug flow model based on the concept of axial diffusion of material.” This was
accomplished by employing an effective diﬁ'usion, DE such that for a first order
reaction: e do, |

D i (v;)d—z — kpei =0 (2.3)

By employing different values of the effective diffusivity, DE ., the model could be
used to describe many types of reactor. If the effective diffusivity was high then the
model approached the stirred tank reactor equation. For a diffusivity approaching
0, the equation reduced to the ideal plug flow equation.

Analytical derivations performed by Taylor [34] and Aris [35] demonstrated that
an effective diffusivity could be calculated for laminar flow situa,ﬁions. In other
words, the laminar flow model could be reduced to.the axial dispersion model by
the use of an appropriate value of the effective diffusivity. The value required was

shown to be a function of thé molecular diffusivity and the centerline velocity. In

the case of the Taylor analysis, the effective diffusivity was defined as:

. R(v.)’
D" = 48(17-) (24)
subject to the constraint; )
L
%)F > 6.65 (2.5)
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Aris extended the analysis to remove the coustraint and developed the following

definition for effective diffusivity:

R (‘v;)"‘

DE = P,
+ 7

—
I
'
-

Wan and Ziegler {36] tested the applicability of the Taylor dispersion coefficient,
to laminar flow reactors. Comparison of analytical data for the full laminar flow
model, first and second order reactions, and the solutious yiclded by the axial
dispersion model showed good agreement. It was shown that for a reactive system
the restrictions upon the applicability of the axial dispersion model differed. The
axial dispersion model was shown to yield good results for:

Di’
_— >
kpR2i™t =

I} =
12
-1

Other extensions to the Taylor analysis have been considered. Among these
were the studies performed by Nigam and Vasudeva [37.38]. In the first study, the
analysis was e:_{tended to a power law fluid. Empirical correlations were developed
to estimate the best value of dispersion coefficient to use for a given How index and
reaction rate. Expressions were developed for both dilatant and psendoplastic Huids.
In the second study [38} consecutive reactions in laminar flow were examined. In
this instance, two dispersion coefficients were required. Again the cocfficients were
given in terms of empirical relationships.

All of the above analyses were carried out assuming isothermal flow. The axial
dispersion model for plug flow conditions has been extended to non-isothermal con-
ditions. Of particular interest have been situations involving multiple steady states
around which a vast literature has developed [39]. Adapting the axial dispersion
model to a non-isothermal laminar flow reactor has not been attempted. Sundaram
and Froment [40] have pointed out that, in order to accurately predict the reactor
characteristics using a one dimensional model, the wall heat transfer characteris-
tics of the corresponding two dimensional model must be known. They examined
the simulation results from a two dimensional model for both turbulent and lami-

nar velocity profiles. They derived empirical equations for predicting the wall heat
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transfor characteristies of the reactor to be incorporated into the one dimensional
wodel.

Further derivations to include the effect of free convection and other situations
involving changing physical properties in terms of a one dimensional model would

seemn to ereate more complications rather than making the problem simpler.



Chapter 3

Theoretical and Numerical

Development

The feature that distinguishes the laminar flow reactor from the plug flow reactor
is the inclusion of a velocity profile. In the simplest case, the inclusion of a ve-
locity profile in a tubular reactor model requires the incorporation of this profile
in"the mass and energy balance equations. Because of the subsequeni residence
time distribution, radial concentration and temperature profiles will develop. With
more complex situations in which it is suspected that the velocity profile will change
within the reactor, it is necessary to include a momentum balance as part of the
model. Additionally. a microscopic and macroscopic mass balance are required to

insure that the momentum balance yields a physically meaningful result.

3.1 Equatibns and General Assumptions

The following equations from Bird, Stewart, and Lightfoot {41} were employed to

model the reactor performance:

e Species Balance
Op:

Y +Ve(piv) = =V-ji £ (3.1)



e Encrpgy Balance
-, aT n _ n .
pCl, 5TV VT| = —V-q+ 3 H[V-Ji— R+
’ i=1 i=1
AV Dp -
— -7V 2
i (alnfr)m e TV (3:2)

¢ Momentum Balance

/) (38_\;’ 4+ v VV) =-Vp-V-T+pg (3.3)
o Microscopic Continuity 5
p
LT v =0 4
5 TV lev) = (3 )
e Macroscopic Continuity
: R '
- polv)oRE=2 [ purdr (3.5)

The primary purpose of the computer simulation was to determine how tem-
perature and composition dependent physical propefties affected the performance.
in a laminar flow reactor operating under steady state conditions. The inclusion
of axial dispersion terms in the equations would create a system of. equatmns more
difficult than necessary to achieve this purpose. Estimation of the boundary condi-
tions at the outlet would be difficult for the full elliptic model. Typically, the outlet
boundary conditions have heen deﬁned so that the respective axial gradients were
set equal to 0 {24, 4‘7] Assuming that the axial derivatives vanished at the outlet
could lead to some contradictory information with respect to the overall continuity
of the system. The inclusion of this particular set of boundary conditions would
require that all of the radial gradients be set to 0 also. This would not necessarily
be true, for example, if the reaction had not reached completion at the outlet.

By modelling a vertical reactor the momentum balance may be simplified since
the angular component would not apply. Also axial symmetry would be maintained
so that the boundary conditions would not be complicated in the other balance

equations, in particular at the reactor centerline.
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Equation 3.4 contained radial and axial density gradients when expanded. it
was felt that although density was changing in this study that the variations in
density provided by this equation were minor. The equation itself was used only to
estimate the radial velocity. It was therefore felt that little error would be created
by assswning that these gradients were negligible. This assumption also had the
advantage of reducing the number of terms in the radial and axial components of
the momentun balance. The removal of these gradients from Equation 3.4 did not
imply that density changes in the reactor were negligible. As will be seen, a variable
density appeared in other terms. In this respect, the equations were similar to those
in previous investigations [12,13,14].

The reaction mechanisms in this study have been kept simple. Most of the work
has been performed for a first order reaction. Some work has also been done using
a second order reaction. The majority of investigations reported in the literature
have also assumed first or second order reactions.

The above comments led to the following assumptions.

1. The system was at steady state.

2

. The axial dispersion effects were negligible compared to convective effects.
3. The reactor was vertical and flow was axisymmetric,

4. Fully developed Newtonian flow was present at the inlet.

5. The kinetic rate constant was d_escribed by the Arrhenius equation.

6. The liquid was incompressible with respect to the microscopic contiinnty equa-

tion.
Application of the assumptions reduced the equations to the following;:

e Species Equation 5 5 5
Pi Pi 1 .
- —— e e — { g . 3‘6
vz 8~ + U & T 37-(”%)'{'14 ( )
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o Tomperature Equation

2, ar oT 19 L
/)C‘ﬂ (”:E + [T'E) = a 7qr ZH \:"_ r JT :l + ZJ: gi.

e Momentum Equation

z-component

Ju. 3, 140 Or.. 15} .
( 811 Uy at;) — ( (T'Tr + T; ) _ ._gz) + pg. (3.8)

r-component

dv, dv,\ 19, O7y- dp
° ([J,. 81' + V. az ) = - (;E (T 11.7.) + -—“:—') - —8_1 (39)
¢ Microscopic Continuity Equation
8811 + 188 (rv,) =0 (3.10)

The macroscopic continuity equation was not affected.

The following initial and boundary conditions applied:

At z =0, for all r;

T = T, - (3.11)
pi = P (3.12)
Uz, T 2(”:}0 (1 - (T/R)Q) : (3.13)
v, = 0 (3.14)
P = Po (3.13)

At » =0, for all z: 5 or o
- Pi _ Vs _ . .
Br .81 =5 =Uur= 0 . (3.16)

At r = R, for all z: 5

‘ ki _ -
L mvmn =0 (3.17)



oT
— ]:255;- = h.(.(_'Tw - TJ) (3.18)

Any further assumptions required to reduce the above equations have been ap-

plied in the ensuing sections.

3.2 The Species Equation

The systems examined in this study were generally considered to be composed of
a reactant, solvent, and product. The solvent was either a co-reactant i excess
or was an inert substance. A minimum of three components formed the basis of
the hypothetical system. Ideally, a component balance such as that given by Equa-
tion 3.6 was required for every component. If each component was to be included
in the model, a complex multi-component diffusion problem could be developed. Tn
this situation the flux, j; conld be composed of several terms. These terms included
the regular diffusional flux and thermal, pressure and forced diffusional fluxes. As-

suming that the regular diffusional flux was the only one of importance, it could he
written as [41]:

j(-x): ¢ iﬂl-ﬁff—D-- T ; aéj Vg (3.19)
! pRT I =1 a'L,z_ Torits . )

k;; sFE gk

Through the above equation it would be possible to establish a complex inter-
action among the species of the system. In most previous studies ouly the cou-
" centration of the reactant has been followed using Equation 3.6. If required the

concentrations of other components were evaluated from the stoichiometry of the
reaction. This was the approach taken in this study also. Using this approach and

suitable assumptions the complexity represented by Equation 3.19 was avoided.
A mixture diffusivity was derived for the system consistent with that of previous

studies. It was defined by employing:

X n
N, = —CDim%:j!- + ;Y N, (3.20}
.=l ‘

i



For the purposes of the present study, it was assumed that the mixture diffu-
sivities piven by Equation 3.20 were equivalent to the regular binary diffusivities.
Previous studies have determined that the diffusion rate was important only at
Ligher mass transfer rates [1,4]. This study was concerned with liquid systems in
wlich the diffusion rates were low. It was therefore felt that as long as the diffusivity
was ostimated within an order of magnitude, no appreciable errors would arise.

Because of the above assumption, the mixture diffusivity Dy, was employed in

the species balance such that:

. Jw;
s — D'i'rﬂ — 3.21
jir = =PDin 5 (3.21)
Insertion of Equation 3.21 into the species balance yielded:
dp; aP:‘ 19 Jw;
s T Dim. L 3.22
U5 TV Tror o )T (3:22)

By dividing Equation 3.22 by the species molecular weight, the species ¢ was

written in terms of molar concentrations rather than mass concentr ations;

de; Je; 1 0 d fe
'z m o 2
v Forgt = o ( PDin- (p)) + R (3.23)

For a first order reaction the last term on the right hand side of Equation 3.23

became, for reactant ;

Bc,- 3ct- 1 8 e, C;
ARt ORI R N 24
”‘az+”"6r 737"( D"nar(p)) kre; (3:24)
By employing Assumption 5, the rate constant was written as:
~E
krp = Aexp (R T) (3.25)

Substitution of Equation 3.25 into Equa.tmn 3.24 yielded:

3(.‘,‘ Bc,- 10 15, Ci -E
V= e im - - xXp i 1 2
U5, + 1 5 = rar ( pD; o (p)) Aexp (RQT)C (3.26)

The above equation was further reduced by assuming constant physical prop-

ertics for some of the runs. Doing this yielded the species equation used by other
investigators. In the majority of runs in this study the properties were assumed
to vary as functions of concentration and temperature and were therefore functions

of the radius. They could not be removed from the Laplacian term in the above

equation.



3.3 The Energy Equation

Initially, it was assumed that the viscous dissipation. pressure work, and potential
encrgy terms were negligible. This reduced the energy equation to:

. oT ar 13 LI 1
Colv.—+v,4— | =———(rq H|-— @], )= R; 3.27
PEr\ Y5z " or ?'37‘( 1’)+§ ! 1'('3-:-(, 2 l'J (3.27)
Similar to j;, of the previous section, the radial heat flux term ¢, for a multi-

component situation consisted of more than a conductive heat flux, The heat flux

was!

g = (ZT 4 Z H.J;, (3.28)

Insertion of Equation 3.28 imnto Equation 3.2{ vielded:

(aT T\ _ 14 ( oT\ 14
oGy (“a- +”’a‘) = T (’ a-..-) ‘FE)?( >4 ]")

i=1
+_H; [l—a—(?'J.-..)—R,} (3.29)
= r Or

Upon rearrangement and application of the chain rule,

2 aT oT _18 or n J;,a |
’)C( "9z TV 81‘) 7ar(’“a,) > T () - ZHR (3.30)

The second term on the right hand side of Equation 3.30 coutained a summation
of the product of molecular fluxes and their respective molar enthalpies. It has been
previously shown [12] that when the heat capacities of each of the components were
equal, then this term would disappear. Although the heat capacitics in the present
study varied it was assumed that this term would be negligible compared to the
convective and conductive processes since each of the species present in the system
would be carryving its enthalpy with it. Since the various species of the system were
diffusing in opposite directions, it was felt that the components of the snummation
would cancel each other.

The last term on the right hand side of Equation 3.30 vepresented the heat of

reaction term and could be written for a single reaction as;

n

_ZI?L-R,- = AHgpR; (3.31)
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Upon the introduction of Equation 3.2, into Equation 3.30, the energy equation

becamne:
. aT oT 19 aT E )
Tl — U —_ . 3.32
pC, ("‘0: -|—Lra?') 5 (LLB ) AHRA.P\p(RUT) (3.32)

3.4 The Momentum Equation

Unlike the species and energy equations, the flux in the momentum equation did
not differ between a single or multi-component system. The stress tensor, T, was
expanded as it would be for a normal flow situation. Three components of the stress
tensor appeared in Equations 3.8 and 3.9. These were Tys, Tz, and 7,. Using the

prae)

assumption of a Newtonian fluid. they may be written as:

dv.  Ov.
S — (_31— 1 _é;) | (3.33)
dv, .
Tor = —W \:u-éT - g(v v)] . (3.34)
Toe = —pt [_%ti: — —;—(Vv)} - (3.35)

Assumption 6 was used to eliminate the term V-v from the normal stresses (i.e.
V.v = 0). The definitions of the stresses were incorporated into the momentum
balance equations. Dimensionless proups were also introduced to yield the following

dimensionless equations:

aRep’ (Ugliw-g ) _ %53_ , ,av) 9783 ( , ,_av )
. (# SU) - %f_ + Bup (3.36)

@*Rep' (V*%Hr?;) _ (T,H,aaV) .0 ( )
*‘“2;3—2: (#’%—?[f-:) - %I—:,i BN X



where

» = v/R (3.38)
= = /L (3.39)
pPo= plp, (3.40)
o=l (3.41)
U = v,/(2{v:}e) (3.42)
V' o= (0,L)/(2(vs)uR) (3.43)
P’ = (pRY)/(2{v:)or.L) (3.44)
Bu = (pFRg:)/(2{v:)0ita) (3.45)
Re = (2R{v.)upa)/pte (3.46)
a = R/L (3.47)

In Equations 3.36 and 3.37 the dimensionless groups were chosen such that all of
the gradients were of the same order of magnitude {30]. Because the reactor under

study was a tubular reactor, it could be reasonably assumed that:
a=R/LK1 (3.48)

Application of the above assumption reduced the above equations to the following:

ou Ju 19 (,,0U ar
P TT— P gk - My T ! 3.
aRep ([ pye +1 37") i (1 1 ar’) = + Bup (3.49)
oP
= —— 3.50
0 or' (3.50)

The r-component of the momentum balance was therefore climinated. [t was
further assumed that the Reynolds number, Re, was small with respect to 3 so
that the product aRe was negligible. This removed the inertial terms from the '
z-component of the momentum equation to yield:

!
0= ;:_[;_a_(?_l (?",LL’%?T) - %5:.:!: Bup (3.51)
In the laboratory experiments that were performed as part of this study the values

Reynolds numbers employed were between 80 and 100. The value of the aspect
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ratio, @, for the reactor was 022. The maximum value of the product aRe was
therefore approximately 2.2. The minimun value of A employed in any part of the
investigation was 200. The removal of the inertial terms was therefore justified.
Previous investigations have also demonstr ated that the inertial terms may be
neglected. In particular, Kostin and Gray [14] in a study of free convection in a ver-
tical reactor demonstrated that Equation 3.51 yielded results that were comparable
to a streamline formulation in which the full momentum balance was considered.
McLaughlin et al [29] examined the relative sizes of a number of the momentum
balance terms in a polymerization reactor. They again found that even under cir-
cumstances of very large variations of the axial velocity that the inertial terms were

uot significant.

By removing the inertial terms the number of dimensionless groups developed

fater was reduced by one.
Further assumptions have been applied to the above equation depending on
the context of a particular investigation. Most researchers studying polymerization
reactions have assumed constant density. Using this assumption Equation 3.51
has been rearranged to yield an integral equation describing the velocity profile
[23,27,29,30]:
v, R2 IH Zdr
(vz)e T dr

In studying free convection effects the normal practice has been to expand the

(3.52)

density in Equation 3.51 using a Taylor series. This has proved to be successful
when density was simply a function of temperature [12,13,14]. In the present study,
system density was also a function of each of the component densities. If a Taylor
scries expansion was to be employed a Grashof term for each of the components
would be required. This would increase the number of dimensionless groups asso-
ciated with the problem unnecessarily. Potential ambiguities could also develop in
terms of whether detected differences were the result of composition changes or the
effect of flow direction. Instead of applyhg the Taylor series expansions the density

vas left as a single term in this study. In this way a negative sign associated with

the buoy cmcy term implied upward flow and a positive s1gn implied :lownwa.rd flow.
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3.5 Radial Velocities

Since the axial velocities were allowed to vary along the reactor, radial velocities
were developed. The microscopic continnity equation was used to calculate radial
velocities. Earlier studies did not include these velocities even when the axial ve-
locities were changing. It has recently been shown by Vrentas and Huang [30] and
McLaughlin ef al. [29] that exclusion of the radial velocity from the reactor model
resulted in as much as a 30% difference in calculated conversions compared to the
case when the radial velocities were included.

The radial velocity at any point r was calculated by integrating the microscopic

continuity equation (Equation 3.10) over the radius.

1 r {Ov. o ke
Uy = — ./R (?) rdi {3.03)

3.6 Dimensionless Equations

Chavacteristic values of the variables appearing in the system equations were mtro-
duced to produce dimensionless equations. Most of these characteristic values were
taken as the inlet value of the variable. The concentration ¢;, temperature T, axial
velocity v,, and physical properties were treated in this manner. The characteristic
radius was the radius at the wall. From these characteristic values the following

dimensionless terms were defined:

v = r/R (3.54)
2 = c¢ife, : (3.55)
6 = (T-T,)/T, (3.56)
U = w20, (3.57)
pr= n/pe (3.58)
¢ = GplCy, (3.59)
o= kefke, (3.60)
Djy = Dim/Dim, (3.61)
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o= pfp, (3.62)

The Arrhenius equation was rewritten in terms of the rate constant at Ty, (kgr,),

the temperature at the inlet, such that:

E¢ A
kp=rkpexp| ———— 3.63
R = kp, ex] (RHTO(FI'—FI)) (3.63)
The above equation was used to define the following dimensionless group:
E
= 3.64
"TRT (3:64)

Incorporation of the above dimensionless variables into the species balance yielded:

(U") Ualﬂ-i_ Ur a'lt _ -‘Dim.; 10 (T.IPJ-D.: 0 (11))

A‘.R,, a~ I‘R R 81 o R2 kRa gt a?,;

e [ 4
exp ((6 n 1)> T (3.65)

From the above equation the following dimensionless groups were defined:

d o= R (3.66)

Vo= == (3.67)

Oy = o © (3.68)

so that the species balance hecame:

7 o E L ! Y e | ..
[. 5"’ + 1 a W) ?J ar ( Dtm a’ ( )) exXp ((9 + 1)) €y (369)

The other transport equations were treated similarly to yield:

06 ar & a6 ' 6
P — A1 .
( 3"H o’ ) oo ( ke T )+ﬁTexp((9+1))m, (3.70)

dp 10 U
0 = — L ! )
iy 5,7 (r 7 3?’) + Bup’ (3.71)
- 7
V = ——, (a[)1’dv-’ (3.72)
1\ 0z’
1
z = _/UT dr’ . (3.73)

32



In the above equations, the following additional dimensionless groups were also

defined:
LN 3.74)
P .
: R? Pc;cp._. kl?u ( ‘
. - AHR(:,'
= 3.75
By Co T, (3.75)
y (p — Po)kRaRg R
po= To.)2n, (3.76)
0g:R*
By = Lot (3.77)

2(v:) o fta

The axial momentum balance had previously been put into a dimensionless form
as part of the exercise to eliminate the radial momentum balance. In that section a
different dimensionless axial distance was employed. Upon using the axial dimen-
sionless distance derived in this section, the dimensionless pressure was redefined
as indicated above. The new balance contained a pressure that was consistent with
the other terms defined above based on the dimensionless axial distance used.

The sign of the heat of reaction term was taken as positive for exothermie
reactions and negative for endothermic reactions. Similarly, the buoyaucy term,
By, was positive for dowmward flow and negative for upward fow.

Using the definitions given above for the dimensionless terms, the boundary

conditions were rewritten in dimensionless form to yield:

at 2 =0,
g = 0 (3.78)
z o= 1 (3.79)
U = 1-(") (3.80)
Vo= 0 (3.81)
po=10 (3.82)
=0 oz 06 U
cri _ o0 _OU vy~ 3.83
ot g o V=0 ( )
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at v’ =1, 2
i .
= U=V=0 (3.84)
a6 )
- fi@ = Bi(8,, — 6;) (3.85)
whore -
Bi = ; : (3.86)

Of particular interest were the cup-mixed concentration and temperature. In

terms of the dimensionless quantities
(2:)
(¢)

I much of the ensuing work, the

. these could be expressed as:

1
4 / Uxo' dr’
0

1
4 [ Uer' dr’
Jo

(3.87)
(3.88)

cup-mixed quantisies were employed. Differ-

ences in these quantities under various conditions were exanined to determine the

effects of variable properties on reactor performance.

Several dimensionless systems have been used in studying laminar flow reactors.

Different definitions of the dimensionless axial distance have created differences in

the other dimensionless groups. Examination of the above equations showed that

they were of the form:

8y , 1, Oy d dy
F— = _'*’___ /
([ Ep ,+V ) o ( 'k 57 )-}-ﬁy (3.89)
Wh(—:i'(—:T for this study:
y = 2;,8,U (3.90)
e, = 1,0'C,,0 (3.91)
ay = Qg or,l (3.92)
.By = 1,07, Bu (393)
kl = ’D:'m‘-‘ k:’ lu” (394)
79 79 1 dpl ’ :
R, = X z;, ex o — .
y exp ((1 n 9)) z;, €xp ((1 +9)) By dz +p (3.95)



for the species, temperature, and momentin equations respectively.

The dimensionless groups emploved in this stwdy were related to more estab-

lished groups in the following manner:

1. The Damkéhler number has been defined as Da = kg, R? /Dy, by some inves-
tigators [7,12]. In this case o, = 1/Da. A heat Damkéhler number may be

similarly defined as Day = kp R* p@,,/ k. so that ap =1/Day.

b

Other investigators have preferred to define Da! = kp,R/{v.) [30]. With this
definition the reciprocals of the heat and mass Ceclet Numbers were the radial
dispersion terms. The present radial dispersion terms were related to Da’ by

o, = 1/(Dd'Pep) and ap = 1/(Dd'Pey).

3. The Lewis number has also heen employed [8.9,15,17). It was related to the

present groups by Le = ar/a,.

The present groups extended the formulation initially developed by Cleland and
Wilhelm for an isothermal reactor {4]. They recognized that without a reaction
occurring that there would not be any diffusion. Without diffusion there would not
be a reason to include the Peclet numbers. The impact that the radial diffusion
rate was therefore dependent upon the reaction itself. Incorporation of the two
phenomena (i.e diffusion and reaction) into one group was therefore considered the
best alternative.

As written, the dimensionless heat of reaction also became important in that
it was precisely the dimensionless adiabatic temperature rise. Comparison of this
value to cup-mixed temperature rises in the reactor was a good measure of heat

removal efficiency.

The general balance equation, Equation 3.89, was expanded and rearranged to

yield the following:

dy a,k 8 [ ,0y .. Oy .
0= Ey[f—a—z; —_ -':75; (T‘ E; + (eyV - Ct‘yfy) —a';; — QyfyY — ﬁyRy {3.96)

In Equation 3.96, the first, second ‘and fifth terms corresponded to the constant

property model. The functions f, and ¢, were functions of the derivatives of the
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transport properiies appearing in Equation 3.89. In the energy and momentum
equations the function g, was 0. The species equation was unique because the
density appeared in the radial Laplacian term in- Equation 3.69. This resulted n
the need for the term ¢, defined below. To summarize, the functions defined above

in Equation 3.96 were:

fe = -%— _DT%K (3.97)
fr = g’:‘ (5.98)
fu = % (3.99)
g, = % (-ng:)z - %3’-:1‘-;1—,6—(?; (r'p") — ;)1—,%1:—:;'5%?—: (3.100)

If it was assmmed that all physical and transport properties were constant then
feo fro fiz, and g, would disappear. The resultant equations would be those for
a coustant property reactor. Any one of the properties could be set to zero, thus,

climinating the respective radial derivative.

3.7 Numerical Solution

The Crank-Nicholson method has been the most widely used method for solving
the system equations. The method has gradually been refined as more detailed
descriptions of the reactor have been developed. Rothenberg and Smith developed
the method to be used for the reactor under non-isothermal conditions [8,9].

The Crank-Nicholson method was originally developed as a method to solve a
single linear PDE. To include the energy balance in the laminar flow reactor required
some simplification in order to reduce the nonlinearity introduced by the tempera-
ture dependent rate constant. Solution schemes were developed that required very
fine grids such that the numerical errors associated with the simplification were min-
imized. Basically, these solution schemes were developed to maintain the tridiagonal
nature of the resultant matrix for the individual balance equations. Generally the

equations were solved in the following manner {12,15,17):
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1. The solution space was diseretized into a very fine grid in both the radial
and axial divections suelr that it could be assumed that the differences in

temperatures and compositions between grid points were very small.

1

Either the energy balance or the component balance was solved employing the

data already available.

3. The remaining PDE was solved using the updated information determined

from Step 2.

Because of the fine grid spacing used in the above solution, the results were
generally adequate enough to not require iteration. Wi th the inclusion of the mo-
mentum balance, the above solution became more complicated. Tt was recognized
immediately that the momentum balance could not simply be introduced as a fonrth
step to the above solution. Coupled with the caleulation of velocities was the ealeu-
lation of a pressurc. In this situation the number of unknowns was greater than the
munber of equations. The macroscopic continuity equation, which was not u PDE,
needed to be used to balance the system’s unknowns and equations. To solve this
more complex systemn required iteration to be performed. This was accomplished by
employing the above solution to solve for the composition aud temperature. After
this. the temperature and composition values were used to calculate the viscositios
at the respective radial points. The axial velocities were consequently calculated

using the momentum balance and corrected using the macroscopic coutinuity eqgua-

ton. This was -« uued until the values of the velocities stabilized. Ounce the

velocities no longer changed. the new values could be replaced in the temperature
and composition balances for further iteration or for procecding to the next axial
step [12].

Although effective, the alove method could be slow die to the use of SUCCessive
iterations and very small grid spacings. In this study alternatives were employed to
reduce the excessive computation times required by the Crank-Nicholson meihod.
The approach consisted of the simultaneous solution of all of the system equations

in the following manner:

e Radial discretization to vield a system of ordinary differential equatious.




e Axial integration of the system of ODE’s by means of a suitable differential

equation solver.

This approach has been termed ‘the method of lines’. Two different radial dis-
cretization schemes were applied. Finlayson [43] has presented numerous methods
including Finite Differences (FD), Finite Elements, and Orthogonal Collocation
(OC) as viable for the solution of two dimensional plug flow reactor problems. In
carlier work, Hopkins and Golding [44] determined that OC could be applied to an
adiabatic laminar fow reactor. Although initially shown to be comparable to finite
differences, the radial temperature profiles were found to oscillate considerably for
other temperature houndary conditions.

These oscillations are shown for a 4-point collocation solution in Figure 3.1.
The solutions for 10- and 40-point finite differences have also been plotted (10-
point solution represented by symbols, 40-point solution represented by lines). In
Figure 3.2 the corresponding radial concentration profiles are shown. It should be
noted that again the two FD solutions yield quite comparable results. Orthogonal
Collocation showed an appreciable difference from the FD solutions.

Another example is shown in Figures 3.3 and 3.4. I this particular example a
10-point. FD solution has been compared with a 60-point solution. The wall heat
transfer boundary condition to be used in this study has been employed. Except for
small differences appearing between the two solutions at the wall in Figure 3.4, the
radial profiles were similar. The axial cup-mixed concentrations and temperatures
for this second example have been given in Table 3.1. Solutions for other finite
difference grids have also been given in this table.

Since very little difference was observed between the solutions, a 10-point fi-
nite difference solution has been used throughout the study in order to conserve
computer time. This was particularly wseful when there were large changes in the
velocity profile. The use of 10 radial points led to substantial savings. It was also
observed in the course of this work that in many instances solutions using more than
10 points would not always converge. The observed convergence difficulties were
linked to the momentum balance. Under some conditions the calaculated pressures

would diverge creating numerical errors in the results. The program entered a loop
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Table 3.1: Comparison of Axial Cup-mixed Concentrations and Temperatures for
Different Radial Grid Sizes: Finite Difference Method

N=10 N=20 N =40 N'=160
S tx) ) | =) [ 6 | @) | &) | ) )
1] .8166 | .0180 | .8161 | .0191 | .8159 | .0180 | .8157 | .0180

20,6456 | 0342 | .6449 | .0343 | .6446 | .0342 } .GD38 | .0334
3] .4912 | 0470 | 4961 | 0475 | 4967 | .0475 | .4896 0481

4| .3590 | .0385 } .3571 | .0587 j .3574 | .0586 | .3574 | .0938C

o
L

2529 1 .0654 | .2513 | .0655 | .2516 | .0654 | .2516 | .0654

G| 1706 | .0636 | .1688 | .0686 | .1695 | .0685 | .1701 | .0GSS

to reduce these errors and would not exit this loop. The cause of this probiem was
not determined although similar problems have been encountered elsewhere [43].
In both of the examples given above, coustant properties were assumed. The
momentum balance was not required. In the second example, conditions were chosen
to vield some of the larger radial gradients since it was under these couditions
that the radial profiles especially should differ for different grid sizes. Upon the
introduction of variable physical properties and velocity profile, little difference was
observed between solutions using 10 grid points and those in which move grid pomnts

were employed.

3.7.1 Radial Discretization using Finite Differences

Central differencing was employed to perform the radial discretization. The radius
of the reactor was divided into N intervals-not necessarily of the same size. Finite
difference formulas were applied to estimate values of the radial partial derivatives.

Simply put, the partial derivatives in the radial direction were written in terms of
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finite difference equations such that at an interior radial point i

dy V(i — 4, ¥~ Wi

P - 3.101

8TJ o 2 ( AT";‘ + AT';-_I ( )
f .

For the sccond derivative the corresponding finite difference equation was:

_C,E% ~—— 2 , (?fj+i _, Yi Y _’yj—l) (3.102)
or - (Ars 4+ Ar_y) Ar] AV
where
/_\7‘} = ’{i+1 — ?’J (3.103)

If all values of Arj are equal (equal grid spacing) Equations 3.101 and 3.102
reduce to the usual central differencing formulas.

The above estimates of the radial derivatives were inserted into the species,
energy, aud momentum equations. The radial derivatives appearing in the functions
given by Equations 3.97-3.100 were treated in a similar manner. For the general
equation (Equation 3.96) the following finite difference equation was obtained:

(.V" + 0y f I ) '
- | g

+ [(VJ = ayfyli)fra + ok frn + fra) + O‘y.(fy|j] Yi

(V; = ayf, |) . _
" [_Lz_ari;& = aykifra| yinr — Bylty ' (3.104)
where
f : - 3.105
Jra = 21'3-&‘:*.‘?-_‘ + A?'3_1(A7‘3 + A?‘;_l) ( . )
1 2
e = 3.106
Tra = S T R(AT v &) (3.106)
1 1. 1 :
fro = 7( T '—) 3.107
. 2 ;Ar;-_] Ar ( )

The boundary conditicns were also estimated by finite differences. By applying

I'Hopital's Rule, the indeterminate form at the centerline became:

(3.108)



Making use of the boundary conditions at the centerline and noting the symmetry

of the problem, the corresponding equation became:

. dy dav, b
0 = L= = .!.'.1 9 t}‘_‘, ‘.
€ 1(.’.:’1 (A?.iz + 20, k0, .-u) i
dov, K ]
A2 Yo — By Rty (3.109)
i

At the reactor wall, ( = N + 1, = 1), a backward difference was applied such
that;
Qy_ o 3'9';\!.;.1 —dyn + yn-1
ar! ey = 201y

Equation 3.110 was then rearranged to yield an expression for yn . The particular

(3.110)

expression for yy 41 depended on the boundary condition at the wall. The expression
for yx4; was then substituted into the N equation represented by Equation 3.104.

In total, N eyuations for species, N equations for temperature, and N equations
for the axial velocity were formed. Each of the equations were put mto vector

notation to vield a system of equations:

EHU% =A, y+R, (3.111)

Properties described by integrals such as the cup-mixed concentration aud tem-

perature, radial velocity, and the macroscopic continuity equation were estimated

using numerical integration techniques. In particular, Simpson’s Rule was used to

evaluate the cup-mixed properties and macroscopic continuity equation. Values of

the radial velocity were calculated using the Trapezoidal Rule. The equations were
similar to that given below for the macroscopic coutinnity equation:

1 N+
i Y il (3.112}

i=1
3.7.2 Axial Integration using Gear’s Method

The central differencing scheme employed caused the matrix A, to he tridiagonal.
In the Crank-Nicholson method this matrix was combined with the trapezoidal

rule as the axial integration step [43,46]. Coupling of the sets of equations occurred
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through the nonlinear terms represented by R, and the vector U. In earher solution
scLiemes [8,9,12.15,17] this nonlinearity was handled by using an excessively fine grid
in both the radial and axial directions. In this way, each of the sets of equations was
solved independently utilizing past values of the other variables in the R, and U
terms or updated values if they were available. These approximations were added
to the diagonal terms of matrix A, or simply as a constant value in the numnerical.
equations.

With complex systems different procedures became necessary. lteratlon was
required to solve at least some of the equations, particularly the momentum balance.
With this iteration, it became useful to examine alternative solution schemes. Gear's
method was chosen as the axial integrator for this study. Some of the inherent
characteristics made it useful in this respect. These included the Newton-Raphson
solution procedure, the variable order. variable step size aspects of the method and
its ability to solve stiff systems of equations. Although the routine was not originally
intended to solve combined algebraic/differential equations, some modification of
the original routine given by Gear [47] allowed for solution of this type of system.

The last point given above was important because the inclusion of the macro-
scopic contimiity equation created a system of combined differential and algebraic
cquations since, numerically the integration was algebraic in form.

It has been shown by Petzold [45] that Gear’s method could diverge under some
circumstances due to improper error and step size control. This phenomenon was
noted in some of the runs of this study when more than 20 radial points were em-
ployed, Under the majority of circumstances encountered in this study the method

proved to be efficient and accurate.

3.8 The Computer Program

The computer program was written in double precision. Portions of the progrlam
were taken from Gear’s DIFSUB program given in Gear [47]. This particular sub-

routine was adapted to allow for the simultaneous solution of the species, energy,




and momentumn balances coupled with the macroscopic continuty equation. De-
tails of the workings of this particular subroutine may he found in Chapter 11 of
Gear. A LU decomposition program given in Finlayson was also cimployed for the
solution of the resultant equations [43]. The program was run ou the Amdahl 5860
mainframe computer at the University of Ottawa. Run times depended on the
complexity of the problem. For simple cases in which the properties were assumed
constant the most extreme conditions resulted i run tines of approximately 6 epu
seconds. With increasing complexity the run times increased but never exceeded 60
cpu seconds. This compared very favorably with the results reported by Dussault
[17} in which the run times were of the order of 150 cpu seconds for a coustant prop-
erty reactor. This was quite a large contrast considering the fact that the progran
written by Dussault used a single computation at every axial location. The present
progranm required iteration at every axial location until the solution converged. The
differences in the run times were the result of the smaller munber of radial points
used in the present program (10 compared to 100) and the ability of the DIFSUR
subroutine to vary the axial spacing. In the methad used by Dussault the axial

spacing was lield constant.
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Chapter 4

Numerical Simulation of Flow

Reactor Performance

The developed computer model was employed to determine under what conditions
physical properties could affect reactor performance. This was accomplished by
perforning a comprehensive series of computations over a wide range of physical
situations. ‘ |

A simple reaction system was employed in the numerical study. This system
consisted of reactant R converting into product P in the presence of an inert medium
or solvent I. In all instances it was assumed that one mole of R converted into one
mole of P 1e.

R+I—P+1 (4.1)

Through increasing the reactant concentrations and decreasing the concentration
of inerts in the simulations the behaviour of the reactor for a number of variable

physical property situations was examined.
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4.1 Factors Determining the Effect of Variable
Physical Properties

A number of factors could be expected to affect reactor performance. Initially they

were separated into two groups.

Dimensionless Groups The process of reducing the equations to dimensionless
form created a numiser of dimensionless constants. The values of these con-
stants for a particular run were expected to influence the performance of
the reactor. Examination of the reactor equations and boundary conditions

vielded the following seven dimensionless groups: «,, ap, Jp, ¥, Hu, Bi, and, 8.

Physical Property Changes Changes in concentration and temperature through
the reactor could be expected to change the values of thé physical propertics.

The following possibilities were examined:

1. Dilute solutions in which the properties were tliose of the solvent. In this
instance, the physical properties changed with temperature only.

2. Concentrated solutions where compositional effects could also be ex-

pected to be significant.

The dimensionless paramneters appearing in the balance equations of the laminar
flow tubular reactor were important in determining radial and axial temperature
and concentration profiles. Because of these differences of temperature and com-
position the resultant changes in physical properties could also affect the profiles.
These differences in physical properties in the reactor could contribute, greatly to
reactor performance. Because of the large number of parameters involved in the
model, factorial design methods were chosen to analyze reactor performance. A
large amount of information could be collected using this approach with a relatively
small number of runs. The various values of the dimensionless constants used in the

study have been given in Table 4.1. Values for the dimensionless parameters were
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Table 4.1: The Ranges of the Dimensionless Parameters used in the Theoretical
Study

baramoter | Designation | Low Value (-1) | High Value (+1) Midpont (0)
oy T 0.1 10 1
vy & (0.001 0.1 0.01
Bi ry 0.1 10 - 1
g; Ty ~0.05 0.05 0.0
9 r's 13.75 21.25 17.50
‘ By s 0.10 0.15 1325
Hu € 0.0 -200 -160

chosen to reflect a wide spectrum of reactor states. These included conditions ap-
proaching adiabatic performance and other situations approaching a constant wall

temperature. Conditions between these extremes were also enerated.
1

The values given in Table 4.1 were representative of values encountered in the
literature for previous theoretical and experimental studies. They were also chosen
to minimize the computational time required as much as possible. The values given
for B were lower than what could be expected in practice but higher values resulted
i converpgence difficulties or large run times. The sign associated with Sy implied
a vertical reactor in upward flow. When any results indicated that free convection
was important, the runs were repeated with a positive value of Bu to determine
whether flow direction had a significant effect.

For the temperature dependent property study the reactor performance was ex-
amined for three different reaction media. These were water, ethanol, and benzene.
Models for the physical properties of these substances were found in Reference [48).

These models were included in the computer program. The chosen models were of

Ct
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the form given below:

1. Density

p= AR (1.2)
2. Heat Capacity
C.=4+BT +CT°+ DT {4.3)
3. Viscosity
. B , _
. log = A+ T + T+ DT~ (-+4)
4. Thermal Conductivity
ko= A+ BT +CT" (4.5)

The temperature dependence of diffusivity was represented by

Dip _

T c . {4.0)

where ¢ was a constant. Once the diffusivity was redueed to dimensionless form
this constant disappeared.

The values of the parameters used are given in Table 4.2.

An inlet temperature (7,) of 300X was used throughout the stidy.

Compositional dependence of the physical properties was maodelled through the
use of simple mixing rules. For density, Amagat’s Law was cuployed. Heat capae-
ity was converted to a molar basis. The mixture heat capacity was then caleulated
as the mole fraction aversge value. The viscosity and thermal conducetivity of the
mixtures were directly evaluated on a mole fraction weighted basis. The diffusivity
of the mixtures was assumed to be a function of the viscosity as given above. Al-
though more complex mixing rules could have been employed. the simpler mixing
rules allowed for changing compositions without creating computational difficulties.

The eftects associated with composition dependeitt prepertics were examined
using a factorial design. This was accomplished by having the properties vary iu

different directions as the reaction proceeded. The procedure was as follows:



Table 4.2: Vilues of the Parameters appearing in the Temperature Dependent Phys-

iead Property Equations

Water
Property A C D

P 3471 2700 647.4
C, 6741 2.825x 107 | —8.371 x 107 | 8.601 x 107
i -10.73 1828 1.966 x 1072 | —1.466 x 107°
. _9.166 x 107* | 1.255 x 10~% | -1.521 x 107%

Ethanol
P 2903 2765 516.3
C, ..34990 9.550 x 1073 | —3.786 x 107% | 5.459 x 107%
/ -2.697 700.9 2,682 x 1072 | —4.917 % 107°
k. 6.28 x 10~% | —9.188 x 1077 | 5.28 x 1077

Benzene
P 3051 2714 562.1
C, -1.481 1.546 x 10~2 | —4.37x 107° | 4.409 x 107%
I 2.003 64.66 —1.105 x 1072 | 9.648 x 107°
k. 4.243 x 10~ 1.14 x 1078 | —9.03 x 1071°




1. A solution coutaining 25% reactant and 7% solvent was ullowed to react 1o
form a produer. At completion, the solution would contain 25% product and

TH% solvent.

b

As the reaction proceeded. the physical properties were evaluated from hotl
the temperature and compositional data at a given point. The compositional

effects were determined based upon the system properties given in Table 1.3,

From the data given in Table 4.3. the amounts of change in the properties with
respect to compositional effects were evaluated and given in Table 4.4, Within the
scope of the experimental prograni. the values given in Table 4.4 vepresented the
amount that the properties would change at 100% conversion. They were either -
tial or final values depending upon whether a property was inereasing or decreasing

with conversion i the simulations,

4.2 Factorial Designs for Theoretical Studies

Numerous effects that could occur in the reactor have been discussed in the previous
section. These effeets were a result of the values of different dimensionless gronps
and of potential changes in the physical properties. Two different types of reactor
were examined in this study. In the first case, heat transfer at the wall was assimued
to be occurring. In the second case, an adiabatic reactor was exanined. In the
adiabatic reactor, the number of dimnensionless parameters was decreased sinee B
and §; were not required. In this way. the effects of the other dimensionless groups
could be examined in greater detail.

The values of some of the dimensionless constants were changed in the adiabatic
portion of the study. Specifically, the maximum heat of reaction was imereased
from .15 to .30. Under these conditions it was possible to carry out i more coit-
prehensive investigation of free convection with upward and downward tlow being
examined. The magnitude of Ay was increased to 400. Simulations assuming that
free convection was negligible were also performed.

For the heat transfer study, the number of possible significant variables included




Reanctions

Table 4.3: Hypothetical Properties of the Components for Composition Dependent

Situation

Product {P)

Inereasing density
Decreasing density
Increasing heat eapacity
Deereasing heat capacity
Inereasing viscosity
Decreasing viscosity
Inereasing conductivity
Decreasing viscosity
Decreasing viscosity

Decreasing conductivity

Solvent (I) | Reactant (R)
Benzene Ethanol
Benzene Water
Benzene Ethanol
Benzene Water

Water Benzene
Water Ethanol
Benzene Ethanol
Water Ethanol
Water Ethanol
Benzene Water

Water

Ethanol

Water

Ethanol

Ethanol

Benzene

Water

Benzene

Benzene

Ethianol

Table 4.4: Amount of Hypothetical Changes in Physical Properties resulting from
Clhianges in Composition

Property Low Value | High Value
plg/em?) .849 .899
Cplcal/y K) 453 558
e .828 935
k(pecal/s em IY) 364 626




seven dimensionless groups and five physical properties. In order to study all 12 of
these variables in as comprehensive a manner as possible. a 2777 fractional factorial
design was devised with respeet to the dimensionless gronps. Additionally, a three
level fractional factorial design was emploved to alleviate auy potential problens
resulting from ambiguities that might occur in the regression analysis of the ve-
sules. The three level design also allowed for the determination of any curvature
or quadratic effects in the data. The total number of runs including o center point
was 89 with respect to the dimensionless groups.

The two level portion of the design (with variables given in coded form) has
heen presented in Tabie 4.5. The three level portion has heen given in Table 4.7

With respect to the two level design, the defining relation was:

I R e O R I R T B A N T A A T g ( "L.T)

The confonnding effects that could have resulted front this defining relatiouship
have been given in Table 4.6, Of particular concern were those second ovder effects
confounded with each other. By including the three level design. it was possible to
examine which of these second order interactions was probably the siguificant one
by analyzing the data from this part of the desigu alone.

The use of factorial designs was based upou the fitting of experimental data to

the linear equation:

y = o+ Py + Bare -+ Gy
+ Braryes + g b By plpor b iy

—
iaSy
s}

—

For }) different independent variables, a total of 2 different picees of information
could conceivably be obtained if a full factorial design was inplemented,

The values of the variables were in coded form when evaluating the regression
coefficients (#;). This meant that they were normalized such that the values of the
variables were equal to 1 at their maximum and -1 at their minimun. For example,
referring to Table 4.1, the maximum value of the heat of reaction term was .15, In

terms of the coded variables, the value was 1. For fy = .1. the coded value was




Table 4.5: Two Level Fractional Factorial Design Points in Coded Form

2

(Bu)
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(B7)

(7)

Ty
(6;)

dy

(log B1)

(log o}

(logar)

Run

)]

[T

I~

10
11

13
14

16

17

18
19

o]
[}

i)
(=]

I~

o™

30
31

33




-1. The midpoint was .125 and had the coded value of 0. The coded values for the
variables given in Tables 4.5 and 4.7 were evaluated using the logarithms for a,.
ar. and Bi. The true values were used for the other dimeusionless constants,

The formula for the generation of the coded values for an actual variable, X,

was _
_ X -X;
"~ 1/2 Range of X,

The full design discussed above was used to generate data for the following cases:

£y

(<1.9)

1. The reactor simulations were run under the assumption of constant physical

properties under the conditions given for each run.

2 The runs were repeated for each of the solvent cases disenssed above to yield

data on temperature dependent physical properties,

The above experintental design was also the basis {or the study of the effeet of
composition dependent plysical properties upou reactor performanee. This allowed
for the direct comparison of all components of the study, To generate data, each
of the runs given above was run at 8 different conditions representing the physical
properties changing in different ways. In effect, a further fractional factoriad design
was imposed on each of the different run conditions. This wax accomplished by
generating the rns such that:

(4.10)

I=u,ue w0y

4

o
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Table 4.6: The Confounding Relationships of the Primary and Second Order Inter-
action Terms

Variable | Confounded Terms
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The respective physical property increased with conversion for a value of 1 aud
decreased with o value of -1 as shown in Table 4.8, The diffusivity was assumed to
he a function of viscosity so its composition dependence was dependent upon the
composition dependence of the viscosity.

For the heat transfer reactor. these runs were performed for a fivst order reaction
and a Newtonian fuid. It was felt that although other fluid models and reaction
tvpes could have been tested. the major trends that would be established in this

study would be applicable to other sitnations.

4.3 Adiabatic Reactor

The samne concepts of the previous section were applied to an adiabatic reactor.
When an adiabatic reactor was considered. the munber of factors decreased sinee
the conditions of wall heat transfer were predetermined. Because of this. a greater
degree of certainty in the effects of the remainmg variables was achieved with a
minimum of computational effort. In the experimental design for the adiabatic

reactor the following approach was taken:
1. A full factorial design in the variables ap, a,, 7, and f¢ was employed.

2. The characteristics of the adiabatic reactor under the assmnption of constant

physical properties for both first and second order reactions were determined.

3. First and second order reactions were examined under the conditions of cou-

position dependent properties.

4. Free convection was investigated more fully. The full design was performed
under the conditions of upward and downward flow and the assumption of no
free convection. The same cases as deseribed earlier for the wall heat transfer
reactor were emploved for the composition dependencies (Tables 4.2, 4.3, 4.4,

and 4.8).




Table 4.7: Three Level Fractional Factorial Design Points in Coded Form
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Table 4.7 Continued

Run I Iy ra i oy | s o e

{logar) | (loga,) | (og BAY | {8,) | (5) | (Fr) | (B)
257.1 0 -1 0 0 -1 0 -1
257.2 0 1 0 0 -1 0 -1
257.3 0 -1 0 0 1 0 -1
2571.4 0 1 0 0 ] ] -1
257.5 0 -1 { gl -1 0 1
257.6 0 1 0 0 -1 0 1
257.7 0 -1 0 0 1 { 1
357.8 0 1 ( ] 1 8 1
347.1 0 0 -1 1 0 0 -1
347.2 0 0 1 -1 0] i -1
347.3 ] 0 -1 1 0 0 -1
347.4 0 0 1 1 0 0 -1
347.5 0 0 -1 -1 ] () 1
347.06 0 0 1 -1 ] 0] 1
3475 0 0 -1 1 0 0 1
347.8 0 0 1 i 0 0 1
456.1 0 0 0 -1 -1 -1 4
456.2 0 0 0 1] -1 -1 0
456.3 0 0 0 -1 1 -1 (}
456.4 0 0] {) 1 1 -1 ()
456.5 £ 0 0 -1 -1 1 {0
156.6 0 0 0 14 -1 1 0
456.7 0 0 0 -1 1 1 0
456.8 0 0 (} 1 1 1 0

Table 4.8: The Factorial Design Points for the Composition Dependent. Cases

Case | x, | we, | 1. | 70,
1 -1 1 -1 -1
2 1 -1 -1 1
3 -1 -1y 1
4 1 11-1] 1
5 1 -1 1 1
6 1y -1 1 -1
7 -1 1y 1] -1
8 1 11 1] 1
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4.4 The Dependent Variables

A large amount of data was obtained in the process of runmng the simulations, In
order to elicit useful information from the data, the following dependent variables

were analyzed from the factorial design:

1. For the coustant property experiments, the length required to obtain 90%
conversion was evaluated. This result was then applied as a veference point

for the variable property reactor simulations.

2. The length obtained above was designated as the outlet of the variable prop-
erty reactor. The conversion obtained at this point was compared with 90%

conversion such that:
ST P

o 4.11
y 01 (4.11)

The analysis was also extended to include some characterization of the reactor
hased upon the type of heat transfer ocowrring. A clearer understanding of the

varions mechanisms occurring in the reactor with vespect to variable property effects

was attained through this analysis.
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Chapter 5

Results and Discussion of the

Numerical Simulations

5.1 Overview of Experimental Cases and Analy-

ses

The experimental design outlined in the previous chapt.(—\.f was used to mvestigate
the behaviour of the reactor under a number of different conditions. In the first
instance, the length of reactor required to achieve 90% conversion assuining constant
properties was evaluated. Initially, the analysis was based solely upon the conversion
characteristics. Upon examination of the cup-mixed average temperature profiles
of the reactor, the analysis was refined to take into consideration the three distincet
heat transfer regimes that were subsequently identificd.

In the second analysis, temperature dependent physical properties were con-
sidered. In carrying out these ealculations, the reaction medinm was asswmned to
have the properties of either water, ethanol, or benzenc. Each of these systems was
analyzed to obtain overall models of the ratio of the conversion assuming physical
properties were temperature dependent to that for constant properties.

Multi-component systems were handled in a similar manner. Extensions to

the multi-component results were also made. Some of the more interesting results
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enconntered in these experiiments were repeared under the condition of downward
rather than wpward flow, These results clearty illustrated that the flow direction
was imporkant in determining the deviations in conversions. for the cases constcered.
Comparison of the regression coctiicient values and of the parameters for the deusity
term for the two diveetions showed very clearly the great impact that free convection
had in a vertical How reactor.

Many of the above caleulations indicated that an a diabatic reactor or a reactor
i1 which the heat Joss was very simall had the greatest deviations in conversion. This
renctor also had fewer uncertainties associated with its analysis since two terms ( By
and 6;) were eliminated. Because of this, an adiabatic reactor was investigated under
the conditions of upward or downward flow, or without free convection occurring.
The results of this aspect of the study were compared in a qualitative manner with
the performance of an actual experimental reactor. Additionally. the influence of
reaction order was investigated in this part of the study.

I order to compare the effeets that the various dimensionless groups and phys-
ical properties had upon the reactor performance, the data collected through the
factorial designs were evaluated through linear regression. The results of this pro-
cess inelided an mmtercept (). and the parameters that represented the slopes or
sensitivity of the dependent variables to the various terms (the s given in Equation
4.8 1 the preceeding chapter).

By examining the magnitudes of the various slopes or coefficients calculated in

“this manner the more significant effects could be determined. Throﬁgh this method
those variables that were truly important in affecting the reactor behuviour were
discovered.  This was particularly useful in determining which variable physical
properties should be cousidered in the modelling of the reactor and the reasons
they were significant. The regression analysis was performed on the independent
variables in coded form (i.e. -1. 0 and 4+1). The values of the regression coefh-
cients given in the ensuing tables were those that were calculated for these coded
values. The actual parameters represented by these coefficients may be determined
by referring to Table 4.1,

In the following discussion reference has been made to a number of different
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rims. The conditions corresponding to these rans may be foud i Tables 130 and
4.7.

The ase of factorial design nnplied that the regression cocticients of a simple
linear model were to be determined. From these coefficients. those factors that
governed the values of the dependent variable could he diseerned. i this study the
regression was carried out using the regression functions of the Quattro Pro spread-
sheet. It was simple to manipulate these regression results to formulate residuals
and prepare residual plots. These plots were valuable instruments in determining
the adequacy of the regression models in fitting the data.

Since the data to be analyzed in this study were derived from a deterininistic
computer simulation, random error could not be calenlated nsing center point data
as it frequently done. Consequently. a pure error was estimated as:

S8R
o= -
n—p

(5.1)

The problem with this definition oceurred when attempting to cmploy some
quantitative methods of determining lack of fit in the regrossion models. This was
overcome by a method based on the R? statistic {40].

R* was used by caleulating:

R/ -
Q= - /.P) (5.2)
(1~ R)/(n—p-1)
The above ratio was compared with the statistic F,, ,.,. where
Vo= p (5.3)
vy, = n—p-—1 (5.4)

If Q > F,, ., then the regression was significant. This test was calenlated for ench
of the regression models. The results have been given in Table A3 in Appendix A.
Relevant residual plots for the models have also heen included i this appendix.
In the following discussion only those regression cocfficients that were deter-
mined to be significant have been presented. They have been referred to as cither
coefficients or parameters in the case of those associated with the initial 7 dimen-

sionless groups. Those coeflicients associated with the coneentration dependent
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physical properties have been referred to as seusitivities when they were examined

on an individual ran-by-run basis,

5.2 Reactor Perfermance under the Constant Prop-

erty Assumption

[n this portion of the study, the variahles that affected the length required to achieve
90Y% conversion were determined. Results of the 89 simulations involved the
study. coupled with the calculated values and residuals for plausible models. hiave
been given in Appendix Ao It was found that the best model of the overall data
included a quadratic term for 8;.

Bofore discussing the model, a number of results aronnd the center point of the
model will be discussed, In Figure 5.1, the reactor length for 90 % conversion has
been given as a function of the coded values of the parameters. The curves for
ap, o, and Bi displayed a characteristic *s’-shape suggesting an asymptotic ap-
proach to niaximmum and minimum Hmiting values. To some degree, this behaviour
was examined previously. For example, Bosworth {1] and Cleland and Wilhelin [4]
studiod the influence of o, in an isothermal reactor. Similar to the result discussed
by Cleland and Wilheln. the shape of the curve demonstrated the behaviour be-
tween the case of no radial mass diffusion and that of infinite mass diffusion. At
infinite diffusion, the reactor approached the performance of a plug flow reactor.

The two heat transfer parameters, ag and Bi. displayed similar qualities. In
both cases. identical limits were approached. The high limit for each corresponded
to the case of an isothermal reactor. In this case, the reactor approached the
inlet temperature, 8; = 0, since the jacket temperature was the same as the nl-
temperature. At the lower values of ap and By, the results approached those of an
aciabatic reactor. )

It was observed from these two curves that both wall heat transfer and internal
heat transfer contributed to a condition approaching the adiabatic reactor. It was

also noted that these two variables had a larger influence than that observed for
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the mass diffusion term (o). In setting up the experimental design. the high and
low values for ap and Bi were chosen such that the steepest part of the curves
given in Figure 5.1 were represented. Ideally, the same should have been done for
a,. However, this would have led to some runs in which o, > ap which for hqguid
systems. was not considercd physically realistic.

The curves around the center point for 4 and #y were approximately stradglt
and horizontal. This occurred Decause the center point represeuted o reactor op
erating very close to isothermal conditions at the inlet temperature. Under the
heat transfer conditions at this point, the heat of reaction was lost through the
wall as 1t was created. Since there was no large temperature change in the reactor
at these conditions. the dimensionless activation energy did not play o role. The
heat transfer conditions at this point caused the jacket temperatare (£,) to lave a
major influence in determining reactor length, This curve displayed an exponential
trend. In the design region itself. it was the only parameter to display siguificant
curvature. manifesting itself in a quadratic term from the regression analysis. Under
specific conditions the heat of reaction and activation energy coudd be expected to
be significant contributors to reactor behaviour.

The parameter 4 did not affect the length of reactor when the physical proper-
ties were assumed constant. It was only a significant variable when a density change
occurred.

The parameters that were calculated to be most significant i determining the
length of the rcactor have been given in Table 5.1, As was suggested by Figure D.1.
the jacket temperature influenced the reactor length to the greatest degree. The
significant curvature displayed in the jacket temperature plot was determined i
the regression analysis through the presence of the quadratic term in Table 5.1, 1t
was quite clear that the use of the empirical model was limited to the data witlan
the experimental design. Any extrapolation beyond the coded value of +1 could be
highly erroneous. Also. the residual plots demonstrated a minor treud for higher
values of the reactor length. This was attributed to the true nonlincar hehaviour
of the system. For the overall design mass transfer was not a siguificant variable.

Previous research has concluded that mass transfer was important i the laminar
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Table 5.1: Significant Variables Affecting the 90% Conversion Length assuming
Constant. Propertics

Coctlicicnt Coefficient | Confidence
(Codedh Form) Value Interval (20)

o 0.894 128

i 530 098

3y 267 098

i -.689 098

Y -.621 116

B -.241 116

Bas -.158 116

Baa 351 161




How reactor. This was determined explicitly throngh a term suely as o, (usually
under isothermal conditions) or uplicitly through the Lewis munber (o /aL). The
present results clearly indicated that the heat transfer chavacteristies of the system

were the most tmiportant factor i determining the reactor’s performance.

5.2.1 Heat Transfer Regimes

The heat transfer parameters were found to he significant factors i the performance
of the reactor. Becausc of this it was felt that the degree of heat transfer ocenrring
in the simulations might be significant in establishing the behaviour of the reactor.
In the first analysis it was determined that the jacket temperature on the average
had more influence in establishing the temperature of the reactor than the heat of
reaction. The above observations were made over the full range of data.

It was suspected that the range of data was too targe to adequately deseribe the
processes occurring in the reactor it detail. Intuition and theory suggested that the
heat of reaction should play a significant role nuder some circwnstances. This alsa
applied to the case of the dimmensionless activation energy which had only a ninor
role when the full data set was examined. A qualitative anadysis of the cup-mixed
concentration and temperature profiles indicated that a immber of different heat
trausfer situations existed (Figures 3.2 and 5.3).

Runs 456.8 and 25 were both rapid reactions. Up to a high level of conversion,
the two temperature profiles weve similar. In the case of Run 456.8, the reactor
cooled to the jacket temperature. 8,. Ou the other hand, Run 25 demonstrated
heliaviour that was very close to adiabatic, as evidenced by the nearly horizontad
component of the temperature profile upon completion of the reaction. Ty hoth of
these examples, the fact that the cup-mixed temperature profiles went beyond the
jacket temperature suggested that the dimensionless heat of reaction, (#7), should
be a significant parameter. This was not reflected in the results given i Table 5.1

By contrast, Run 22 was an example in which the heat transfer was so rapid that
the reactor was operating under effectively isothermal conditions. In this particular
case. the reactor operated at a jacket temperature, 8, = —.05. At this lower tem-

perature. it has been shown in Figure 5.2 that the reaction proceeded comparatively
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slowly.

The other examples given in Figures 5.2 and 5.3 reflected average or general
Lehivionr determined from the boundary condition of the energy equation {(Equa-
tion 3.85). I these instances, the temperature gradually approached the jacket
temperature,

An examination of the temperature profiles led to the identification of three

types of hieat transfer behaviour.

1. High Heat Transfer or Isothermal Regime - Regime 1

L3

Medium Heat Transfer Regime - Regime 2
3. Low Heat Transfer or ‘Pseudo’-Adiabatic Regime - Regime 3

The third regime has been dubbed ‘pseudo’-adiabatic because the runs in this
regime vielded results similar to an adiabatic reactor but were not truly adiabatic.
To be truly adiabatic, the Biot number should be 0. In the case of the pseudo™
adiabatic cases presented here, heat was retained because ar was low. In essence,
the reactor retained heat generated by the reaction due to the fluid being a poor heat
transfer medin. The reaction oceurred more rapidly than the heat transfer with
the surroundings. As a result, the reaction was complete before most of the heat was
transferred. Effectively, this resulted in near adiabatic behavior. The dimensionless
heat of reaction (7). by definition, corresponded to the dimensionless adiabatic
temperature vise. In Figure 5.3 the maximum bulk temperature for Run 25 was
approximately 1125, The conditions for run 25 given in Table 4.5 indicated that the
maximum teniperature for the run should be .1. However, §; for this run was .05,
suggesting that initially some heat was gained through the wall.

Upon identification of the three heat transfer regimes, it was possible to de-
termine which factors influenced the Leat transfer and the degree to which they
influenced the thermal properties of the reactor. Subsequently, the effect that the
thermal conditions had upon the conversion characteristics of the reactor were de-
termined. This again was accomplished through the linear regression procedures

outlined above. The regression caleulations vielded the model given in Table 5.2.
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Table 5.2; Variables That Determiue the Heat Transfer Properties in the Reactor

Coefficient Coefficient | Confidence
(Coded Formn) Value Interval {(24)
iy 2.06 05
il T 06
3 -.23 06
A, 21 06
Bras -.25 08

The data have been given m Appendix A.

The experimental values were determined by assigning an appropriate valne
corresponding to the heat transfer vegimes given above. The calenlated values
were determined from the regression model given in Table 5.2. Overadl the model
adequately estimated the heat transfor regime for cach of the runs. The model has
determined quite accurately runs that were best deseribed as lyiug in arveas between
the regimes such as Runs 124.6 and 124.3. These two rns had characteristies in
~ between Regimes 1 and 2 and between Regimes 2 and 3 respectively.

Upon the segresation of the runs into different heat transfer reghnes, the vari-
ables that characterized the reactor in each regime were examined. In this way.
more detailed picture of the reactor performance was developed.

It should be noted that the average condition over the whole range of data wias
in the medium heat transfer regime. It was also noted that the greatest contributor
towards defining the type of heat transfer was the internal heat transfer rate aq.
Because of the great influence exerted by aq. the vast majority of simulation runs in
the high heat transfer area were those in which ay = 10. Conversely. the value of ay
in the low heat transfer regime was almost cxclusively 107" Because the valnes of aqp
effectively did not change in these regimes, ihe effect of this particular dimensionless

group could not be determined. However it was shown in Figure 5.1 that beyond



the values of the factorial design, ag had only a minor effect. The present results
snggested that rough limits establishing the heat transfer behaviour in the laminar
flow reactor conld be defined. Basically, for ag > 10, isothermal operation could e
expected. For ap € 107" the reactor approached adiabatic behaviour. The internal
heat trausfer had little influence in determining the reactor length for ag beyond

either of these llmits.

5.2.2 Factors Influencing Reactor Performance in the High

Heat Transfer Regime

The reactor operated under approximately isothermal conditions at high heat trans-
for rates. The temperature of the reactor was the jacket temperature under these
conditions. The cup-mixed temperature profiles of this regime were typically flat
(Figure 5.4). Similarly, the radial temperature profiles of the isothermal regime
were effectivaly flat and at the jacket temperature. In other words, the temperature
in the reactor could be considered uniform over most of its length.

Under these conditions, the range of reactor lengths required to attain 90%
conversion was large. They varied from .513 for Run 32 to 4.76 for Run 22. The
large range in lengths has been illustrated in Figure 5.5. In this figure, a large
difference was noted in the conversion levels between Runs 22 and 32. This was the
largest range exhibited by any of the heat transfer regimes. A total of 26 simulations
were determined to belong to this regime or to have nearly isothermal behaviour
(i.e. Lehaviour lying between Regimes 1 and 2). With the exception of 2 runs,
both Iying in the transition region between Regimes 1 (high heat transfer) and 2
(medium heat transfer), the value of ar was 10.

The radial concentration profiles were well defined. The residence time distribu-
tion was a major factor in establishing the shape of the profile. In other words, the
conversion was greatest at the wall where the velocity was 0, decreasing towards the
middle where the velocity was at a maximum. The rate of mass transfer measured
by a, was also important. As may be seen in Figure 5.6 the profiles tended to flat-

ten with an increase in a,. Each of the profiles were those calculated at a length of
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Tabie 5.3: Sigmficant Varables in the Isotherinal Reactor Regime

Cocticient Cocthicient | Confidence
(Coded Formy) |+ Value Interval {20)
3, -.207 174
3, -.23 .06
3, -1.353 180
s -.384 202
s 407 312

50% of the length required for 90%: conversion for cach of the respective simulations
given. Each of the runs appeared to have reached comparable levels of conversion a
this proportionately similar length. The results of the regression analysis indicated
that mass transfer had a minor influence in this heat transfer regime (Table 5.3).
Data were collected around a new center point for this regime. For this new
center point the value of ay was set at 1). The effects of the other operating
ariables were then examined. As may be seen n Figure 5.7, tlie jacket temperature
displayed a similar exponential behaviow to that observed in Figure 5.1. Simlarly
a quadratic term was calculated in the regression analysis of this regime. This
quadratic term has been included in Table 5.3. In a finding similar to that of other
researchers [1,4], the mass diffusion term (o) was deemed to Lave an cffect on
reactor length. As may be seen in Figure 5.7 this cffect was minor. It was also
evident that the heat of reaction and activation energy were of little importance
individually, although the activation energy was important in conjunction with the

jacket temperature. (Table 5.3).

The regression analysis was adequate with respect to 2. Plots of the residuals
against the values z, and £, indicated that the model was also adequate in this

respect. In terms of the residuals plotted against the actual simulated lengths, z,,
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Table 5.4: Actual (z,) and Caleulated (3,) Reactor Lengths around the Isothermal
Regime Center Pomt {ap = 10

Variable Value | =z, z, Confidence
Interval (2a)

log o, 107 | 1.52 | 1.65 0.10
log a, 10" | 1.20 | 1.06 0.10
log B 1071 | 0.98 | 1.01 0.10
log B 10" | 1.2 | 1.72 0.10

f; -.05|3.67 | 3.12 0.10

6; .05 ] 0.67 | 0.42 0.10
center point - | 1.47 | 1.36 0.09

a slight downward trend was evident with increasing length. This was deemed to
be caused by modelling the exponential trend of 8; by a quadratic.

The response around the center point was estimated using the parameters n
Table 5.3. These results have been compared with values obtained from the com-
puter simulation (sec Table 5.4). It was suspected that any of the differences were

a result of the non-linearities discussed earlier (i.e. ‘s’-shaped curves).

5.2.3 Factors Influencing Reactor Performance in the Medium

Heat Transfer Regime

The influence of internal heat transfer could be determined in this regime since all
three values of ap were present. In all, 48 runs were identified as belonging to this
regime or the pertinent transition areas. | |

The range of lengths required to achieve 90% conversion in this regime was
almost. as large as that in the isothermal regime (Figure 5.8). The lengths varied
from .332 for Run 456.8 to 3.20 for Runs 347.2 and 347.6. Some of the different cup
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- mixed temperature profiles encountered in the mediun heat transfer vegime have
been shown in Figure 5.9. A feature common to all of these runs was the gradual
approach of the cup-mixed temperature to the jacket temperature. This was either
a monotonic approach, such as that displayed by Run 347.2, or with a maxinnumn
occurring in the curve, such as displayed by Runs 456.8 and 257.2. Tlas latter
behaviour was typical of an exothermic reaction. Each of these simulations had
different jacket temperatures so that they were cach approaching different values,
Run 347.2 had a jacket temperature less than the inlet temperature, Run 456.8 had
a jacket temperature greater than the iulet whereas. the jacket temperature for Run
257.2 was equal to the inlet temperaturc. These differences resulted in the differcut
cup-mixed profiles given in Figure 5.9 In all cases, the curves were not as abrupt
as those exhibited by the isothermal results given carlier. The speed at which this
u.pproz"\‘ch oceurred was a significant factor in determining the reactor performance.
To some degree it was also the determining factor in assigning a given simulation
to this regime.

Since heat transfer played a tangible role in this vegime, radial temperature
profiles became well defined. Some of the different types of behaviour of the radial
temperature profiles have been given in Figures 5.10, 5.11, and 5.12.

The radial temperature profiles for Run 347.2 have been given in Figure 5.10.
Over the length of the reactor, the wall temperature was nearly constant with the
maximum temperature always occurring at the center line. In this example Bi was
high.

The behaviour of Run 456.8 given in Figure 5.11 was different. Initially . the
maximum temperature occurred near the wall. As the reaction proceeded the tem-
perature increased and the maximum temperature moved towards the center line
of the reactor. The dimensionless heat of reaction, Jp. was higher for this run than
it was for the other 2 runs presented in this section. This was likely the cause for
the different behaviour of the temperature profiles in this case.

As shown in Figure 5.12, the maximum temperaturc was always at the center
line for Run 257.2. Unlike the results for Run 347.2 the wall temperature was not

constant. Also the cup-mixed temperature in the reactor went through a maximum




valne in this example. This run differed from Run 347.2 i that B: had a lower
value. Therefore, heat did not leave the reactor as rapidly iu this simulation.

The radial concentration profiles had varving degrees of stecpness similar to
those for the isothermal regime (Figure 5.13). Unlike the isothermal regime however
the canse of these different profiles was not completely due to mass transfer or
residence time. Bach of the profiles given in Figure 5.13 was calculated at the same
proportionate length. As may be seen from the figure the degree of conversion was
significantly less for Run 456.8, and the profile for this simulation was much more
pronounced. Although the other two simulations had different values of o, they
Lad similar profiles and extents of conversion.

Tle significant parameters calculated by the regression analysis have been given
in Table 5.5. In this regime, ay was found to be a significant variable. Similar
to the hehavior in the isothermal regime, the jacket temperature was found to be
significant. Unlike the behavior m the isothermal regime. the heat of reaction was
also important. The last two observations were important in that the purpose of
cooling the reactor would be for the removal of excess heat created by the reaction.
Up to this point, the heat of reaction had not been determined to be a significant
factor. A

Mass transfer was not significant in this regime. This was also found to be true
when the full data set was analyzed. This observation suggested that heat transfer
factors were of much greater importance than the mass transfer factors.

All of the statistical quantities indicated that the model adequately fitted the
data. The coefficient of determination, R?, had a value of .901, indicating a high
degree of correlation between the reactor length and the dimensionless parameters.
Also. the mtercept P was close to the data center point (:828 and .826 respectively).

Comparison of the values obtained for 8, and B‘M in this regime with those in
the high Leat transfer regime demonstrated that the reactor was less sensitive to the
jacket temperature. The interaction terms B4 and B4 llustrated that the influence
of the jacket temperature was highly dependent upon the internal and wall heat
transfer rates.

Caleulated results around the center point were in good agreement with those



Table 5.5: Significant Variables in the Medium Heat Transfer Reactor Regime
g . £

Coefficient Coefficient | Confidence

(Coded Form) Value Tnterval (20)
Bo 828 © 114
i 870 174
Bs 467 108
B 693 118
Ba -.129 .096
3 525 448
By | 440 164
Bis 588 334
By -1.203 400
By - 641 083




Table 5.6: Actual (z,) and Calculated (2,) Reactor Lengths around the Medium
Heat Transfer Regime Center Point

Variable | Value | z, 2 Coufidence
| Interval (2e)
oy 1071 | 0.54 | 0.49 0.45
ap 10" | 1.46 1 2.22 (0.45
B 107" [ 0.52 1 0.36 0.16
B 10' | 1.22 ¢ 1.30 0.16
6;. —.05 | 2.13 | 1.96 0.16
8, 05 0.50 | 0.58 0.16
Oy A0 6.97 1 0.96 0.15
By 151 0.67 | 0.70 0.15
center point - 10.83 | 0.83 0.11

determined from the computer simuiation {Table 5.6). Typical ‘s’-shaped curves
should be expected for those pertinent variables if ruus outside of the design region

were to be explored.

5.2.4 Factors Influencing Reactor Performance in the Low

Heat Transfer Regime

The runs of this regime gave results that approached adiabatic behaviour due to
poor heat transfer within the reactor. This contrasted with the usual adiabatic con-
dition resulting from Bi = 0. Examination of the runs that comprised this regime
indicated that the majority of them had a7 equal to 107", The two exceptions had
ar =1 and Bi = 0.1, which approached the true adiabatic state mentioned above.

These two runs were actually calculated to belong to the transition area between
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the low and medium heat transfer regimes and were included in the analyses of both
regInes,

Cowmparisons between the state represented by the runs of this regime and true
adiabatic runs have been illustrated in Figures 5.14 and 5.15. As can be seen from
these two figures, the correspondence between the two cases was evident. This
correspondence extended to the radial profiles as well.

Radial temperature profiles for some representative runs of this regime have
been given in Figure 5.16. Little difference between the radial profiles for these
s and the corresponding adiabatic runs was evident. The radial temperature
profiles also displayed a certain amount of diversity in their shape. Some of the
profiles were similar to those encountered in the medium heat transfer regime. For
exanple, at smaller reactor lengths the shapes of the curves shown for Runs 9-and
25 were not much different from those of Figure 5.31. On the other hand, the
radial temperature profile for Run 27 was quite pronounced. with the maximum
appearing close to the wall. The maximum temperature remained close to the
wall over the entire reactor length in this example. In most other instances, the
maximum temperature eventually moved towards the center line.

The concentration profiles were similar to those encountered previously. Again,
the residence time was a primury factor in establishing this profile. Temperatur=
also played a large role. As may be seen in Figure 5.17, although Run 27 had
the higher rate of mass transfer, the concentration gradient was greatest for this
simulation. The only discernible differences in the conditions of Run 27 and the
other two runs illustrated in Figures 5.16 and 5.17 were that Run 27 was operating
at a higher heat of reaction and higher mass transfer. It was already determined that
mass transier should not have a significant effect in liquid systems. The differences
observed in the concentration profiles were therefore concluded to be a function of
the heat of reaction and residence time.

As may be seen in Table 5.7, the two major variables affecting length were the
activation energy () and the heat of reaction {87). The fact that some heat transfer
through the wall was taking place appeared through the presence of the Bi term.

The small range of lengths in this regime (.342 for Run 27 to .764 for Run 9) was



Table 5.7: Significant Varlables in the Low Heat Transfer Reactor Regime

[ Cocfficient Coefficient | Confidence
(Coded Form) Value Interval {2a)
2 545 012
By 019 015
Bs -.106 015
B -.086 015

reflected in the small values for the coefficients in Table 5.7. The appearanee of the
heat of reaction and activation energy in this regime as impovtant variables was not
surprising. WithHout an appreciable amount of heat transfor taking place the heat
generated by the reaction accelerated the rate of reaction. The magnitude of this
acceleration was determined by the activation energy.

The results around the center point., presented in Table 5.8, showed exeeilent
agreement between the results calculated from the model and the compnter siimn-
lation. The excellent fit was further reflected in 172 which had a value of .935. The
pertinent residual plots also did not exhibit any trends.

In Figure 5.18 the influences of the activation energy and the heat of reaction
were evident, as was the exponential nature of their curves. As may be scen, the
influence of the jacket temperature was lnilllin‘m.'l. An interesting phenomenon was
observed in the curve of a,. Beyond the factorial design region with increasing o,
there was a sudden drop in the required reactor length. For decreasing values of o,
the curve flattened. It was mentioned earlier that the value of a, should be el
lower than that of ar for liquid systems. Keeping this fact in mind it was therefore
concluded that in a real system there would not be the large drop off such as that
found in the numerical simulations. For this study at this particular poiut the value
of ar was 107", Those runs at the high end of the values for a, were cither cqual

to or greater than 10~1,

The results for a true adiabatic reactor have been given in Table 5.9 to compare
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Table 5.8: Actual (z,) and Caleulated (£,) Reactor Lengths around the Low Heat
Transfer Regime Center Pomt

Variable Value Zu Za Confidence
Interval {2¢)

Bi 107 | 0.52 | 0.53 0.052

By 10" 1 0.60 | 0.57 0.052

¥ 13.75 | 0.67 | 0.65 0.047

~ 21.25 | 0.44 | 0.44 0.047

3 10 1 0.65 | 0.63 0.047

S 15 | 0.45 | 0.49 0.047
center pout -1 0.54 | 0.55 0.(530

with those for the low Leat transfer regime. The coefficient for the activation energy
was almost identical in both cases. The range in both cases was the same - extending
from v = 13.75 to v = 21.25. On the other hand, the value of the coefficient
associated with the heat of reaction in the adiabatic reactor was greater than that
for the low heat transfer regime. This was in part due to the differences in the ranges
employed in each instance. For the adiabatic reactor the heat of reaction ranged
from .1 to .3 instead of .1 to .15 as was the case for the bulk of the work. Since the
range of the heat of reaction term was larger, it followed that the coefficient should
be greater, as was observed in the results. The larger range for the heat of reaction
also contributed to a smaller value of 5y since the lengths were smaller at the higher
heat of reaction value. .

The effect of internal heat transfer, ay, could be determined for the adiabatic
reactor since it could vary in this case. It was found to be an insignificant variable
indicating that the internal structure of the reactor temperature was not important
in determining the length of the reactor. Coupling this information with that given

carlier suggested that lower values of ar {i.e. ay < .1) would not affect reactor
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Table 5.9: Significant Vartables in the Adiabatic Reactor

Coefficient Cocfficient. | Confidence
(Coded Form) Value Interval (20) §
3 411 013
3 -.084 013
e -.203 013
| e 022 013

length while higher values of ap would move the reactor to the medinm heat

transfer regime (Table 5.2).

5.3 Reactor Performance: Temperature Depen-

dent Properties

To measure the differences between the reactor under the asstunption of constant
properties and temperature dependent properties, the ratio of the concentiation
assuming variable physical properties at the reactor length for 90% conversion as-
suming constant properties to the 90% conversion level was employed (Equation
4.11). The same factorial design points were applied assuming that the system had
the properties of either water, ethanol, or benzene. It was found that overall, the
type of medium did not greatly affect the results. Differences lay in some of thie
magnitudes of the regression coefficients from one to the other but many of the

same terms appeared for each case examined.

5.3.1 Analysis for the Entire Factorial Design

Similar to some of the observations made earlier for the constant property reactor,
the analysis for all 89 simulations tended to dampen any major conclusions regarding

reactor behaviour. This was initially reflected in the values of R? for the ethanol
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ancd heuzene resudts. Additionally, a qualitative examination of the data suggested
some very clear trends regarding the effect of physical properties which were not
refleeted in the results of the regression analysis.

In Figure 5.19 the deviations from the constant property reactor have heen
plotted as a function of the dimensionless groups with water as the medium. It was
innediately evident that the jacket temperature had the greatest influence around
the center point. It was also worth noting that a, displaved considerable infiuence
at coded values greater than 1. At values less than -1, a, no longer had an effect.
Based on the notion that the Lewis pumber for a liquid system was approximately
10 or greater and that at the center point the value of op was 10, the Lewis number
for coded values of az less than 1 represented values of the Lewis number that were
not. applicable to a liquid system. The more realistic areas for a liquid were those
values i which e, displayed littie or no effect.

Another aspect of importance illustrated in Figure 5.19 was the fact that a
mumber of the curves displayed an ‘s™-shape similar to the characteristics of the
curves of length as a function of the dimensionless groups. In particular the effects
of evyp and Bi were indicative of this behaviour. These two curves tended towards
a deviation of y = 1 as they increased. Intuitively this would be expected due
to the fact that as they increascd the rate of heat loss through the wall increased
and therefore no change in temperature was experienced in the reactor. Without a
change in temperature there was no change in the values of the physical properties.
The influence of 3, appeared to be linear in the region of the design, but one would
expect that this curve would tend towards upper and lower limits over a wider
range, for example, the flow within the reactor would not entirely cease due to free
convection. In a plot to be shown later it will be seen that the deviations in one
direction tended to yield results similar to a piug flow reactor.

With respect to the individual media, the regression results have been presented
in Tables 5.11, 5.12, and 5.13. In terms of some of the statistical tests, only the
water system yielded highly acceptable results with respect to R?. All of the systems
were deficient in the residual plots. Definite downward trends were observed in the

plot of the residuals against the experimental values. Although some lack of fit
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was observed, many of the same parameters were calenlated as being significant. In
particular the values of & number of the parameters were similar, This was especially
evident in those mteraction terms involving o (). I each of the media these
interaction terms vielded similar values in both magnitude and sigu. The other
significant parameters common to all of the systeiss behaved in a simtlar manner.
A difference was observed in the value of Jy. For water the variable properties
tended to accelerate the reaction, whereas for ethanol and benzene the veaction
proceeded more slowly than it didd when the properties were assumed coustant,

Overall, the water data yielded the greatest vange in results. The greatest
deviations between the runs using constant properties and those using temperature
dependent properties were observed for Run 11 for all of the media. The ratio g
was less than 1 for this simulation, which indicated that the reaction procecded
more rapidly when the physical properties changed. The values vanged from 517
for water to 628 for benzene. The largest ratios were observed for Run 23 for
water, Run 13 for benzene (1.148 and 1.193 vespectively) and Run 135.7 for ethanol
{1.222). The ranges of data for each of the media may be seen in Table 5.10

The parameter values derived from the regression analysis were all comparable
in size. This suggested that no one dimensionless group was pasticularly influential
i determining reactor performance. The presence of the mteraction Lerms asso-
ciated with ap suggested that the rate of internal heat transfer was important in
determining whether physical property changes were necessary in evaluating reac-
tor performance. It was previously found that this dimensionless group was very
important in establishing the temperature and heat transfer characteristics in the
reactor. Its presence in all of the medium models - especially i the interaction
terms - suggested that the internal heat transfer was a very important factor. The
value of B3 was among the largest in magnitude for all of the systems. This fnter-
action term consisted of the two groups that were most important i establishing
the heat transfer characteristics of the reactor (i.e. ap and Bi). Along with the
jacket temperature they were also important in determining the temperature of the
reactor. In all of the systems the significance of free couvection was governed by the

internal heat transfer rate. Examination of the data indicatec that free conveetion

84



Table 5.10: Minmnun and Maxinnun Deviations for Each Heat Transfer Regime

Solvent. { Minimum (Run) l Maximum {(Run)
High Heat Transfer Regime

Water 932 (347.6) 1.002 (8)
Ethanol | .048 (32) 1.043 (8)
Benzene | 1042 (347.6) 1.035 (8)

Medium Heat Transfer Regime

Water 843 (124.3) 1.148 (23)
Ethanol | .898 (23) 1.222 (135.7)
Benzene | 892 (23) 1.139 (135.7)

Low Heat Transfer Regime

Water | .517 (11)  © | 1.132 (135.7)
Ethanol | .359 (11) = | 1.222 (135.7)
Benzene | 628 (11) 1.193 (13)
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had 1ts greatest effect when ap = 107", It was also observed that free conveetion
and the subsequent velocity changes were the most significant facior governing the
deviations caused by physical property changes. Only oue exnuple was observed
{Run 27) in which free convection did not contribute greatly to the deviations.

In summary. when examined in an overall context it was diffienlt to determtae
which properties and to what degree these changing properties atfected reactor
performance. Upon qualitative examination of the data it was clear that the most.
significant. contribution was due to free convection. Free convection was abserved 1o
be significant only when a4 = 107" All of the observations were consistent when
it was considered that heat retention was important in ereating the temperature

differences required to change the values of the physical properties.
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Table 5.11; Significant Paramneters when Water was the Medium

Cocfficient Coefficient | Confidence
( AC-'_.-ded Form) Value Interval (24)
y 972 024
3 040 016
3 -.035 016
3y -.052 016
3y -.030 016
3 022 016
o 032 018
By | -o57 018
. -.027 018
By -.028 018
A 023 018
Ay -.047 026
3 : 030 026
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Table 5.12: Significaut Parameters when Ethanol was the Medinm

Coetficient Coefficient | Confidence
(F'-cxicr(l Foru) Value Interval (20)
i 1.017 024
A, 045 018
e 028 018
P 043 022
By -.044 022
B+ -.024 022
B 023 022
Paz 041 030
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Table 5.13: Significant Parameters when Benzene was the Medium

Coefficient Coefficient | Confidence
( f:JO(lc'c'l Form) Value Interval (20)
A 1.013 022
3, 018 018
By -.033 018
i 021 018
B 029 018
Ba -.032 020
B -.030 .020
Ber 022 020
Ban ..037 028
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5.3.2 High Heat Transfer and Temperature Dependent Prop-

erties

It was immediately observed that the range of data in the high heat transfer regime
was small for all of the media (Table 5.10). The small range manifested itself in the
resultant regression analyses (Tables 5.14, 5.15, and 5.16). None of the significant.
parameters were large in magnitude. Of importance was the fact thal each medinm
vielded similar results. The same parameters appeared in all models. The values of
R? were all low suggesting that there was only a small degree of correlation between
the dependent and independent variables.

Not surpnsingly, the terms that contributed to deviations hetween non-constant
properties and constant properties were those associated with establishing the tem-
perature within the reactor. Of particular importance was the interaction term of
8; and Bi. As was previously discussed, the heat transfer rate was sufficiently high
for these runs that the reactor operated at the jacket temperature. If the jocket
temperature was different from the inlet temperature. then the properties would
change in the reactor. The presence of the terms that included the wall heat frans-
fer and the heat of reaction were indicative of these terms contributing to the speed
at which the reactor achieved the jacket temperature. These were perhaps indica-
tive of the sensitivity of the reactor to minute differences in local concentration and
temperature. These differences were not large enough to greatly affect the overall
behaviour of the reactor.

The various profiles in this regime showed only small differences iu the curves
between the constant and variable property cases. .None of the examnples showed any
large deviation in the velocity profiles, which indicated that neither free convection
nor viscosity changes were factors. It was suspected that a variable viscosity would
only become important in instances in which a steep radial temperature profile was

encountered.
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Table 5.14: Significant Parameters for the High Heat Transfer Regime: Water

Coefficient Coefficient | Confidence
(Coded Form) Value Interval (2o)
i 991 .009
3 _ -.020 010
Bus -.076 032
By 074 030
Bae -.021 012

Table 5.15: Significant Parameters for the High Heat Transfer Regime: Ethanol

Coefficient Coefficient | Confidence

(Coded Form) Value Interval (20)
¢ o .990 .009

4, -.016 011

32(’:‘- _ -.047 .033

Bas 050 031

éae -.021 012

Table 5.16: Significant Parameters for the High Heat Transfer Regime: Benzene

Coefficient Coefficient | Confidence
{Coded Form) Value Interval (20)
o 097 .009
B?G -.053 033
Bas .050 .030
Bag -.017 012




5.3.3 Medium Heat Transfer and Temperature Dependent

Properties

In this heat transfer regime, many factors were found to be significant in deter-
mining the deviations in reactor performance. There were also differences ' in the
significant interaction terms of some of the dimensionless groups. In all instances
free convection had some importance. although its iinportance was coupled with
other terms through interactions. For water, free convection was coupled with the
heat of reaction. In the cases of ethanol and benzene the c'ou.pliug occurred with
the internal heat transfer term. In all of the cases. the importance of radial heat
transfer was evident. For water, this il‘ll])(;);'t.'d.n(:o was in terms of interactions with
the wall heat transfer and the jacket temperature. For beuzeue and cthanol the
importance of radial heat transfer manifested itself as a first order term and in its
interaction with the buoyancy term (Tables 5.17. 5.18. and 5.19).

The range of deviations in the medium heat transfer regime was only slightly
greater than that for the isothermal regime. The magnitudes of the regressiou
coefficients in this regime were not significantly larger than those in the isothermal
regime. The few that were the cause of the larger overall range were due to operating
points intermediate to the medium and low hicat transfor regimes.

The importance of free convection in determining reactor performance becate
clearer in the results of this regime. For free convection to be significant it was
found that the internal heat transfer rate needed to be small (ap € 107'). What
was not immediately clear was whether the free convection was important due to a
more pronounced radial temperature profile or duc to the retention of heat i the
reactor. Previous studies concluded that free convection was the result of a steep
radial temperature gradient (12,13,14]. Results of this study indicated that it was
more likely due to overall retention of heat and the resultant axial temperatnre

gradients.
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Table 5.17: Significant Parameters for the Medium Heat Transfer Regime: Water

Coefficient. Cfoefﬁtrient Confidence
( p()dﬂ(l Form) Value Interval (20)
By 1.016 020

A, -.033 017

s 045 017

Bia -.109 041

B | -.051 ‘.036

Ber 032 031

Bas -.064 030

Table 5.18: Significant Parameters for the Medium Heat Transfer Regime: Ethanol

Coefficient Coefficient ; Confidence
(Coded Form) Value Interval (2¢)
o 0.992 020
B ~-.050 017
A -.040 017
Bs- 039 032
Bus 025 023
Bss 044 026
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Table 5.19: Significant Parameters for the Medium Heat Transfor Regime: Benzene

Coefficient. Cocefficient | Confidence
(Coded Form) Valne Iuterval (20)
Hy 0.991 016
3 -.029 018
B 036 014
31 028 021
37 027 026
s 040 021

5.3.4 Low Heat Transfer and Temperature Dependent Prop-

erties

Although some significant effects were determined in the other regies the magni-
tude of these effects were small. Very little deviation ocenrred hetween the results
for a constant and non-constant property reactor. This was due to the fact that very
little heat was retained in the reactor. Because of this the temperature dependent
properties did not experience an appreciable change,

Most of the coefficients calculated for the previous models were not of the type
that would indicate that variations in the physical properties wonld Liave a signif-
icant effect in reactor performance. Ouc of the most significant factors in deter-
mining the length of the reactor in the high and medimu heat transfer regimes was
the jacket temperature. Although this was the temperature eventually attained by
the reactor, it was not affected by the physical properties since it was an exterual
influence on reactor performance. Many of the other dimmensicaless constants that
were significant in determining reactor performance were evaluated over at least

two orders of magmtude. A local value of some of the dimensionless parameters
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suel as Kaq. could be considered. This particular term was the product of the di-
mensionless thermal conductivity that varied in the reactor and the dimensionless
radial heat dispersion term that was a function of initial conditions. The term made
up of the product of the two should affect reactor behaviour much as the constant
dimensionless gronp did. In other words, if the dimensionless thermal conductiv-
itv or mass diffusivity were varying over the length of the rpactor then one could
expect some changes in reactor performance. However. reactor length was found
to be a function of the pertinent dimensionless groups only when these groups (o,
and aq) were examined over several orders of magnitude. In terms of temperature
dependence of the physical properties, the dimensiontess properties did not change
over that great a range. This indicated that the mechanisms mvolved relating reac-
tor performance to physical property changes were primarily due to viscosity and
deusity changes and their effect on velocity profile distortions.

One possible exception to the above argument involved the significance of the
term av,.. It was found to be significant in several of the previous statistical models.
This significance was the result of the observed sensitivity of the reactor to a low
Lewis Number. It was shown in Figures 5.1, 5.7, 5.18. and 5.19 that a, had consid-
erable influcnce in a range more reflective of a gaseous medium. This effect was also
observed in the low heat transfer regime (Figure 5.20). The probable mechanism of
this effect was the fact that as temperature increased in the reactor the local values
of the Lewis nmumber decreased due to the manner in which the physical properties
behaved. Because of this, any simulations that were run at the lower value of Lewis
Numnber were driven mto this area of high sensitivity. This was the reason for a,
having such a large influence in the design region. It would seem that from the
aforementioned figures that for a liquid systen: this significance could in large part
be ignored, hased on the fact that the curves tended to flatten at lower values of
Oy

The velocity profile distortions were most predominant in the low heat transfer
regime. Some examples also occurred in the medium heat transfer regime but the
magnitude of the effects was not as large. This was previously shown in the results

given in Table 5.10. Small effects that might have been the result of some of the



other physical propertics were also evident in the low heat transfer vegime. This
was demonstrated by the different behaviour exhibited by each of the ditferent
reaction media given in Tables 520, 5.21. and 5.22. The vatural tendeney for
the water results was towards a greater conversion than when the properties were
assumed constant (30 < 1). On the other hand, the natural tendeney for the organie
substances was towards a slower rate of conversion (,i;}u > 1)

The results of Run 11 showed the greatest amount of deviation. As may be
seen in Figures 5.21, 5.22. 5.23. 5.24, and 5.25 many of the chavacteristies of the
reactor were dramatically changed. Of note was the fattening of the velocity profile
particularly demonstrated by the water sinulation. What was cqually imyportant
was the resultant flattening of the radial temperature and concentration profiles.
The overall effect was that the reactor had characteristies that were very close to
those of a plug flow reactor.

Not all of the runs in this regime yielded higher conversions. The exceptions
liad some differences that were a result of thermal conditions at the wall. In those
instances in which y > 1. the primary reason was a wall whose temperature was
significantly lower than the rest of the reactor. In these instances the radial tem-
perature gradient had the same characteristics that it had when constant porperties
were assumed and the reactor velocity profile was clongated rather than compressed.
In this manner, the residence time towards the center of the reactor was greater,
which consequently decreascd conversion.

The significance of free convection was evident in the regression cocfficients
calculated for this regime (Tables 5.20, 5.21, and 5.22). All of the media tested
displayed similar results. The fact that the same parameters were significant for all
cases suggested that the same types of mechanisms applied to cach of the media. A
main cause of differences between the hehaviour of the media might be due to the
fact that for water é(, and 37 were identical, whereas for the two organie media the
value of /js was somewhat smaller than 7. Any of the differences in behaviour could
be traced back to the small differences in the hehaviour of the physical properties
for the given substances.

All of the substances were affected by the heat of reaction in a similar mauner.
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Table 5.20; Significant Parameters for the Low Heat Transfer Regime: Water

Coefficient Coefficient | Confidence

(Coded Form) Value Interval (2¢)
Ay 0.959 046

s -.095 038

Ay 087 035

B -.061 037

3= .060 034

o -.008 058

The results for water appeared to indicate that the heat of reaction was as nupor-
tant as the huoyancy term. Presumably, there was a larger density decrease with
the greater heat of reaction. such that the velocity profile experienced a greater
deviation. The sensitivity of the system to the wall heat transfer coefficient was
most likely due to small differences in the amount of heat retained in the reactor.
These differences would create small differences in the temperature of the reactor
such that the effects of viscosity and density would be slightly altered.

The results of this heat transfer regime indicated that the retention of heat was
the primary driving force towards the creation of deviations between the constant
and non-constant physical property conditions. Although the mechanisms differed
slightly from substance to substance, all of the runs in this regime displayed a
sensitivity towards the same parameters. Specifically, the presence of free convection
was noted as being instrumental in generating the deviations through the formation
of velocity profile distortions. This could not be considered a surprising result, since
the physical properties were a function of temperature, and hence were changing

due to the influence of the heat retention in what was virtually an adiabatic reactor.
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Table 5.21: Significant Paramecters for the Low Heat Transfer Regime: Ethanol

Cocfficient Coefficient | Confidence
(Coded Form) Value Interval (20)
o 1.044 044
Ba . 1 034
B 078 034
B -.034 034
A 073 032
Ba2 -.116 054

Table 5.22: Significant Parameters for the Low Heat Transfer Regine: Benzene

Coefficient Coeficient | Confidence
(Coded Form) Value Interval (20)
e 1.023 052
s -.073 042
3y 044 040
Ba -.039 042
3x 081 038
Bas -.100 064

98



5.4 Reactor Performance under the Combined In-
fluence of Temperature and Concentration De-

pendent Physical Properties

I the carlier analyses the reactor performance was evaluated as a function of the
dimensiotdess groups. Basically the performance was a function of the initial condi-
tions ocenrring in the reactor. Although one might be able to infer that a variable
density. for example, should be included in the reactor model due to the nnportant
role played by Ay, the role of the other properties was not clear. In this part of the
stidy, the roles of the various properties in each of the heat transfer regimes were
determined. Similar to the previous calculations, little was learned from analyzing
the full range of data. In other words. a large number of terms were found to be
significant such as was noted in Tables 5.1, 5.11, 5.12, and 5.13.

Iu Table 5.23 the more significant effects for the full data set have been presented.
What was inmnnediately noted was that the terms that were previously identified as
helng important in defining the degree of heat transfer in the reactor were promi-
nent in the results of this particular regression. The internal heat transfer played a
prominent role in that it was coupled with a number of terms. [t was particularly
inmportant in defining the degree of significance played by both density and heat
capacity. Its role was most likely attached to its role in defining the various heat
transfer regimes. Thermal conductivity was especially significant in its interaction
with the wall heat transfer coefficient and with the jacket temperature. This re-
sult was interesting in that 1t suggested that a varying thermal conductivity was
wost significant in governing the heat transfer with the surroundings. Its vole in
establishing the temperature profiles in the reactor was less significant. All of the
above observations suggested that the roles of varving physical properties were in’
fact closely tied to the degree of heat transfer occurring in the reactor. It a.ppcared-
that it would be usetul to examine the effects of varyving physical properties in each

of the regimes.
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The factorial design approach employed for examining the concentration dopen-
dent properties was useful i that a clearer understanding of the role that variable
physical properties Liad on reactor performance emerged. As a vesult of using the
factorial design within a factorial design” implied by the fractional factorial design
for the physical properties. the effect of variable physical properties for each of the
simulation conditions was determined. This was accomplished by caleulating the
sensitivity of each of the simmlations to variable physical properties individually
using the standard linear regression techimques. The values of the regression co-
efficients (1.e. the ._!_;’,-'s) caleulated through linear regression were indicative of the
sensitivity of the reactor to physical properties variations.

In many respects the importance of including a variable physical property in
the modelling of the reactor depended very much on the thermal characteristios
determined earbier. In hindsight the variations in properties that were determined
in this phase of the study could be intuitively included in any reactor modelling
situation. For example. a varying heat capacity would not be necessary in an
isothermal reactor since the teinperature of the reactor wonld already have heen
established through some other mechanisni. The results of this study confirned tlat
t¥pe of intuitive notion. The question would then become under what circnnstauces

the changes occurring in heat capacity nudeed became important.

5.4.1 Reactor Performance with Concentration Dependence

in the High Heat Transfer Regime

The sensitivity of the reactor performance continued to be comparatively low in this
regime. The deviations ranged from .81 for Run 347.2, Cases 1 and 7 to 1.323 for
Run 14, Case 2. (For the conditions defining the Cases given above refer to Table
4.8).

More important ¢ an the overall values of the deviations were the deviations
that occurred for a given set of simulation conditions (i.c Run 14, for different
physical property changes. A difference in conversion of 10% or more could he

observed depending on how the physical properties varied for the simulation. The
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Table 5.23: Significant Parameters for Comnposition Dependent Physical Properties

Coefficient Coefficient | Confidence
(Coded Form) Value Interval (20)
Ay 1.036 016
Ay -.048 020
N 048 020
B 042 022
e -.095 022
eI 064 022
3, 131 016
e, 087 016
B .092 016
P, -.074 020
Br -.108 .020
e, -.079 020
Bac, -.045 020
ok, 086 020
B -.045 020
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concentration profiles for constant properties. Case 1. and Case 2 for Run 14 have
been given in Figure 5.26.

The manner in which the properties affected the reactor performance in the
simulation was not clear from this figure alone, In Figure ALl given in Appendix
A the corresponding cup-mixed temperature profiles have heen plotted. As miay e
seen from this figure, the temperatures did uot vary to a large degree for any of
the cases. This suggested that the distortion of the veloeity profile was most likely
involved in the creation of these differences. This was confirmed throngh the resulis
given in Figure 5.27, in which the centerline veloeity has heen plotted against axial
position. As may be seen. the centerline veloeity was greater than 1 for Case 2 sl
less than 1 for Case 1. As a result conversion for Case 2 was not as large as it
was for Case 1. Each of the cases also ocenrred on different sides of the constant
property line given in Figure 5.26. All of the even numbered cases had a heliaviour
similar to Case 2 (Refer to Table 4.8). Conversely, all of the odd munbered cases
were similar to Case 1. The property that was varving consistently iu this pattern
was the density. In each of the odd munbered cases the density was decreasing with
conversion. On the other hand. the density inereased with conversion with the even
numbered cases.

"The concentration profiles for Ruu 347.2 Liave been plotted in Figure 5.28. The
cup-mixed temperature and cenier line velocity profiles. Figures A.2 and A.3. have
been given in Appendix A. Examination of the cup-mixed temperature profiles and
the centerline velocities indicated that the deviations in the concentration profiles
were caused by both velocity profile distortions anud distortion in the tempearature
profile. Case 7 had a small deviation in the velocity. The siimulation lost heat to
the surroundings at a much slower rate thau was the case for constant propertios.
Because of this, the conversion was more rapid than it was for constant properties.
For case 8, the velocity profile and heat transfer hoth contributed te slowing the
conversion in the reactor. These results suggested that the thermal conductivity
could also be of importance in the high heat transfer regime.

The results given in Table 5.24 illustrated that both varying density and thermal

conductivity were of possible significance in the high heat transfer regime. When
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the results were exaunned it was evident that density was important m the presence
of the buoyancy term {(r). Also. thermal conductivity gained significance primaxily
for those sinmlations that were calenlated as being between the high and medinun
heat transfer regimes. There were not any instances in which cither heat capacity
or viscosity were detected as being significant.

Data around the center point for the high heat transfer regime have been plotted
in Fignre 5.29. These data suggested that, similar to previous discussions, the effects
of changing physical properties might tend towards limiting values.

A comparison between the general characteristics of the cup-mixed temperature
profiles of the two examples illustrated why thermal conductivity was important
for Run 347.2. Frr Run 14 the reactor reached the isothermal condition almost
immediately. For Run 347.2 the approach to the jacket tmnper.a‘ture Was more
gradual. This implied that internal heat transfer was important in the process botlh
when the properties were constant and also when they were varying.

The other results presented in Table 5.24 followed trends similar to the exam-
ples. In other words runs such as 124.6 and 124.8 had characteristics similar to
347.2. Most of the other runs behaved in a fashion similar to Run 14. Density
was significant only when the buoyvancy term £ was present. This was further
iltustrated in Table 5.25. The values associated with the density and the interac-
tion between deusity and ;. were such that if g; = 0 then the density effect was

effectively nullified.

5.4.2 Reactor Performance with Concentration Dependence

in the Medium Heat Transfer Regime

In this regime the influences were more varied. From the results given in Table
5.26 the larger number of influences was evident. Both thermal conductivity and
density changes were determined to be important in this regime much as they were
in the high heat transfer regime. Variable heat capacity was also determined to be
significant. The magnitude of the sensitivity of the reactor to changes in density and

thermal conductivity increased compared with the results in the high heat transfer
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Table 5.24: Sensitivity of Runs in the High Heat Transfer Regime to Physical
Property Changes '

Run Bo Bp flcp B’u By Calculated
Heat Transfer Regime
2 1.034 } 121 |-.016 | .010 | .020 1.1
4 1.025 | .032 | -.031} .014 {.016 1.1
6 1.002 | .000 |-.000| .013 | .014 1.1
8 1.049 | -.004 | .000 | .013 | .007 1.1
14 | 1.067 | .212 | .001 | .000 | .025 1.0
16 967 | .082 | .002 | .012 }.028 1.0
18 | 1.001 | -.006 |-.018| .015 |.028 1.1
20 |1.014 |-.015|-.040: .014 | .024 1.1
22 | 1.002 | .076 | .003 | .038 | .012 1.1
24 11.0431¢ .011 | .000 | .010 | .007 1.1
30 | 0.967 | .003 |-.004 | .023 | .063 1.0
32 [ 0.929 | .005 | .007 | .007 |.074 1.0
1242 11.013} .052 |-.001 | .012 | .014 1.1
124.4 | 1.049 | .009 | .002 | .014 |.012 | 1.1
124.6 | 0.999 | .097 | .013 | -.003 | .042 1.5
124.8.1 0.950 | .052 | .004 | .011 | .049 1.5
135.2 | 1.051 | .088 | -.006 | .014 | .016 1.5
135.4 | 1.015 | .066 | .000 | .014 }.019 1.1
135.6 | 1.029 | .108 | .011 | .015 |.033 1.5
135.8 1 0.998 | .063 | -.003 | .014 | .029 1.1
167.2 | 1.033 | .138 | -.002 ; .011 | .022 1.3
167.4 | 1.042 | .141 | -.001 | .010 | .032 1.3
167.6 | 993 | -.001 | -.001 | .014 | .020 1.3
167.8 { 0.997 | -.002 | -.001 | .014 | .031 1.3
347.2 | 1.026 | .067 | -.008 | .012 | .165 1.6
347.6 | 1.003 | -.003 | -.007 | .012 | .165 1.6
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Table 5.25: Significant Effects in the High Heat Transfer Regime for Combined
Temperature and Composition Dependent Physical Properties

Coefficient Coefficient | Confidence
(Coded Form) Value | Interval (20)
Bo 1.007 .008
B -.020 010
Baa ~.019 010
3, o 053 008
B | 03 008
Paw T -.024 010
Bak, 014 010
B 051 010
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regime. This was illustrated in the range of the deviations in this regime. The
deviations ranged from .464 for Run 456.7, Casc 7 to 2.196 for Run 23 Case 8,

The diversity of effects attributable to variable physical properties was evident
in the figures to be presented. In the case of Run 21 the differences were clearly a
result of changes to the thermal conductivity. As may be seen in Figure 5.30 there
was a spread of approximately 15% in the conversions achieved between Cases
1 and 8. The cup-mixed temperature profile (Figure 5.31) illustrated the large
differences that occurred in the heat transfer for the different cases. For Case 1, in
which the thermal conductivity was decreasing with conversion, the peak cup-mixed
temperature was much larger than it was for both constant physical properties and
Case 8. The peak tewperature for Case 8 was much smaller and occurred earlier in
the reactor. The centerline velocity (Figure 5.32 in Appendix A) varied in a similar
manner for both cases. Neither case had a large velocity profile distortion and in
both instances the nature of the distortion would lead to less conversion than for
the constant property case. Run 23 had results similar to Run 21. As may be secn
from Table 5.27, the heat capacity was also important in Run 23.

For Run 26 two varying properties contributed to the deviations in the results
(Figures 5.33, A4, and A.5). Examination of the cup-mixed temperature profile
(Figure A.4) showed that the differences in heat transfer were important. As may
be seen in Figure A5 the differences in the velocity profile distributions were also
appreciable,

Run 456.7 was another example in which the thermal conductivity was very
important (Figures 5.34, A.6, and A.7). This simulation differed from Runs 21 and
23 because the thermal conductivity had a profound effect on the performance of the
reactor. This importance was not through a particularly large range of deviations
at the outlet. The main effect was that the shape of the concentration profiles
were such that the reactor length to achieve a specified conversion could be large.
In Figure 5.34 it was noted that the range between the different cases was not
that wide. The conversion curves displayed a distinct flattening at approximately
the same axial distance. Since the curves were tending towards the horizontal

a large range of axial lengths were required to reach a given conversion in some
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circumstances. Other runs in which the thermal conductivity was significant also
displayed this type of hehaviour.

The range of deviations in this regime was considerably larger than it was for the
analogous temperature dependent case. Many different factors were contributing
to differences in reactor performance. Of these factors free convection was clearly
nnportant. The heat traunsfer and temperature characteristics in the reactor were
also important. This was illustrated by the presence of heat capacity and thermal
conductivity as important factors. The influences of these properties around the

center point have been given in Figure 5.35.
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Table 5.26: Significant Effects in the Medium Heat Transfer Regime for Combined
Temperature and Composition Dependent Physical Properties

Coefficient Coecfficient | Confidence
{Coded Form) Value Interval (20)
Bo 1.033 020
N ~.141 032
I 055 026
Bra .18 042
B, 124 018
fe, 083 018
Br. 165 018
B ~.103 026
Bax. 141 024
B, 048 024
B;kc 048 024
Bac, 047 024
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Table 5.27: Sensitivity of Runs in the Medium Heat Transfer Regime to Physical
Property Changes

Run Bg ﬁ,, ﬁcp B,‘ Bkc Calculated Heat
, Transfer Regime
5 ] 1.456 |.195 | .025 | -.009 | .420 2.1
7 | 1.416|.131 | .068 | -.004 | .378 2.1
10 |1.023|.016 | .057 | .014 | .008 2.0
12 |0.930|.003 | .041 | .015 | .006 2.0
21 |1.379].024 | .081 | .013 | .689 2.1
23 | 1.465|.061 | .214 | -.002| .510 2.1
26 | 1.156 | .422 % .174 | .001 1t -.027 2.0
28 | 1.005|.201 | .102 | .019 | .001 2.0
33 |1.040.107| .033 | .011 | 234 2.1
124.1 | 1.190 § .260 | .210 | .019 | .009 2.6
124.3 1 0.962 | .147 | .196 | .023 | .006 2.6
124.6 | 0.999 | .097 | .013 | -.003 | .042 1.5
124.8 | 0.950 | .052 | .004 | .011 | .049 1.5
135.2 | 1.051 | .088 | -.006 | .014 | .016 1.5
135.3 | 1.251 } .160 | .084 | .009 | .212 2.6
135.6 { 1.029 | .108 | .011 | .015 ; .033 15
135.7 | 1.368 | .263 | .194 | -.006 | .273 2.6
236.1 | 1.054 | .185 | .144 | .019 | .005 2.3
236.2 | 0.977 | .115 | .158 | .021 | .004 2.3
236.3 | 0.971 { .060 | -.001 | .006 | .258 1.8
236.4 | 0.985 | .017 | -.001 | .011 | .192 1.8
236.5 | 1.087 | .273 | 238 | .012 | -.011 2.3
236.6 | 1.002 | .198 | .250 | .032 | .003 2.3
236.7 | 0.943 | .055 | .002 | .000 | .437 1.8
236.8 | 0.956 | .021 | -.002 | .012 | .328 1.8
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T

able 5.27 Continued

Run o 3, Be, B“ A, | Caleulated Heat
Transfer Regime
257.1 | 1.084 ; .206 ! .016 | .000 { .173 2.1
257.2 1 1.020 | .091 | .015 | .015 | .111 2.1
257.3 | 1.180 | .273 | .075 | -.015] .311 21
2574 | 1.085 | .146 | .073 | .004 | .17S 2.1
257.510.976 | .004 | .014 | .006 | .199 21
257.6 | 0.969 { .004 { .019 | .021 | .125 2.1
257.7 | 1.020 | .019 | .070 | .033 | .338 23
257.8 | 1.014 | .015 | .075 | .005 | .205 2.1
347.1 | 1.146 | 388 | .187 | .000 | -.002 2.1
347.2 1 1.026 | .067 | -.008 | .012 } .1G65 1.G
347.3 | 1.145 | 418 | .190 | .007 | -.025 2.5
347.4 | 1.166 | 263 | .047 | -.022 | .257 2.0
347.5 | 0.980 | .051 | .183 | .017 | .021 2.1
3476 | 1.003 | -.003 | -.007 | .012 | .165 1.6
347.7 1 1.003 ! .067 ! .21G | .032 | -.007 2.5
347.8 | 1.020 | .009 | .047 | .026 | .295 2.0
456.1 | 1.011 | .039 | -.028 | .012 | .173 1.8
456.2 | 1.039 | .140 | .060 ; .011 | .041 2.3
456.3 | 0.998 | .029 |-.040 | .013 | .241 1.8
456.4 1 1.090 | .211 | .125 | .011 | .032 2.3
456.5 | 0.996 | .043 |-.031 | .011 | .271 1.8
456.6 | 1.073 | .169 | .092 | .010 | .082 2.3
456.7 | 0.982 | .035 | -.044 ; .010 | 478 1.8
456.8 | 1.083 | .248 | .232 | .004 | .0G8 2.3
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5.4.3 Reactor Performance with Concentration Dependence

in the Low Heat Transfer Ilegime

Similar to the results obtained for the temperature dependent situation, the largest
deviations occurred in this regime. The deviations ranged from .191 for Run 17,
Casc 1 to 2.219 for Run 29, Case 8. The data were also similar to the temperature
dependent runs in that the same runs showed the greatest degree of change. In
terms of sensitivity to changes in the physical properties, density was again very
important. Heat capacity also had a significant effect. Since there was very little
heat transfer with the environment in this regime, thermal conductivity was of less
significance.

The fow runs that were significantly influenced by thermal conductivity tended
to be those in the transition area between the medium heat transfer regime and
the low heat transfer regime (Table 5.29). Comparison of the results between Ta-
bles 5.26 and 5.28 indicated that the heat capacity doubled in significance. The
density displayed a similar trend. This was due to retention of energy in the syvstem
under the low heat transfer conditions. Through the heat capacity this retention
in energy manifested itself in either larger or smaller temperature rises in the reac-
tor for a given set of conditions. These large differences in the temperature of the
reactor from different variations in the heat capacity have been illustrated in Fig-
ures A.8 and A.10. According to the conditions outlined in Table 4.5 the maximum
temperature to be expected in the reactor was .15 (i.e. the adiabatic temperature
rise for constant properties). The maximum temperature attained for Case 1 for
the two examnples was in fact larger than .15. In both instances the temperature
rises were approaching .16. The lowering of heat capacities with conversion in these
cases created larger temperature rises. Since reaction rate was a function of of
temperature through the Arrhenius Law, reactions occurred at a more rapid rate
at these higher temperatures. The opposite effect was experienced by Case 8. The
overall range of differences in conversion was quite large (Figures 5.36 and 5.37).
As may be seen from Figures A.9 and A.11 velocity profile distortions were also

considerable and contributed to the deviations.
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Table 5.28: Significant Effects in the Low Heat Transfer Regime for Combined
Temperature and Composition Dependent Physical Properties

| Coefficient Coefficient | Confidence
( F‘;oded Form) Value Interval (20)
Bo 1.007 010
B -.132 016
A -.102 018
Ao -.175 053
B -.169 050
3, 227 013
Bc, 186 013
Ba, -.085 016
3, T 015

The effects of variable deuﬂiﬁy and heat capacity m this regime have heen il-
lustrated in Figure 5.38. As may be seen from this figure the specific trends were
similar to those that were encountered in the other regimes. The main difference
lay in the larger slopes associated with the curves in this regime. It should be noted
that the curves from the simulation data for both properties displayed a flattening
near the lower end of the curves. In other words, the curves were beginning to
approach a lower limit. This was particularly evident in the heat capacity curve.

The parallels between this heat transfer regime and the adiabatic reactor were
established earlier for the constant property reactor. As may be seen in Table 5.30
many of the same factors were important in a true adiabatic reactor. Many of the
differences in the results of the two systems could be attributed to the expanded

ranges employed for #r and 3;. Since a higher heat of reaction was used, the
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Table 5.29: Sensitivity of Runs in the Low Heat Transfer Regime to Physical Prop-
erty Changes

Run | B B, /g’c,, B B, | Calculated Heat
‘ Transfer Regime
1 |0.996 | .060} 208 | .022 | -.053 3.1
3 |0.891].0351].133} .012 | .008 3.1
9 1.061 | .351 | .123 | .004 | -.008 3.0
11 3 0.626°| .161 | .185 | .025 | .098 3.0
13 [ 0.992 | .060 | .199 | .021 | -.051 3.1
15 [ 0901} .018 | .076 | .017 | -.007 3.1
17 |1.154 | .703 | .186 | .098 | -.129 3.1
19 | 0.776 | .241 | .203 | .036 | .042 3.1
25 10.960 | .061 | .219 | .028 | -.061 3.0
27 1 0.704 | .064 | .257 | .041 | -.131 3.0
29 | 1.259 | .683 { .219 | .007 | .070 31
31 | 0.883|.249 |.132 1 .027 | .006 3.1
124.1 | 1.190 | .260 | .210 | .019 | .009 2.6
124.3 | 0.962 | .147 | .196 | .023 | .006 2.6
124.5 { 1.013 | .276 | .206 | .019 § -.040 3.0
124.7 1 0.757 | .169 | .181 | .036 | -.019 3.0
135.1 [ 0.935 | .207 | .159 | .004 | -.006 3.1
135.3 | 1.251 | .160 | .084 | .009 | .212 2.6
135.5 | 0.951 | .324 | .265 | .022 | -.035 3.1
135.7 | 1.368 | .263 | .194 | -.006 | .273 2.6
167.1 | 1.104 | .378 { .133 | -.004 | -.010 | - 2.8
167.3 | 1.096 | .510 | .220 | -.005 | -.015 2.8
167.5 | 1.011 | .042 | .148 | .031 | -.015 2.8
167.7 1 0.978 { .078 | .236 | .036 | -.052 2.8
347.3 | 1.145 1 418 | .190 | .007 | -.025 2.5
347.7 | 1.003 | .067 | .216 | .032 | -.007 2.5
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heat capacity had a larger role than it did for the low heat transfer case. Density
and its interaction with the buoyancy term also increased due to the larger range
of values used for Su. The effects of the internal heat transfer tern (aq) could
be evaluated for the adiabatic reactor. It was found that the value of this term
contributed to the effects of density and heat capacity. This was most likely through
its role in establishing the radial concentration and temperature profiles initially.
The interaction between heat capacity and activation energy (v) was attributed to
similar conditions.

The simulations for the adiabatic reactor were repeated for a second order re-
action. In general the reaction proceeded at a slower rate for a given set of run
conditions. Also the magnitude of the deviations under varying physical property
situations were not as large. However, the same types of deviations occurred. The
heat capacity and density were both significant. A comparison of the regression co-
efficients for the first order adiabatic reaction with those of the second order reaction
(Table 5.31) indicated that, although the magnitudes of the coefficients changed,

the directions of the deviations were similar.

5.5 Effect of Flow Direction

Most of the work performed in the study was done assuming a vertical reactor
operating in upward flow. In order to get some idea of the effect that flow dircction
had upon the reactor performance, some of the simulations were performed under
the assumption of downward flow. This condition in particular was expected to
be important with respect to free convection. In order to make the comparisons,
sensitivities similar to those given in Tables 5.24, 5.27, and 5.29 were determined. In
this manner one could determine whetker the flow direction affected the significance
of variable properties other than density.

As may be seen from the results given in Tables 5.32, §.33, and 5.34 , the
most obvious effect of flow direction was that the sign of the sensitivity of the
reactor to density changes was reversed. This behaviour was expected since the flow

direction and thus free convection was operating in the opposite direction. Heat
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Table 5.30: Significant Effects in an Adiabatic Reactor for Combined Temperature
and Composition Dependent Physical Properties

Coefficient Coefficient | Confidence
(Coded Form) Value Interval (20)
Bo 971 046
3 117 042
Bz 155 062
ho 064 046
By -.125 056
Boz 121 056
B, - .058 046
Be, 308 040
B -277 062
Bre, 095 040
Bsc, 059 040
Bsc, 133 040
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Table 5.31: Significant Effects in an Adiabatic Reactor for Combined Temperature
and Composition Dependent Physical Properties: Second Order Reaction

Coefficient Coeflicient | Confidence
(Coded Form) Value Interval (20)
Bo 1.007 026
B 037 034
b 068 024
Bz -.041 .0‘32
Bas 034 024
Pag e | om
8, .050 026
Be, 164 .024
o -.105 036
Bep 031 024
Bac, 070 024
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Table 5.32: Comparison of the Reactor Performance based on Sensitivities to Phys-
ical Property Changes and Flow Direction: Run 5

Coefficient Coecfficient Parameter
(Coded Form) | Value (Upward) | Value (Downward)
5o ‘ 1.456 1.218

B, 195 -.090

Be, 025 035

By -.010 017

Br. 420 463

capacity effects were not affected by the flow direction whereas the effect of thermal

conductivity was affected in areas in which it was of less significance (Table 5.34).

5.6 Summary of the Major Results of the Nu-
merical Study

Through the numerical study a number of different characteristics of the laminar
flow reactor were determined. These characteristics were determined under a num-
ber of different situations with respect to the heat transfer conditions of the reactor
and also the different types of physical property changes that could occur with

reaction. In a constant property reactor the following observations were made.

e The type of heat transfer could be categorized into three regimes. These
regimes were a function of the values of three of the operating variables under

study. These variables were:

— Radial dispersion of heat in the reactor (ar)

— Wall heat transfer coefficient (152)

— Jacket or ambient temperature (8;).
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Table 5.33: Comparison of the Reactor Performance based on Sensitivitics to Plhys-
ical Property Changes and Flow Direction: Run 17

Coefficient Coefficient Parameter
(Coded Form) | Value (Upward) | Value (Downward)
Bo 1.154 1.648

8, 703 -.942

Be, 186 321

B, .098 021

Br. -.129 -.126

Table 5.34: Comparison of the Reactor Performance hased on Sensitivities to Phys-
ical Property Changes and Flow Direction: Run 29

Coefficient Coeflicient Parameter
(Coded Form) | Value (Upward) | Value (Downward)
G 1.259 1.543

8, 683 -.840

Be, 219 241

B, .007 -.040

B, 070 130
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Of the three factors listed above the most important in determining the type of
fieat transfor was the radial dispersion, aep. At low values of this dimensionless
gronp the reactor assumed many of the characteristics typical of an adiabatic
reactor. As this group increased the type of heat transfer ranged from medium
heat transfer to high heat transfer, at which point the reactor was effectively

isothermal.

The reactor performance in each of the described heat transfer regimes was
affected by the dimensionless groups in different ways. These effects were
determined -by examining the way the groups affected the length of reactor
required to achieve 90% conversion. For each of the heat transfer regimes the

following effects were observed.

High Heat Transfer Regime: In the high or isothermal heat transfer regime
the reactor very quickly reached the jacket temperature. This tempera-
ture had the largest effect upon the reactor length. As this temperature
increased the reactor length decreased. Of minor significance were the
mass dispersion group @, and the wall heat transfer group. According
to the results of the regression analysis both of the parameters decreased
the reactor length when they were increased. In particular, the reactor
length. was affected by mass dispersion, consistent with the findings of
previous studies. Activation energy was found to be coupled with the
jacket temperature through an interactive term. Since the activation
energy was combined with temperature through the Arrhenius equation
and the jacket temperature was the reactor temperature, this result was

reasonable.

Medium Heat Transfer Regime: The number of parameters affecting re-
actor length in this regime was much larger than that of the high heat
transfer regime. In this regime the influence of the jacket temperature
was not as great as it was in the high heat transfer regime. Conversely,
wall heat transfer became more important. In this regime a more typical

heat transfer situation occurred. All of the factors that were involved in
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heat transfer with the surroundings were significant. Increasing the radial
lieat transfer term increased the reactor length. The wall heat transtor
term had the same effect. The jucket temperature had less influence and
-depended upon the values of the other two parameters through interac-
tion terms. The strongest of these interactions was that between radial
clispérsion and jacket temperature. The heat of reaction also played o
significant role, with a larger heat of reaction resulting in a shorter re-
actor. A surprising result was the fact that the dimensionless activation
energy was insignificant. This was perhaps due to the fact that the ways
in which the temperature changed in the reactor were too diverse in this
regime. The type of interaction could not be evaluated by the regression

analysis. The mass clispersion term was also insignificant in this regime.

Low Heat Transfer Regime: In this particular regime the reactor had char-
acteristics that were typical of the adiabatic reactor. Comparisons he-
tween these results and those of a true adiabatic reactor confirmed this.
In this regime the two most significant parameters were the heat of reac-
tion and the activation energy. Increases in both of these quantities led
to decreases in the reactor length. Except for a small effect associated
with the wall heat transfer regime none of the other parameters were

important. Similar results were obtained in a true adiabatic reactor.

o The heat transfer regimes discussed above were also useful in characterizing
the reactor with respect to varying physical properties. Temperature depen-
dent physical properties were most important in the low heat transfer range.
This was to be expected since this range was the one in which the temperature
non-uniformities in the reactor were greatest. Of particular importance was
the effect that free convection had upon the reactor. In situations in which
free convection acted to compress the velocity profile it was discovered that
the reactor concentration and temperature profiles were flattened. The be-
haviour of the reactor under these circumstances was essentially that of a plug

flow reactor. The buoyancy term did not need to be very large to instigate
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this cffect.

¢ When combined temperature and composition dependent physical properties
were examined the effect of the individual properties upon reactor performance
was determined. These effects were again a function of the heat transfer

regime.

High Heat Transfer Regime: The physical properties that were most in-
fluential in this regime were the density and therinal conductivity. Den-
sity was important in establishing free convection. Thermal conductiv-
ity was important in varying the speed at which the system reached the
isothermal state characteristic of this regime. In particular a decrease
in the thermal conductivity with conversion was hmportant when the
jacket temperature was low. Under this condition the reactor length was

shortened considerably.

Medium Heat Transfer Regime: Density and thermal conductivity con-
tinued to be significant in this regime, and heat capacity was significant
as well. The effects of density and thermal conductivity were similar to
their influence in the high heat transfer regime. The difference lay in the
magnitude of their influence. For example, the interaction term between
thermal conductivity and wall heat transfer increased from .014 in the
high heat transfer regime to .14 in the medium heat transfer regime. The
first order term for thermal conductivity increased almost fivefold. The

effect of density approximately doubled.

Low Heat Transfer Regime: In this regime transfer of energy with the
surroundings was minimal. Because of this, the thermal conductivity
ceased to be significant. The effects of density and heat capacity were

double their respective values in the medium heat transfer regime.

The simulations that were perforired to screen the effects of the individual proper-
ties were a combination of temperature and composition dependent properties. The

contribution of the temperature dependency could be discerned through the values
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of /§U that appeared in the tables of sensitivities presented earlier (Tables 5.24, 5.27,
and 5.29). These average physical property effects have been given in Table 5.35
and compared to the values of the ratio y obtained for each of the media. In most
instances the values of all of the quantities were similar. In this sense the cffect of
temperature dependent physical properties could be deduced.

In investigating the performance of the laminar flow reactor through the several
simulations the one factor that was immediately apparent was that the system was
very complex. Numerous considerations were required in order to fully understand
the nature of the reactor. Although the dimensionless groups were determined
to govern reactor behaviour under the assumption that physical properties were
constant, it should be apparent that many of the factors determined in this aspect
of the study would also be Important in situations in which the physical properties
varied. For example, the length of the reactor in the low heat transfer regime
was very sensitive to the heat of reaction. This fact should be considered in any
examination of a reactor when the properties were expected to be varying. Both of
the influences (i.e. initial value of the dimensionless groups, and variable properties)

should be included in the analysis.

The above point was verified in the following analysis of a pilot plant scale

reactor.



Table 5.35: Comparison of the Temperature Dependent Deviations y and the In-
tercepts A, of the Multi-component Analysis

Run | Multi-Component Water Ethanol Benzene
Intercepts ( ﬁa) Deviations, y | Deviations, y | Deviations, y
1 0.996 0.929 1.026 1.035
2 1.034 1.005 1.008 1.007
3 0.891 0.828 0.878 0.903
4 1.025 1.027 1.022 1.018
5 1.456 1.124 1.174 1,129
6 1.002 1.001 1.001 1.001
7 1.416 _ 0.992 1.071 1.021
3 1.048 1.052 1.043 1.035
9 1.061 0.907 0.984 0.949
10 1.023 1.006 1.036 1.033
11 0.626 0.517 0.559 0.628
12 0.930 0.926 0.951 0.962
13 0.992 1.120 1.212 1.193
14 1.067 0.995 1.020 1.007
15 0.901 0.908 0.948 0.960
16 0.967 0.956 0.956 0.965
17 1.154 0.658 0.785 0.810
18 1.001 1.005 1.007 1.0067
19 0.776 0.742 0.726 0.787
20 1.014 1.022 1.022 1.019
21 1.379 1.093 1.059 1.081
22 1.002 0.862 0.964 0.962
23 1.4G5 1.148 0.898 0.892
24 1.043 1.040 1.033 1.025
25 0.960 0.941 1.023 1.023
26 1.156 0.917 . 1.009 0.993
27 0.704 0.706 0.842 - 0.900
28 . 1.005 0.906 0.954 0.961
29 1.259 0.852 0.960 0.705
30 0.967 0.978 0.993 0.995
31 0.883 0.815 0.842 0.878
32 0.929 (0.938 0.948 0.954
33 1.040 1.020 1.020 1.020
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Table 5.35 Continued

Run | Multi-Component | Water | Ethanol | Benzene
Intercepts
124.1 1.190 1.038 | 1.118 1.095
124.2 1.013 1.001 1.002 1.003
1243 0.962 0.843 | 0.904 0.926
124.4 1.049 0.977 | 0.969 0.958
124.5 1.013 0.907 | 0.980 0.988
124.6 0.999 0.989 | 0.989 1.000
124.7 0.757 0.716 | 0.752 0.807
124.8 0.950 0.955 | 0.958 0.967
135.1 0.935 0.808 | 0.953 0.976
135.2 1.051 0.941 | 0.950 1.011
135.3 1.251 1.123 | 1.149% 1.110
135.4 1.015 0.999 | 0.998 0.998
135.5 0.951 0.866 | 0.958 0.932
135.6 1.029 1.013 } 0.950 1.010
135.7 1.368 1.132 | 1.222 1.139
135.8 0.998 0.992 | 0.991 0.953
167.1 1.104 0.966 | 1.018 1.017
167.2 1.033 1.001 | 0.999 1.000
167.3 1.096 0.778 | 0.878 0.882
167.4 1.042 0.997 | 1.000 0.999
167.5 1.011 0.971 1.030 1.033
167.6 0.993 1.005 | 1.005 1.005
167.7 0.978 0.924 | 1.079 1.069
167.8 0.997 1.003 § 1.003 1.008
236.1 1.054 0.957 | 1.001 1.001
236.2 0.977 0.921 | 0.965 0.980
236.3 0.971 1.033 | 1.020 1.021
236.4 0.985 0.923 | 0.921 0.920
236.5 1.087 0.971 1.074 1.057
236.6 1.002 0.849 | 0.985 1.009
236.7 0.943 0.967 | 0.958 0.952
236.8 0.956 0.920 | 0.911 0.910




Table 5.35 Continued

Run | Multi-Component | Water | Ethanol | Benzene
Intercepts :

257.1 1.084 1.035 1.048 1.036
257.2 1.020 0.976 | 0.994 0.993
257.3 1.180 1.095 1.111 1.097
257.4 1.085 1.020 1.044 1.038
257.5 0.976 1.013 1.002 1.014 -
257.6 0.969 0.967 0.967 0.970
257.7 1.020 1.057 1.050 1.044
257.8 1.014 1.016 1.007 1.010
347.1 1.146 0.952 1.023 1.028
347.2 1.026 0.940 0.962 0.952
347.3 1.145 0.935 0.986 0.988
347.4 1.166 1.053 1.060 1.042
347.5 0.980 0.938 | 1.001 0.999
'347.6 1.003 0.932 0.95 0.942
347.7 -1.003 0.915 1.016 0.993
347.8 1.020 1.029 1.008 1.007
456.1 1.017 1.083 1.091 1.089
456.2 1.039 0.977 1.001 0.988
456.3 0.998 1.030 1.048 1.035
456.4 1.090 0.961 1.013 1.013
456.5 0.996 1.049 1.053 1.033
456.6 1.073 0.992 | 1.007 1.040
456.7 0.982 1.046 1.053 1.044
456.8 1.083 0.975 1.087 1.071




Reactor Length, z', Dimensionless
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Figure 5.1: The Reactor Length for Constant Physical Properties as a Function of
the Dimensionless Parameters in Coded Form
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Figure 5.5: Axial Cup - Mixed Concentration Profiles in the Isothermal Regime
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Chapter 6

Comparisons Between Theory and

Experiment

It the study of the laminar flow reactor thie number of theoretieal investigintions has
outnumbered the munber of experimental investigations, This may he attribated
the fact that it has been difficult to find o systenn i wlieh all of the pertinent
data are available. These data should include well-established kineties ielnding
the mechanism. Arrhenius parameters. and the heat of reaction. as well as the
behaviour of the physieal and transport properties as functions of hotls temperature
and composition. In previous experimental investigations the tendeney has heen
to work with dilute systems in an aqueous medium (451215177 In this way i
could be assumed that the propertics were approximately those of water and lLiad
the temperature dependency of water. The assumption of temperature dependent
properties could be eiployed [12]. The problem that has arisen in the use of dilute
solutions with respect to examining the effect of variable properties has heen thit
under these conditions temperature rises were simall sinee the Lhieat generated was
sinall.

Temperature changes in the reactor may be achieved in rwo hasie ways. [ the
first instance the reactor can he exposed to an ambient temperature that is different
from the inlet temperature [12]. In this way heat transfer with the stroundings

may occur. Much of the data of the high and mediun heat trausfer ranges e the
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present study considered this case, As was seen in the simulation data colleeted
i this study, changes due to temperature dependent properties obtained in this
wanner were not great. This was partially due to the small differences between
the jacket and iulet temperatures used, In his study, Shinohara [12] did not detect
Jarge deviations in lis data when they were examined with respect to constant
or virving physical properties. In his experimental work he employed temperature
differences of approximately 1087, The numerical simulations of this study cimnployed
temnperature rises due to heat transfer of approximately 15/, This temperature rise
was ot large enough to create significant deviations even when accompanied by a
muel larger heat of reaction than that employed by Shinohara (8¢ &= 2 x 107" for
Shinohara compared to (123 for the present study). .

The second way to ereate the temperature differences would be to use the heat
of reaction in an adiabatic reactor [15.17}. Temperature changes generated i this
manner are a function of the amounts of reactants added to the system. In this
second approach the muuber of unknown factors is reduced since there is uot a
concern for the wall heat transfer. tlie jacket temperature, and the possibility that
these quantities might in fact be changing along the length of the reactor. In this
magmer the svstenn may be simplified.” The problem lies i the fact that greater
concentrations of reactants are required to achieve appreciable temperature differ-
ences. Higher concentrations of reactants would increase the heat of reaction. If the
concentrations were large cnough properties would vary due to both temperature
and composition clianges.

A potentially suitable reaction that has often been used in the study of laminar
How reactors in the past has been the hydrolysis of acetic anhydride [4,15,17]. It has
heen assimned in these previous investigations that the reaction was first order with
respect to the anhydride. 1 the solution was sufficiently dilute then this condition
would in fact hold. since the other reactant, water, would be in excess. However, at
low concentrations the amonnt of heat generated was low. Two of the studies cited
above employed the acetic anlydride hydrolysis in an adiabatic reactor [15,17].

The numerical simulations presented earlier in this study showed that in an adi-

abatic reactor or one that was approximately adiabatic the effect of varying physical
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Table 6.1: Comparison of Results of the Present Study with Those of Vena

Run | Outlet Concentrations ({r)) | Outlet Temperatures {({#))
Exp | Vena Present Exp Present
14 12201 250 226 021 024
274 1252 271 247 015 7
34 1.205 ¢ .280 255 011 015
1B | 115 | .104 080 024 028
2B | .130 | .116 097 020 0123
3B | 249 | 125 105 015 020

propertics was greatest, These large variations encountered in the simulations were
contingent on a number of factors. Among these was the requirement that the heat
of reaction be large enongh to generate an appreciable amount of heat. In the previs
ously cited studies the concentrations were low such that the dimensionless heat of
reaction was small. The results given by Veua [15] and Dussault [17) were exsunined
i this study. Comparisons bhetween the experimental (Exp) and predicted values,
of the above nvestigators (Vena or P-D.) and the predicted values of this present
study have been given 1 Tables 6.1 and G.2. In all of the cases the properties have
heen assunied to be constant. As may he seen. the predicted and experimental
results of Vena were reasonably close. On the other hand the conversions were
overestimated by the munerieal models for the data presented by Dussanlt,
Because of the low temperature rises encountered in the above imvestigations,
there was no reason to consider examining the data in the context of varying prop-
erties. In order to examine results in an experimental reactor it was necessary to
attempt to perform runs at concentrations greater than those cmployed by previons

nvestigators.
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Table 6.2: Comparsion of Results of the Present Study with Those of Pilon-Dussault

Run | Outlet Concentrations { ()} | Outlet Temperatures ((6))
Exp. | P.-D. Present Present
2P | .703 | .591 602 024
20¢ 1 760 | 615 625 0322
P 599 | 502 512 027
3pC | G609 | 519 D31 025
31rC | 625 | 40 404 032
32PC | 485 | 205 301 035
33pC 396 | 221 227 032
1P D14 | 383 392 024
APC | 523 | 401 410 024
TPC ] 526 1 509 513 016
34PC | 244 | 150 153 .024
3iPC | 350 | 252 257 018
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6.1 The Reaction Rate of the Hydrolysis of Acetic
Anhydride

The hydrolysis of acetic anlivdride may be written as follows:
(CH3C0)0 4+ HyO — 2CH.COOH (6.1

Several studies have been perforined on this reaction althongh the mjority of them
have been performed at low reactant concentrations [50.51.52.53.54.55,56.97]. Most
of the above studies were performed at low concentrations of the anhydride due to
its low solubility in water (12 ¢ anhydride/100 g water [58]). As a cousequence the
svsten has been modelled as a first order reaction with respeet 1o anhydride concen-
tration. By observing the reaction in concentrated acetie acid solution Greathonse
el ol were able to obtain secouwd order rate constants [535.56]. Several of the resulis
of these investigations have been compiled and reported elsewhiere [17.18].
Monguld and Gareia [37! emploved data compiled by Dussanlt [17] 1o develop

the following empirical rate equation:

Ry = (ky + kaea)ef? oxp{—{hy 4 hyea They (6.2)
where
by = 1.254 x 10°
ky = —1.004 x 10"
ks = 55743
ky = —=104.4
ks = —.4T

Because the concentration of water was not included in thie definition »f the reaction
rate. the equation was limited to lower concentrations of auhydnde. towas inter-
esting to note that their model was both dependent upon the concentration of the
anhydride, ¢4. and also was hindered by the preseuce of acid, e¢.. The values of the
activation energy and the frequency factor both decreased with mereasing amounts

of anhydride. They emploved this model to examine the bhehavionr of a stirred
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tauk reactor. Initinl concentrations of the acid and anhydride of approximately .80-

1.0G wnd 20-.76 mol /1 respectively were employed. A mathematical nodel }-'iélded

results in good agreement with experimental results in the investigation [57].
Higher concentrations of anhydride and acid were exanuned by Rao and Parey

(59]. In their study of the kinetics they derived the following rate equation:

I?\ = - 'l""m Ca (:Bclé:-; ( 6.3 )
where

. 3)1.7
;"‘.m - 21462 3 | — 8776 T __((El?_:—_
x 107" expl G877 G/ )(mol)l"(m-in.)

(6.4)

This cquation was developed at much higher concentrations of both anhydride
and ncid and less water. It was interesting to note that the behaviour of this
equation contradicted the results of the previous investigation since an increase in
acetic acid enhanced the reaction rate. Equation 6.2 indicated that the reaction
rate should decrcase with an increase of acetic acid concentration. A thermometric
method was employed to determine the constants in Equations 6.3 and G.4. This
suggested that the use of these equations should be particularly useful in predicting
the temperature profiles of the reactor. Temperature rises of up to 100K were
reported. This was due to the fact that the concentrations of all reactants were
much higher. The concentrations of the reactants were in the range 3.8 meol [l
for anhydride , 17.9 mol/! for water, and 4.8 mol/l for acetic acid. In light of the
significant temperature rises developed at these cancentrations it seemed reasonable
ter employ similar concentrations in the present investigation and use this model for

comparisons between the nunerical study and experimental data.

6.2 Experimental Procedure

A stainless steel reactor 1.153 meters in length with an inner diameter of 5.1 ¢
was used (Refer to Figure 6.1). The reactor was wrapped in fiberglass insulation to
make it adiabatic,

Thermocouples of 1/16” diameter were employed to measure the radial temper-

ature profiles along the length of the reactor. They were capable of sliding into the
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reactor and were placed every 23 em along its length. These sliding thermocouples
were bent in the direction of flow to cnsure that the point temperatures meansured
were representative of the true conditions. It was felt that this arrangement wonld
minimize any conduction effects along the length of the thermocouples. Two addi-
tional thermocouples were placed at these locations recessed in the wall to measure
the wall temperature. Thermocouples were also placed at the inlet and outlet of
the reactor. The sliding thermocouples were placed next to the wall until steady
state was reached in order to minimize flow disturbances. At steady state, the
radial temperature profiles were measured beginning from the location closest to
the outlet. This was doue to ensure that the effeet of How disturbances were again
minimizec.

The reactants were fed into the reactor by means of a duplex metering punp
with oue side prunping an agueons solution of acetic acid and the other prumping
acetic anhydride. Two surge tanks were placed between the reactor and pnmps to
dampen flow pulsations. A system of valves and nylon tubing were arvanged so that
the reactor could be operated in either downward or upward How (Figure 6.1). The
product leaving the reactor either entered a recyele tank for replenishing the acetic
acid feed or was disposed of down the drain.

Chemical and equipment details may be found i Appendix B.

The system was allowed to run until steady state was achicved. Steady state
was assumed to be reached when the exit temperature was constant for at least 5
mrnutes. Typically at least 45 mimites to one hour was required for this to ocenr.

When steady state was reached the radial temperature profiles in the reactor
were measured using the stiding thermocouples. The wall, entrance, and exit temn-
peratures were also recorded.

After the temperatures were recorded a total of § samples were withdrawn from
the reactor and analyzed for acetic anhydride and acetic acid using the aniline-water

method (Appendix B).
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6.3 Comparison of Experimental Data with the
Numerical Model

In order to use the computer program to predict the reactor behaviour at the exper-
imental points modifications were required in the definitions of the dimensionless
proups to account for the fact that the reaction did not follow first order kinetics.
In the modification procedure the rate constant, kr, appearing in any of the dimen-
siontess groups was replaced by a term that reflected the kinetics given by Equation
G.3.

The procedure that was employed was as follows:

1. Rao and Parey stated in their work that the rate constant could be written in
terms of the initial concentration of acetic acid. .. Therefore a revised rate
constant was defined as:

k:’:‘ = 'I‘.m Ce, (65)

2

The reactant that was traced through the reactor was the acetic anhydride.
The concentration of water was rewritten in terms of the initial concentration
of anhydride in the rate equation such that the result was:

R, = —A:",?cirlr(% —(1-a)) (6.6)

As a conseguence of the above modification of the rate equation, the dimensionless
groups that contained the reaction rate were evaluated such that the reaction rate
ke was replaced with the term kje,,. Use of the above term ensured that the groups
were dimensionless.

The properties of the mixture were caleulated by employing mole fraction aver-
aged values. In the case of density this involved use of Amagat’s Law using specific
volumes. The temperature dependence of the various properties of eacl: component
were not readily available in all cases. Since water had been used as a medium in the
nunerical study, all of the temperature dependent equations were available in Yaws
[48]. The temperature dependency of acetic acid and anhydride were estimated

from the Racketi or modified Rackett equation [60]. The parameters required for
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using this equation were available in Reid e, el [61] and Spencer and Adler [60].
Coefficients were also available to cmploy the Andrade Equation to evaluate the
temperature dependence of the viscosity of the acid aud anhydride [61). Values for
the thermal conductivity and heat capacity for the acid and anhydride at 3001
were taken from those given by Vena [15]. The temperature tlup-(-tmlt.‘m"\' of these
properties was not found. Therefore temperature dependencies of the mixture prop-
erties for thermal conductivity and heat capacity were assumed to follow those of
walter.

From the values of the mixture properties estimated in this manner the dimen-

sionless groups for the experimental runs were determined (Appendix B,

6.4 Results and Discussion

Comparisons between the experimental results and the nmuerieal model were ac-
complished by using the dimensionless groups that were estimated to apply to the
experimental ruans.

The experimental results have been given in Table 6.3, Preliminary values of
the compositions and temperature rises predicted by the model assuming constant.
physical properties have also been included. Theoretically, since the reaction oc-
curred in an adiabatic reactor, the experimental adiabatic temperature rise ()
could be determined by the equation given below:

{0)cap .
0 . (6.7)

As may be seen, the values of the apparent heats of reaction for the first three

fr =

runs seemed fo be very much out of range. This was possibly due to the fact that
these values were obtained from the reactor before o design modification. Initially
the tubing connecting the reactor to the pumps fud directly into the reactor. Under
this condition there was a sudden expansion or coutraction for the inlet and outlet
streams respectively. It was felt that this design inight have resulted in poor mixing
of the liquid at the outlet, such that the outlet concentration was not the cup-

mixed concentration. Instead, it was possible that the concentrations measured at
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the outiet were more representative of the concentrations near the centerline. It
shonld be noted that the values of the radial dispersion term o were high enough
that the radial temperature profiles were nniform (Appendix B). Therefore. the
temperature at the centerline was close to the cup-mixed temperature. Flat radial
temperature profiles were in fact observed for all of the experimental runs. The
resnlts of the numerical study indicated that the conversion achieved towards the
center of the reactor was less than that for the overall reactor. If this was the
case for the experimental system then the apparent dimensionless heat of reaction
calenlated in Equation 6.7 would in fact be larger than the true value. This type of
trend was evident in the data for the first three points.

I order to overcome this, distributors were added to the inlet and outlet so that
the outlet compositions would be more representative of the cup-mixed values.

The first § runs given in Table 6.3 were operated in the upward flow node.
The last three runs were performed in downward flow. It was immediately evident
that the valnes of the outlet concentrations for the downward flow runs were less
than those for the upward flow cases. These differences could be attributed to the
presence of free convection.

The theoretical results were recalculated employing variable physical propertics.
The use of variable properties at this stage did not greatly improve the correspon-
dentce between the experimental and theoretical values.

In the preceding chapters a number of topics were discussed. In the initial stage
the offect that the dimensionless groups had upon the reactor length was examined.
In the ease of an adiabatic reactor these lengths were determined to be a strong
function of the dimensionless heat of reaction or adiabatic temperature rise, fp.
Conversely. the degree of conversion for a given reactor length would be expected
to be a strong function of Fp also. Examination of this term showed that it was a
function of the initial temperature, heat of reaction, density, and heat capacity of
the sysiem. The system under study consisted of three components forming a non-
ideal mixture. It was therefore reasonable to assume that the mixture properties
calculated for the system could be in error. An error of as much as 15% was not

considered unreasonable.

173



Table 6.3: Comparison of Experimental Results with Preliminary Results Calen-
lated using the Numerical Model assuming Constant Physical Propertios

Experimental Values Calculated Values
Run | («) | (8) [#r (FromBq. 60 | () | (6) | 4
1 780 | .097 441 .1-18 156 AT
20 .622 | .124 328 A88 073 143
3 0682 1 .134 421 002 247 247
4 320 ¢ 185 272 | 018 353 360
5 | .605 | .080 203 165 “ £.220 205
6 |.136|.236 1273 017 212 216
T 204 | 170 241 038 234 243
8 456 | .128 235 049 187 197
9 000 | .229 229 168 198 239
10 |.028 | .222 228 004 .239 240
| 11 | .243].092 121 125 ] 169 194 ||
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The experiment~] and predicted results of Run 9 were examined in more detail,
Since the run weni to 100% conversion, the heat of reaction should have been re-
flected in the outlet temperature. With the inclusion of variable physical properties
and vazious values of By the conversion approached 100%. However, the predicted
outlet temperature was much higher. This suggested that the value of 8y employed
in the theoretical model was too Ligh. According to the theoretical study, au adi-
abatic reactor was sensitive to the dimensionless heat of reaction (Table 5.9}, This
could result in values of conversion being overestimated by the model.

The value of 1 was reduced to .208 and 3y was varied a.gain. As may be seen
in the results given in Table 6.5, a small reduction in the heat of reaction had a
profound affect on the performance of the reactor. The effect of the buoyancy term
was also evident.

Upon comparing the data in Tables 6.4 and 6.5 it was evident that the heat of
reaction and the buoyancy term were both important in governing reactor porfor-
mance. The conversion at the outlet was no longer 100%: however, examination of
the trend given in Table 6.5 showed that with increasing Fp the outlet composition
was decreasing. Presumably, if the value of g was sufficiently large, 100% con-
version would be observed. Based on the experimental conditions, the value of
was actually of the order of 107. Although the computer program did not converge
at this high a value, it should be noted that the calculated outlet conversion was
approaching the experimental conversion with much lower values of A

B; investigating the reactor performance beyond the value of the reactor length
(calculated from inlet conditions). it was discovered that the value of fp = 208
yielded an adiabatic temperature rise of .233 upon complete conversion. This agreed
well with the experimental rise of .229. Presumably the approach to the ultimate
conversion would be asymptotic in nature such as was demoustrated by the results
in Table 6.5. In other words, it would not be necessary to use an exact value of

to calculate the outlet properties with the computer model.



Table 6.4: Evaluation of Effect of Vartable Properties on Run 9 with gy = .239

Pu_| (=) | (6)
200 | .035 | .263

400 |} .024 | .267
600 | .018 | .268

800 | .014 | .270

1000 | .012 | .270

Table 6.5: Numerical Results for Experimental Run 9 with gy = .208

B {x) 1 {6)
Constant Properties | .402 | .121
200 318 | .102

1000 252 | .167

1500 193 | 186

2000 183 | .189

5000 183 | .189

10000 131 .199
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Table 6.6: Comparison of Experimental and Predicted Daia with Adjusted Values
of #y and |7, = 600

Experimental Predicted
Run | {2) {(6) | Initial | Revised Py {£) | (&)
Br B
5 | .605| .080 265 212 | Const. Prop. | .510 | .103
! -600 .GO4 | 090
6 |.126 | .236 216 210 Coust. Prop. | .030 | .204
6

-G00 046 | 223

294+ 170 243 225 | Const. Prop. | 135 | .104
-60O0 S04 | 172

-1 =1

10 1.028 | .222 .240 200 | Counst. Prop. | 129 | .174
10 GO0 030 | .214

Examination of the experimental results indicated that many of the runs could
benefit {rom slight adjustments in the value of Ap. This was i fact done for most, o~
the experimental results of Table 6.3. As a result, the inclusion of variable physical
properties in the numerical model yielded good agreement with the experimental
results. This agreement has been shown in Table 6.6. It should be noted that not
all of the runs could be simulated at higher values of #:. However, in light of the
previous discussion it was felt that a value of 600 in magnitude would be sufficient
to approximate the effect of free convection to an adequate degree.

The runs that were not included in Table 6.6 were those in which the conversions
were apparently low. This was attributed to poor measurement of ontlet concen-
trations of the hot acid solutions. Also, the first three runs were already assumed

‘to be in error due to poor mixing. The runs that have been presented in Table 6.6
displayed good agreement between theoretical and experimental values. It should
be noted that although numerically the theoretical and experimental data were not
in agreement in the other runs, the specific trend of the data with respect to variable

physical properties was similar with that presented.
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The fact that the temperature profiles could be measured through the prokes
placed in the reactor allowed for the acquisition of the cup-mixed temperature
profile for any of the runs. As may be seen from the profiles. when the reactor
was 11 downward flow, the adiabatic nature of the reactor was evident (Figures 6.2
and 6.3). What was also evident was that increasing the value of Gy tended to
imiprove the rather poor fit in the reactor between the inlet and outlet. In both
of these examples the experimental outlet concentration was in ag;reemént with
the theoretical values (Figures 6.4 and 6.5). However, given that the theoretical
temperature profile was not as good, it was likely that the theoretical concentration

- nrofile was only an approximation to the actual profile.

In upward flow the situation was quite different. Both the experimental and
theoretical temperature profiles were in good agreement for the 2 runs presented
in Figures 6.6 and 6.7. In light of the correspondence between theoretical and
expevimental conversions. it was concluded that the numerical model successfully
reflected the experimental data in these instances (Figures 6.8 and 6.9).

The acetic anhydride reaction was an extremely difficult system with which to
work, and large amounts of reactant were required for any run, leading to a high
cost. It would have been desirable to continue with the experimental program to
further verify the promising results outlined a:bove. The results a‘s'given, however,
demonstrated the plausibility of the results obtained in the theoretical study. In
particular, the experimental runs highlighted the fact that all portions of the study
were of egunal significance. It was shown that very small changes in the value of

“the dimensionless heat of reaction would affect the numerical values of conversion.
Variable heat capacity and density were also significant in this regard. Both of these
variables underwent changes with reaction in the theoretical model. Qualitatively,
the “different temperature profiles observed between upward and downward flow

demonstrated the preseuce of free convection.
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Chapter 7

Conclusions and

Recommendations

Factorial designs and lincar regression were employed to determine the characteris-
tics of a mathematical model describing a laminar flow tubular reactor undergoing
heat transfer. The study consisted of exmniniﬁg the effect that heat trausfer and
variable physical properties had upon the reactor based on this munerical model.
Based upon the data collected from the factorial design the following conclusions

Were rea . 1 (‘.‘.dI

1. Heat transfer in the reactor was of major importance. Three heat transfer
regimes were identified: the high, medium, and low regimes. These 3 regimes
characterized the level of heat transfer occurring both within the reactor in the
radial direction and subsequent transfer of heat to the environment through
the wall. The most significant factor in determining i which regime a par-
ticular simulation belonged was the internal heat transfer parameter, ay. Of
secondary influence were the wall heat transfer coefficient, Bi.-and the ambi-

ent or jacket temperature, &;.

1o

In the high heat transfer regime. the reactor operated under isothermal con-
ditions. Under these conditions, the reactor length required to achieve 90%

conversion was most greatly affected by the jacket or ambient temperature.
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In the medinm heat transfer regime the reactor underwent heat transfor witly
the surroundings typical of nonisothermal reactor behaviowr reported in the

literature.

In the low heat transfer regime the reactor behaviour was similar to adia-
batic operation. Under these circumstances the dimensionless heat of reaction
and activation energy were the most significant ternms in determining reactor
behaviour. Increases in cither of these terms decreased the reactor length
required for 90% conversion. The similarity between this type of heat trans-
fer and an adiabatic reactor was verified with simulations performed under

adiahbatic conditions.

The heat transfer regimes that were identificd above also determined whetlior
the reactor was affected by temperature dependent properties. It was observed
that temperature dependent properties were only significant in the low heat
transfer regime. This was a result of the fact that the temperature rises
i this regime were the greatest. A large difference i temperature was the

prerequisite for the inclusion of temperature dependent propertics.

Combined composition and temperature dependent properties were found to
be important 1n all 3 heat transfer regimes. It was interesting to note that
these regimes were also important in determining regions in which given prop-

erty changes were significant.

(a) In the high heat transfer regime the significant properties were density
and thermal conductivity. Density changes were significant dne to the
action of free convection and its role in velocity profile distortion. Ther-
mal conductivity was significant in retarding the rate of heat transfer.
When the simulation conditions were close to those of the medium heat
transfer regime, a decrease in the thermal conductivity was sufficient to
increase the reaction rate. Slight inereases in the reaction rate could

greatly affect the outlet conversions.
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(b} In the medinm heat transfer regime, deusity. thermal conductivity, and
heat capacity were significant. Density and thermal conductivity had the
same cffect that they had in the high heat transfer regine. Because of
generally higher tenperatures in the mediun heat transfer regime. the
licat capacity became significant. As heat capacity underwent changes
with the reaction, these were reflected by higher or lower temperature
rises. Through the Arrhenius Law, these temperature differences led to
cither faster or slower reactions. These differences were again reflected

in outlet conversions.

(¢} In the low heat transfer regime, energy exchange with the environment
was slow with respect to the rate of reaction. As a result of this ther-
mal conductivity ceased to be a factor. The roles of density aa}d heat
va.pa.citj»' increased in the previously discussed manner. Since a temper-
ature dependent density was observed to have a significant role, it was
concluded that it was also significant in this portion of the study. In fact
it was probable that the heat capacity had a dual effect in that it either
increased or decreased the temperature rises in the reactor. These in-
creases or decreases in temperature had a role in determining the degree

of distortion in the velocity profile.

The How direction in a vertical reactor was found to be significant through

the effects of free convection.

Simulations performed under adiabatic conditions yielded results similar to
those for the low heat transfer regime. A second order reaction was also
investigated for the adiabatic reactor. It was found that the effects were not
as great for the second order reaction. This was due to the slower kinetics
of this system. Since the reaction rates were not as great, they were not as

sensitive to minor changes in the local conditions.

. The numerical sinndations suggested that experimental verification of the re-

sults could be established by investigating a system with a high concentration
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of reactants. Previous investigations were performed at rather low concen-
trations. The hydrolysis of acetic anhydride was selected as the experimental
systenn, Experiments were run in the reactor in both upward and downward
flow directions. Differences in the shapes of the temperature profiles gener-
ated in these two directions verified the large nfluence that free convection
had upon the reactor performance. In attempting to use the numerical model

to represent the experimental data the following observations were macle:

(a) All aspects of the numerical study were important. Initial values of the
properties needed to be determined. This was reflected in the fact thad
a minor adjustment in the dimensionless heat of reaction was suificient
to render good or poor agreement between experimental and theoretical
values,

(Ib) Decreasing the value of the dimensionless heat of reaction by as hittle as
10% was often sufficient to improve the agreement. These deercases wore
accompanied by vartable density and heat capacity.

(¢) The magnitude of the buoyancy term was set at 600. In reality the
magnitude of this term was approximately 10°. In the upward flow runs
this small value was adequate to model the system with respect to the
axial temperature profile. In the downward flow exmnples it was shown
that the outlet temperature was adequately modelled but that the axial
tenmiperature profile was not. Convergence difficulties in the program
made the use of higher values of fy impossible. It was shown, however,
that as the value increased the theoretical temperature profile hegan to

aclieve the shape of the experimental profile.

The numerical model developed for this study was more than adequate iu achieving
the objectives but improvements could be made.
1. Imitial testing of the program indicated that efficiency and convergence were
greatly affected by the number of radial points. Although 10 points were
sufficient to reflect the general qualities of the numerous profiles, greater ac-

curacy could be achieved through a finer grid. The causc of these convergence
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problems should be mvestigated.

™

Even with 10 radial points there were problems with convergence when severe
changes i the veloeity profile occurred. This was particularly evident in
the adiabatic simulations. Some of these problems might be alleviated with
modifications to the velocity loop. In the program no provision was made for
the possibility of stagnant regions or backward flow. If these conditions were

occurring during the numerical iteration procedure, the program failed.

Considering the large amount of literature that has appeared regarding the influence
of a variable viscosity in these systems it was surprising to note that it had little
effeet in this investigation. It might be useful to examine its role coupled with
density by increasing the amount it changes with composition. Although much of
the data collected indicated that mass transfer in general played a very minor role.
the influence of a variable diffusivity could be more extensively investigated. This
would be of interest, for example, in a system with a catalytic wall. .

Quly a limited number of experimental runs could be carried out. It was diffi-
cult. to work with the acetic anhydride system. Although precautions were taken
to limit exposure 1o the reagents, withdrawal of samples (among other exposures)
were inevitable. A reaction involving less irritating reagents should be studied in
the future. All pertinent information required to investigate a system should be
well known. This experimental investigation pointed out the fact that under the
conditions that the reactor was operated, a better knowledge of the density, heat
‘capacity and initial concentrations of the mixture should be known. Also the kinet-
ics and heat of reaction she ald be well established. The literature on the hydrolysis
of acetic anhydride contained some contradictory information. Determination of re-
action kinetics and physical properties of reacting mixtures were beyond the séope
of this study. .7

A more precise and accurate analytical technique to determine concentration
other than titration would be useful. Since the best that could be accomplished
was estimation of the physical properties of the mixture using simple mixing rules,

the more accurate the compositions used the more reliable these estimations might
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be. Again these estimates would appear to be most important in establishing the
dimensionless groups. The simple mixing rules were adegquate in terms of reflecting

reactor behaviour in the context of changing properties with the extent of reaction.

193



Bibliography

[1] R. C. L. Bosworth. Distribution of reaction times for laminar flow in eylindrical

2]

3]

8]

[9]

veactors. Phil. Mag., 39:847-862. 1948.

K. G. Denbigh. Kinetics of continuous reaction processes: Application to poly-
merization. J. Appl. Chem. (London). 1:227-236, 1951.

H. S. Lauwerier.. A diffusion problem with chemical reaction. Appl. Sei. Res.,

A8:366-376, 1959.

F. A. Cleland and R. H. Wilhelm. Diffusion and reaction in viscous-flow tubular
reactor, AIChE J., 2:489-497, 1956.

1. P. Vignes and P. J. Trambouze. Diffusion et réaction chimique dans un

réacteur tubulaire en regime laminaive. Chem. Engng. Sei.. 17:73-86, 1962.

P. L. Chambré. On chemical reactions in internal How systems. Appl. Sea

Res., A9:157-168, 1960.

M. Trombetta and J. Happel. Analysis and design of gas flow reactors with

applications to hydrocarbon pyrolysis. AICRE J., 11:1041-1050, 1965.

R. 1. Rothenberg and J. M. Smith. Heat transfer and reaction in laminar tube
How. AIChE J., 12:213-220, 1966.

R. I. Rothenberg and J. M. Smith. Dissociation and heat transfer in laminar
fHow. Can. J. Chem. Engng., 44:67-73, 1966.

194



[10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]

{19]

20

T. 5. Andersen and J. Coull. Evaluation of models for tubnlar, luminar How

reactors, AICLE J., 16:542-553. 1970.

L. S. Merrill. Jr and C. E. Hawrin, Jr. Conversion and temperature profiles

for complex reactions in laminar and plug flow. AICRE J.. 16:194--198, 1970.

T. Shinohara. An Ezperimental and Theoretical Study of o Laminar-Flow Re-

actor. PhD thesis. University of Utal, 1971,

F. Santarelli and E. P. Forabosclhi. Free convection in mixed laminar conveetion

in a reacting fluid. Chem. Eng. (Lousanne), 6:59-G8. 1973,

W. G. Gray and M. D. Kostin. Velocity, temperature, and concentration pro-

files in a vertical flow reactor. Chem. Engng. Sei.. 30:931--93G. 1975.

F. Vena. An Experimental and Theoretical Study of Conocrsions and Temper-
ature Rises an an Adiebatic Liquid-Flow Reactor. Master's thesis, University

of Ottawa. 1975.

J. A. Golding and R. Dussault. Prediction of concentration and temperature
distributions in a flow reactor: Homogenecous liquid phase reaction. Inl. J.

Heot Mass Transfer, 19:493-501, 1976.

R. Dussault. Ezpertmental and Theoretical Study of « Tubular Flow Reactor:

Homogencous Liquid-Phase Reaction. PhD thesis. University of Qttawa, 1977,

J. A, Golding and R. Dussanlt. Conversions and temperature rises in a laminar
flow reactor for the hydration of acetic anhydride. Can. J. Chem. Engng.,
58:564-569, 1978.

J. A. Golding, F. Vena, and D. Gorowski. Conversions and temperature rises
o 3} : I

in a tubular flow reactor with uncontrolled wall heat transfer. Can. J. Chem.

Engng.. 59:705-7109, 1981.

S. H. Lin. Nonisothermal non-Newtonian chemnical reactions in a tubular reac-

tor under conditions of variable viscosity. Appl. Sci. Res., 32:195-206, 1976,

t

195



21]

23]

24

130]

[31]

J.-L. Houzelot and J. Villermaux. Mass transfer in annular cvlindrical reactors

in laminar How. Chem., Engng. Seci., 32:1465-1470, 1977.

C.-Y. Chang and Y.-T. Chern. Laminar flow diffusion of power-law fluids it a
tube with arbitrary order heterogeneous and homogeneous reactions. Can. .J.
Chem. Engng., 63:772-777, 1985.

S. Lynn and J. E. Huff. Polymerization in tubular reactor. AICRE J., 17:475~
485. 1971,

R. Sala. F. Valz-Gris, and L. Zanderighi. A fluid-dynamic study of a continuous
polymerisation reactor. Chem. Engng. Sci.. 29:2205-2212, 1974,

A. Ya. Malkin. Rheology in polymerization processes. Polymer Engng Sei.,
20:1035--1044. 1980.

A, Ya. Malkin, L. 1. Shervsheva, S. G. Kulichikhin, and P. V. Zhirkov. The flow
of a polymerizing liquid in a cylindrical pipe. Polymer Engng Ser., 23:804-809,
1983.

P. E. Baillagou and D. S. Soong. Free-radical polymerization of methyl

methacrvlate in tubular reactors. Polymer Engng Sci., 25:212-231, 1985.

P. E. Baillagou and D. S. Soong. Free-radical polymerization of methyl

methacrylate at high temperatures. Polymer Engng Sci., 25:232-224, 1985.

H. S. McLaughlin, R. Mallikarjun, and E. B. Naum‘ah. Effect of radial velocities
on laminar flow. tubular reactor models. AIChE J., 32:419-425, 1936.

J. S. Vrentas and W. J. Huang. Radial transport in tubular polymerization
1(*.1(‘(01% Chem. Emngng. Sci.. 41:2041-2051, 1986.

R. Cintron-Cordero, R. A. Mostello. and J. A. Biesenberger. Reactor dynamics
and molecular weight distributions: Some aspects of continuous polymerlza tion
in tubular reactors. Can. J. Chem. Engng., 46 434-443, 1968.

196



3]

133]

[34]

[35)

[36]

37}

[38]

(39]

40)

[41}

[42]

[43]

J. P AL Wallis. R. AL Ritter. and H. Andre.  Continuons production of
polystyrene in a tubular reactor: Part 1. AICRE J.. 21:686 G90. 1975.

J.PoAs Wallise Ro AL Ritter, and H. Andre. Continnous production of
polystyrenc in a tubular reactor: Part 2. AICLE J.. 21:691-698. 1975.

G. I Taylor. Dispersion of soluble matter flowing slowly through a tube. Proc,
Roy. Soc.. A219:186-203, 1953.

R Aris. On the dispersion of a solute in a finid flowing throngh o tube. Proc.

Roy. Soc. (Londown. ), A235:67-77. 1956.

Wan C.-G. and E. N. Ziegler. On the axial dispersion approximation for lami-

nar flow reactors. Chem. Engng. Seci.. 25:723-727. 1970.

K. D. P. Nigam and IX. Vasudeva. Diffusion and reaciion in tubular reactor

with with non-Newtonian laminar low. Chem. Engng. Sei., 32:673-G77. 1977,

K. D. P. Nigam and IX. Vasudeva, Consecutive reactions in a non-ideal tubular

reactor. Chem. Engng. Sci., 32:1119-1121, 1977.

A. Varma and R. Aris. Stirred pots and empty tubes. In L. Lapidus and
N. Amundson, editors, Chemical Reactor Theory A Rewview, pages T9-155,
Prentice-Hall, 1977.

K. M. Sundaram and G. F. Froment. Comparison of simulation models for

empty tubular reactors. Chem. Engng. Sci., 34:117-124, 1979.

R. B. Bird, W. E. Stewart, and E. N. Lightfoot. Transport Phenomeno. John
Wiley and Sons, Inc., 1960.

T. E. Tezduyar, Y. J. Park. and H. A. Deans. Finite clement procedures for

time-dependent convection-diffusion-reaction systems. Int. J. for Num. Meth.

an Fluads, 7:1013-1033, 1987.

B. A. . inlayson. Nonlinear Analysis in Chemical Engineering. McGraw-Hill,

1980.

197



[44]

[45]

[46]

[47]

[48)

149]

50]

J. 8. Hopkins and J. A, Golding. The prediction of conversions and temperature
rises along a tubular reactor under complex reaction conditions. In Proceedings
of the 37th Canadian Chemical Engincering Conference, pages 394-396. May
1987.

L. Petzold. Differential/ Algebraic equations are not ODE’s. STAM J. Sei. Stat.
Compud., 3:367-384, 1982,

B. Carnahan, H. A. Luther. and J. O. Wilkes. Applied Numerical Methods.
John Wiley and Sons. 1969.

C. W. Gear. Numerical Initiol Value Problems in Ovdinary Differential Equa-
tioms. Prentice-Hall, 1971.

C. L. Yaws. Physical Properties: A Guide to the Thermodynanic, and Trans-
port Property Data of Indusirially Importani Chemical Compounds. McGraw-
Hill. 1977.

S. Makridakis, S. C. Wheelwright. and V. E. Mcgee. Forecasting: Methods and
Application. John Wiley and Sons, 1983.

IX. J. P. Orton and M. Jones. Hydrolysis of acetic anhydride. J. Chem. Soc.

(London), 101:1708-1720, 1912.

J. F. M. Caudri. Velocity of hydrolysis and alcoholysis of acetic anhydride in
mixtures of water and ethyl and methyl alecohol. Ree. Trawv. Chim., 44:1-16,
1930.

S. E. Vles. The determination of the velocity of hydrolysis of acid anhydrides
by the aniline-water method 1. Rec. Trav. C?z.z'm.? 52:809-826, 1933.

E. K. Plyler and E. S. Barr. The reaction rate of acetic anhydride and water.
J. Chem. Phys., 3:679-682, 1935.

J. B. Conn, G. B. Kistaikowsky, R. M. Roberts, and E. A. Smith. Heats of
organic reactions XIII. Heats of hydrolysis of some acid anhydrides. J. Am.
Chem. Soc, 64:1747-1752, 1942,

198



(53]

[56]

59]

[60]

[61)

L. H. Greathouse, H. J. Janssen, and C. H. Havdel. Thermometric deter-

minations of water and acetic anhydride 1 acetic acid.  Analytical Chem.,.

28:357 361, 1956.

H. J. Janssen, C. H. Haydel. and L. H. Greathouse. Hydrolysis of acetic aun-
hydrde in concentrated acetic acid without catalvsis. Ind. and Engng. Chem.,
49:197 201, 1957.

M. del Claustra Prat Mongulé and F. Cunill Garcia.  Comportamiento
dindmico de un reactor continuo tanque agitado: Hidvolisis del anhidrido

acético. Afinided, 40:150 155, 1983.

R. H. Perry and C. H. Chilton, editors. Chemical Engineers’ Hundbool,
Megraw-Hill. 5 edition. 1973.

D. Phaneswara Rao and §. K. B. Parey. Modelling and sinmlation of an

exothermic reaction i a batch reactor. Indian Chem. Eng.. 30:33 41, 1988,

C. T. Spencer and 5. B. Adler. A critical review of equations for predicting

saturated liquid density. J. Chem. and Engng. Date. 23:32 89, 1078.

R. C. Reid, J. M. Prausnitz, and T. K. Shorwood. The Propertics of Guses
end Liguids. McGraw-Hill, 3 edition. 1977.

199



Appendix A

Results, Supplementary Figures,
and Residual Plots of the
Numerical Study

A.1 Data Calculated from Numerical Simulations



Table A.1: Results of the Study

Run | Constant | Deviations | Deviations | Deviations Apparent
Property Water Ethanol Benzene | Heat Transfor
(%) (¥) (y) ) Reghne
1 0.573 0.929 1.026 1.035 3
2 2.614 1.005 1.008 1.007 1
3 0.687 0.828 0.878 0.903 3
4 1.797 1.027 1.022 1.018 1
5 1.061 1.124 1.174 1.129 2
§ 3.232 1.001 1.001 1.001 1
7 0.751 0.992 1.071 1.021 2
S 2.645 1.052 1.043 1.035 1
9 0.764 0.907 0.984 0.949 3
10 0.624 1.006 1.036 1.033 2
11 0.521 0.517 0.559 0.628 3
12 0.664 0.926 0.951 0.962 2
13 0.581 1.12 1.212 1.193 3
14 | 0834 0.995 1.020 1.007 H
15 0.714 0.908 0.948 0.960 3
16 0.735 0.956 0.956 0.965 1
17 0.356 0.658 0.785 0.810 3
18 3.687 1.005 1.007 1.007 1
19 (0.498 0.742 0.726 0.787 3
20 2.238 1.022 1.022 1.019 1
21 0.788 1.093 1.059 1.081 2
22 4.768 0.962 0.964 0.962 1
23 0.477 1.148 0.898 0.892 2
24 3.843 -1.040 1.033 1.025 1
25 0.532 0.941 1.023 1.023 3
26 0.339 0.917 1.009 0.993 2
27 0.342 0.706 {.842 0.900 3
28 0.443 0.906 (.954 0.961 2
29 0.363 (0.852 0.96 0.705 3
30 0.575 0.978 0.993 0.995 1
31 0.516 0.815 0.842 0.878 3
32 0.513 0.938 0.948 0.954 1
33 0.826 1.020 1.020 1.020 2




Table 4.1 Continu

ed

Run | Constant | Deviations | Deviations | Deviations Apparent
Property Water Ethanol Benzene | Heat Transfer
(«) (¥) (¥) (¥) Regime
124.1 0.566 1.038 1.118 1.095 3
124.2 3.853 1.001 1.002 1.003 1
124.3 (.535 0.843 0.904 0.926 3
124.4 3.105 0.977 0.969 0.958 1
124.5 0.529 0.907 0.98 0.988 3
124.6 0.663 0.989 0.989 1.000 2
124.7 0.494 0.716 0.752 0.807 3
124.8 0.597 0.955 0.958 0.967 2
135.1 0.644 0.808 0.953 0.976 3
135.2 1.128 0.941 0.950 1.011 2
135.3 0.743 1.123 1.149 1.110 2
1354 1.528 0.999 0.998 0.998 1
135.5 0.429 0.8G6 0.958 0.932 3
135.6 0.829 1.013 0.950 1.010 2
135.7 0.487 1.132 1.222 1.139 3
135.8 1.515 .992 .991 0.953 1
167.1 0.651 0.966 - 1.018 1.017 3
167.2 1.491 1.001 0.999 1.000 1
167.3 0.453 0.778 0.878 0.882 3
167.4 | 1.459, 0.997 1.000 0.999 1
167.5 0.651 0.971 1,030 - 1.033 3
167.6 1.491 1.005 | 1.005 1.006 1
167.7 0.453 0.924 - 1.079 -1.069 3
167.8 1.459 - 1.003 1.003 1.008 1
236.2 L. 0.659 - 0.957 1.001 1.001 2
236.2 0.596 0.921 0.965 .980 2
236.3 1.340 1.033 1.020 1.021 2
236.4 1.171 0.923 0.921 0.920 2
236.5 0.445 0.971 1.074 1.057 2
236.6 0.409 0.849 0.985 1.008 2
236.7 1.185 0.967 0.958 0.952 2
236.8 1.054 -0.920 0.911 0.910 2

é()?




Table A.1 Conting

ed

Run | Constant | Deviations | Deviations | Deviations Apparent
Property Water Ethanol Benzene | Heat Transfor
(2) () (v) (¥) Regime
257.1 1.0623 1.035 1.048 1.036 2
257.2 | 0.889 0.976 0.994 0.993 2
257.3 0.679 1.095 1.111 1.097 2
257.4 0.605 1.020 1.044 1.038 2
257.5 1.023 1.013 1.002 1.014 2
257.6 0.889 0.967 0.967 0.970 2
257.7 0.679 1.057 1.050 1.044 2
257.8 0.605 1.016 1.007 1.010 2
347.1 0.574 0.952 1.023 1.028 2
347.2 3.200 0.940 0.962 0.952 2
347.3 0.494 0.935 0.986 0.988 3
347.4 0.556 1.053 1.060 1.042 2
347.5 | 0.574 0.938 1.001 0.999 2
347.6 3.200 0.932 (0.95 0.942 2
3477 0.494 0.915 1.016 0.993 3
347.8 0.556 1.029 1.008 1.007 2
456.1 2.151 1.083 1.001 1.089 2
456.2 0.729 0.977 1.001 0.988 2
456.3 2.794 1.030 1.048 1.035 2
456.4 0.478 0.961 1.013 1.013 2
456.5 1.758 1.049 1.053 1.033 2
456.6 0.584 0.992 1.007 1.040 2
456.7 1.823 1.046 1.053 1.044 2
456.8 0.332 0.975 1.087 1.071 2




Table A.2: Results of the Composition Dependent Simulations

Run | Case 1 | Case 2 | Case 3 | Case 4

1 0.761 0.792 1.071 1.271
0.891 1.184 0.903 1.117
(.698 0.794 0,993 1.028
0.993 | 1.091 | 0.967 | 0.995
(0.759 2.08 1.676 1.345
0.976 | 1.003 | 1.003 | 0.975
0.807 1.8584 1.701 1.701
S 1.033 1.04 1.047 | 1.026
9 0.564 1.03 0.795 | 1.563
10 0.925 (0.978 1.053 1.079
11 | 0.232 | 0.664 | 0.694 | 0.815
12 0.865 0.888 0.941 0.964
13 0.759 0.781 1.075 1.269
14 0.821 1.323 0.862 1.264
15 0.786 0.834 0.913 1.000
16 | 0.849 | 1.067 | 0.887 | 1.015
17 1 0.191 | 1.304 | 0.692 | 2.038
18 | 0.984 { 1.024 ; 1.005 | 0.932
19 | 0.278 | 0.809 | 0.739 | 1.135
20 1.032 1.050 1.050 0.915

-1 Oy Ut = WO W

21 | 0.499 | 2.036 | 2.064 | 0.867
22 | 0.896 | 1.020 | 0.922 | 1.017
23 | 0.630 | 1.863 | 2.092 | 1.280
24 | 1.015 | 1.051 | 1.029 | 1.037
25 1 0.708 | 0.722 i 1.025 | 1.270
26 | 0.566 | 1.384 | 1.828 | 1.828
27 | 0.506 | 0.328 | 0.744 | 1.075
28 | 0.675 | 1.096 | 1.292 | 1.292
29 | 0.258 | 1.799 | 0.841 | 2.107

30 | 0.887 | 1.000 | 1.002 | 0.886
31 | 0.453 | 0.779 0.74 1.255
32 | 0.838 | 0.991 | 0.996 | 0.865
33 | 0.640 | 1.367 | 1.144 | 0.964




Table A.2 Continued

Run | Case 1 | Case 21 Casc 3 | Case 4

167.1 | 0.597 | 1.344 | 0.839 | 1.650
167.2 | 0.863 | 1.195 | 0.895 | 1.137
167.3 1 0.363 | 1.359 | 0.772 | 1.011
167.4 | 0.859 | 1.217 | 0.909 | 1.142
167.5 | 0.787 | 0.871 | 1.076 | 1.186
167.6 | 0.961 | 0.998 | 0.999 | 0.957
167.7 1 0.670 | 0.744 | 1.041 | 1.317
167.8 | 0.957 | 1.012 | 1.015 | 0.950
124.1 | 0.693 | 1.186 | 1.145 | 1.660
12421 0934 | 1.071 | 0.959 | 1.041
1243 |'0.581 | 0.891 | 1.015 | 1.268
12441 1.011 | 1.053 | 1.040 | 1.033
124.5 1 0.542 1.01 0.88G | 1.537
124.6 | 0.828 1.13 0.939 | 1.019
124.7 | 0.400 | 0.690 | 0.715 | 1.079
124.8 | 0.838 | 1.038 | 0.929 | 0.952
135.1 | 0.558 | 0.972 | 0.879 | 1.314
135.2 | 0.938 | 1.153 | 0.951 | 1.107
135.3 | 0.746 | 1.548 | 1.352 | 1.322
135.4 | 0.916 | 1.091 | 0.950 | 1.049
135.5 | 0.334 | 0.946 | 0.855 | 1.581
135.6 | 0.860 | 1.152 | 0.938 | 1.108
135.7) 0.891 | 1.753 | 1.589 | 1.632
135.8 | 0.896 | 1.082 | 0.942 | 1.017
236.1 | 0.695 | 1.092 | 0.997 | 1.355
236.2 | 0.680 | 0.918 | 1.002 | 1.226
236.3 | 0.664 | 1.301 | 1.135 | 0.759
236.4 | 0.771 | 1.185 | 1.140 | 0.801
236.5 | 0.578 | 1.087 | 1.043 | 1.594
236.6 | 0.335 | 0.926 | 0.995 | 1.421
236.7 | 0.470 | 1.460 | 1.28% | 0.556
236.8 | 0.604 | 1.209 | 1.223 | 0.649




Table A.2 Continued

Run | Case 1 | Case 2 | Case 3 | Case 4
2571 0.692 1.470 1.019 1.154
257.2 1 0.780 1.199 1.018 1.021
257.3 ¢ 0.515 1.772 1.215 1.276
2574 | 0.677 1.349 1.147 1.151
257.5 | 0.738 | 1.1G66 | 1.165 0.81

257.6 | 0.788 1.066 1.077 0.864
257.7 | 0.531 1.287 1.341 0.791
257.8 | 0.682 1.161 1.244 0.947
347.1 | 0.567 1.344 0.919 1.752
347.2 | 0.810 | 1.266 | 1.088 | 0.894
347.3 | 0.5837 1.349 0.855 1.812
347.4 | 0.593 1.692 1.160 1.306
34751 0.714 0.854 1.110 1.173
347.6 | 0.845 | 1.153 | 1.153 | 0.813
347.7 | 0.696 (0.814 1.105 1.268
347.8 | 0.596 1.279 1.293 0.809
456.1 | 0.830 1.245 1.094 0.827
456.2 | 0.767 | 1.150 | 0.970 | 1.227
456.3 | 0.780 | 1.2908 | 1.147 | 0.713
45G6.4 | 0.662 1.217 1.005 1.432
456.5 ¢+ 0.716 | 1.342 | 1.159 | 0.723
456.6 | 0.701 1.254 1.036 1.263
456.7 | 0.519 1.559 1.327 (.483
456.8 | 0.503 | 1.189 | 1.07S8 | 1.545




Table A.2 Contined

Run | Case 5 | Case 6 | Case 7 | Case 8

1 0.673 | 0.924 | 1.238 | 1.234
2 0.965 | 1.156 | 0.892 1.16
3 0.734 § 0.806 § 0.998 | 1.074
4 1.053 | 1.088 | 0.961 | 1.054
5 1727 ) 1157 | 0.881 2.02
G 1.029 | 1.001 | 1.001 | 1.029
T 1.639 | 1.063 | 0.996 | 1.951
S 1.074 | 1.051 | 1.068 | 1.061
9 0.608 | 1.276 0.87 1.505
10 | 0.977 | 0.985 | 1.072 | 1.114
11 0.371 | 0.500 | 0.566 | 1.168
121 0921 | 0:883 | 0.982 | 0.994
13 | 0.691 | 0.940 | 1.202 | 1.219
14 | 0.886 | 1.234 | 0.852 | 1.296
15 | 0.835 | 0.845 | 0.997 | 0.994
16 ] 0930 | 1.014 | 0.875 | 1.096

17 | 0197 | 2179 | 0.724 | 1.906
18 | 1.066 | 1.001 | 0.973 | 1.021
19 | 0.403 | 0.802 | 0.72 | 1.320
20 | 1.110 | 1.031 | 0.980 | 0.998
21 | 2.061 | 0.597 | 0.799 | 2.112
22 | 0958 | 1.121 | 0.927 | 1.153
23 | 1.746 | 0.764 | 1.145 | 2.196
24 | 1.049 | 1.058 | 1.035 | 1.073
25 | 0.644 | 0.889 | 1.217 | 1.202
26 | 0.385 | 1.394 | 0.943 | 1.708
27 | 0.254 | 0.702 | 1.056 | 0.968
28 | 0.727 | 1.116 | 0.933 | 1.322
29 | 0.457 | 1.643 | 0.745 | 2.219
30 | 1.060 | 0.93G | 0.906 | 1.060
31 | 0.559 | 1.015 | 0.787 | 1.278
32 | 1.001 | 0.858 | 0.862 | 1.024
33 | 1172 | 0.846 | 0.774 | 1.409




Table A.2 Contimied

Run | Case 5 | Case G | Case 7 | Case 8

167.1 | 0.681 | 1.344 | 0.866 | 1.591
167.2 7 0.931 | 1.154 | 0.895 | 1.200
167.3 | 0.411 § 1.372 | 0.800 | 1.781
1674 | 0.946 | 1.149 | 0.889 | 1.221
167.5 | 0.841 | 0.956 § 1.174 | 1.199
167.6 | 1.029 | 0.886 | 0.987 | 1.026
167.7 | 0.655 | 0.900 | 1.235 |} 1.267
167.8 | 1.045 | 0.979 | 0.979 | 1.041
1241 | 0.775 | 1.265 | 1.106 | 1.686
1242 | 0.99 1.058 | 0.962 | 1.087
124.3 | 0.642 | 0.952 | 1.023 | 1.324
1244 | 1.065 | 1.057 | 1.044 | 1.086
124.5 | 0.532 | 1.143 | 0.987 | 1.464
12461 0.967 | 1.018 | 0.871 | 1.126
12471 0.413 | 0.801 | 0.823 ; 1.134
124.8 | 0.958 | 0.950 | 0.865 | 1.068
1351 | 0.579 | 0.996 | 0.897 | 1.285
135.2 | 1.001 | 1.135 0.96 1.161
135.3 1 1.275 | 1.096 | 0.991 | 1.674
1354 | 0.984 | 1.070 | 0.948 | 1.112
135.5 | 0.379 | 1.088 0.94 1.487
135.6 | 0.966 | 1.096 | 0.922 | 1.190
135.7 1 1.262 | 1.171 | 1.059 | 2.039
135.8 ) 0.984 | 1.044 | 0.919 | 1.102
236.1 | 0.746 | 1.107 | 1.036 | 1.401
236.2 | 0.726 | 0.951 | 1.037 | 1.274
236.3 | 1.170 | 0.754 | 0.675 | 1.311
2364 | 1.174 | 0.815 | 0.787 | 1.209
236.5 | 0.574 | 1.160 | 1.062 | 1.600
236.6 | 0.997 | 0.949 | 1.089 | 1.500
236.7 | 1.315 | 0.519 | 0.478 | 1.457
236.8 | 1.292 | 0.636 | 0.622 | 1.321
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Table A.2 Continued

Run | Case § | Case 6 | Case 7 | Case 8
257.1 | 1.059 1.053 0.744 1.482
257.2 | 1.061 0.978 0.856 1.243
257.3 | 1.173 | 0.960 | 0.726 | 1.802
2574 1.076 (.946 0.854 1.47%7
257.5 | 1.185 (0.760 0.800 1.154
257.6 | 1.109 | 0.838 | 0.887 | 1.126
25771 1.354 0.629 0.778 1.:132
237.8 | 1.187 0.723 (.882 1.283
3471 | 0.598 1.327 0.945 1.712
34720 1.128 | 0.932 | 0.810 | 1.283
347.3 | 0.560 1.372 0.956 1.717
3474 ) 1.156 | 1.034 ! 0.701 | 1.683
347.5 | 0.780 0.839 1.109 1.258
3476 | 1.188 0.856 0.840 1.178
347.7 1 0.754 0.854 1.1960 1.312
3478 1.338 | 0.679 | 0.817 1.35
45G6.1 | 1.175 0.907 0.789 1.222
456.2 | 0.931 1.069 0.929 1.269
456.3 | 1.244 | 0.830 | 0.705 | 1.265
456.4 | 0.846 1.135 1.000 1.419
1456.5 | 1.263 | 0.786 | 0.675 | 1.302
456.6 | 0.924 | 1.048 § 0.955 | 1.405
456.7 | 1.476 | 0.550 | 0.464 | 1.477
456.8 | 0.730 | 0.983 | 1.030 | 1.604




A.2 Supplementary Figures for Simulation Re-

sults
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A.3 Statistical Quantites of the Developed Re-

~gression Models

The models that were developed through the regression analysis had some terms
associated with them that were used to quantitatively evaluate the significance of
the regression. These terms have been given in Table A.3 given below. The model
nmunbers given were those for their respective tables given in the main body of the

thesis.
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Table A.3: Statistical Results of the Developed Models

Model | SSR | R? | Runs | Degrecs of Q
Freedom
5.1 |10.93 |.866| 89 S1 64.63
5.2 4.11 | .908 | 89 84 163.8
5.3 244 | .937| 26 20 47.10
5.5 212 | .901 | 49 39 34.58
3.7 021 | 935 | 26 22 75.52
5.9 009 | .986 | 16 12 193.68
9.11 | 287 | .728 | 89 76 15.44
9.12 | 367 | 518 89 S1 10.62
513 | 338 | 437 | 89 - 80 6.81
5.14 | .008 | .693| 26 21 9.03
515 | .008 | .577 ] 26 21 5.46
5.16 | .009 } .470| 206 22 4.66
5.17 | 081 | .6G88 | 49 43 11.27
5.18 | .089 | .5392 | 49 43 10.16
519 | .060 | .579 | 49 43 9.63
520 | .107 | .794 | 26 20 12.21.
521 | 091 | 838 | 26 20 16.38
5.22 | 129 | 702} 26 20 7.40
523 | 28.24 | .622 | T12 696 71.48
0.25 | 7.47 | .659 | 208 200 48.07
5.26 | 11.71 1 .745 | 392 380 138.41
5.28 | 6.78 |.799 | 208 199 8§7.45
5.30 | 32.74 | .G37 | 288 276 40.22
5.31 | 15.10 | .515| 320 309 29.73
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A.4 Residual Plots for Constant Property Mod-

els
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A.5 Residual Plots for Temperature Dependent
Property Models
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Figure A.18: Residual Plots for Deviations as a Function of Dimensionless Groups:
Water
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in the Medium Heat Transfer Regime: Water

238



0.0 .
[ .
'Y .
e
.. ‘“ ] [N d
Y 0.0 2 afaly e, ’
. RN
_g . “ o .’o oo
3 . ¢
9 . ¢
4
m 0.0 [—
L ]
~0.2 1 ] 1 L ! 1 F J
0.85 0.0 0.95 1 .05 1.10 115 120 1.25
Experimental Values, y
0.0 .
9
L ] *
o
: ..~ L Y o
w 0.0 he ._h._;_ .t 1 ’
X’} ¢ : f $ .
g L A | . L X'}
2 ° .
174}
i
az 0.0 F
[ ]
_0.2 l | | 1 1 |
0.90 0.95 i 1.05 1.1Q 1.15 1.20

Caleulated Values, y

Figure A.25: Residual Plots for Deviations as 2 Function of Dimensionless Groups
in the Medium Heat Transfer Regime: Ethanol

239



0.10 r
* .
.
0.05 . . .
w . ° o
- . .
¢ . . . ° . .
o] . [
0.00 JT
.'_é_, . 1!' - % 3
[ 77] ]
& L] [ . . P
[ ]
-0.05 | . .o .
[
°
-0.10 ] | ! I I ]
0.85 0.90 0.95 1 1.05 1.10 1.15
Experimental Values, y
0.10 F
bl .
Py
0.05 |-, . .
w * ¢ ’ *
- . . .
i) L * ® .
O
3 0.00 - . 41’ .
:g [ . :. e [ ]
& ¢ L] : ® .
.
~0.05 |4 o .
®
.
“0.10 1 1 1 |
0.95 1 105 1.10 1.15

"~

~Calculated Values, y

Figure A.26: Residual Plots for Deviations as a Function of Dimensionless Groups
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Figure A.27: Residual Plots for Deviations as a Function of Dimensionless Groups
in the Low Heat Transfer Regime: Water
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A.6 Residual Plots for Composition Dependent
Property Models |
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Figure A.30: Residual Plots for Deviations with Composition Dependent Physical
Properties for the Overall Design
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Figure A.31: Residual Plots for Deviations with Composition Dependent Physical
Properties in the High Heat Transfer Regime
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Figure A.33: Residual Plots for Deviations with Composition Dependent Physical
Properties in the Low Heat Transfer Regime .
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B.1 Calculated Experimental Dimensionless Groups

and Properties

Table B.1: Dimensionless Groups caleulated from the Inlet Conditions

Runi a, ar 3 'T
1 0812 | 14.07 | .177 | 23.51

2 | .1109 | 21.85 | 143 | 23.72
3 | .0S03 | 14.43 | .247 | 23.61
4 | .0780 | 14.86 | .360 | 23.77
5 |.0817 | 15.22 | 265 | 23.71
G |.0853|15.81 | .216 | 23.73
T | .0863 | 15.91 | .243 | 23.68
s |.0018|16.75 | .197 | 23.70
9" | .0811 | 14.24 | 239 | 23.50
10 | .0903 | 16.17 | .240 | 23.60

11 | .0850 | 15.1

w1
[ W]
-1
—
0
Y

23.63

[
o
[RW)



Table B.2: Other Parameters Required by the Program

Run | & [ Cy/Ca [ Co/Ca, | TAN) |
1 0678 4.31 1.99 20245
2 0370 3.11 2.33 289.95
3 0554 3.74 0.83 201.25
4 0626 1.72 (.50 280.25
5 0468 2.98 (.85 290.05
6 .0599 3.79 1.34 289.75
T 0539 3.31 (.89 290.35
8 0512 4,55 1.36 200.15
9 0617 2.68 (0.93 292.65
10 | .0637 3.90 0.73 291.35
11 | .0569 3.85 1.67 201.05




B.2 The Aniline-Water Method

The aniline-water method has long been used to determine the amount of acetic

anhydride in an aqueons solution [51]. It is a titration technique that utilizes the

fact that the anhydride will react with aniline preferentially to water and also very

rapidly.

The method was used as follows:

1.

SV

A sample was withdrawn and immediately added to an excess of aniline.
The anhydride reacted with the aniline to form acetanilide in the following

reaction.
(CH,CO)y + CeHsNH, — CH3;COOH + CoH\ NHCOCH, (B.1)

Sinmltancously another sample was taken and allowed to continue the hydrol-
ysis reaction

(CH,COY + H,O — 2CH.COOH (B.2)

After sufficient time had passed to complete the hydrolysis reaction the two
samples were titrated using a standard NaOH solution. In the case of this
study a solution of approximately 2M was employed. The ditferences in the
titration values was used to The NeOH solution was prepared daily and
standardized using potassium acid phthalate. The caustic solution was also
checked periodically to ensure that there was not an appreciable amount of
CQ, absorption occurring,

The differences in the titration values were used to determine the concentra-

tion of anhyvdride as follows:
{a) Let 4 be the number of moles of auhydride in the sample at time. 1. Let
a be the number of moles of acid present in the sample.

(b} From Reaction B.1 the total amount of acid present after the reaction

was;
A4+ (B.3)

according to the stoichiometry,

254



{¢) The amount of acid present in the sample allowed to hydrolyze completely
Was;
24+ (B.-h
again according to the stoichiometry.
(d) Subtracting B.3 from B4 yielded 4, the amount of anlydride in the
systewn at time. 1.
() Omnce A was known the amount of acid could be deteriined.

(f) The samples were weighed suely that upon determining the acid and -

hydride concentrations. the rest of the sample was assumed 1o be water.

Two samples for cach reaction were taken from botl the reactor inlet and ontlet
The average composition of the system was then determined for the inlet and ontie.
The quantity () was caleulated by dividing (€ dou by (Chbute- Where ()

represented the concentration of anhvdride.

(R
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B.3 Reagent Specifications

Acetic Anhdnde
Manufacturer:
Grade:

Lots:

Mintmum Assay:

Non-volatile matter: .

Chloride;
Sulphate:
Lead:

Aniline
Manufacturer:
Grade:

Lot:

Minimum Assay:
Water:

Non-volatile Matter:

Hydrocarbons:
Nitrobenzene:
Copper:

Irom:

Lead:

BDH

Laboratory Reagent
105886/22338 and 106500/23815
98%

01%

005%

.005%

.002%

BDH

Analar analytical reagent
100761 /4863
99.5%

2%

005%
Passes test
0002%
00005%
.0001%
.00005%



B.4 Equipment List

Pump
Manufacturer:  Milton Roy
Model: Duplex D4 17 and Mo DO 117

Specifications:  Both sides positive displacement
Rated at 1000 psi
Maximum Flow Rates 1.5 and 5.0 em3/see

(Note: Calibration of pumps indicated linear How rate with respect to stroke peor-

centage and also verified 1waximmun flow rates.)

Temperature Indicator

Manufacturer: Thermo Electric
Model: 31041-00-113
Serial Number: G0087-1-1
Range: TIR - 672K

Thermocouples

Manmufacturer: Thermo Electric
Model: T116G-316-0-12-24-14A
Specifications: 1/167 316 stainless steel sheatly around ceramic

msulated copper-constantan
Type T calibration

)
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