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ABSTRACT

The oxidation of sodium sulfite (Nazsos) by hydrogen peroxide (HZOZ)
was studied using a 0.175 cm diameter tubular reactor. The reactor was
constructed of type 304 stalnless steel tublng with type J
thermocouples inserted at 29 cm intervals for temperature monitoring.
For cooling purposes, the reactor was immersed in an lisothermal water
bath. The observed axial temperature profiles were compared with both
an ODPH (One Dimensional Pseudo Homogeneous) and TDPH (Two Dimensional
Pseudo Homogeneous) reactor model. It was determined that, although
both models predicted the basic features of the temperature profiles,
they overestimated the value of the observed hot-spot. The ODPH model,
with an appropriate fine tuning of the Arrhenlus parameters, was found
to be able to predict accurately the value of the hot-spot for those
temperature profiles which were both heat transfer and reaction rate

controlled.

Parametric sensitivity of the hot-spct temperature with respect to
three operating parameters was examined. These parameters were the
inlet feed temperature, the coolant temperature and the inlet sulfite
concentration. A qualitative examination of the effect of changes in
value of the overall heat transfer coefficient was also performed. The
data obtalned were used to evaluate five existing parametric
sensitivity criteria (Barkelew (1959), Jan Welsenaere and Froment
(1970), Oroskar and Stern (1979), Morbidelli and Vorma (1982) and

Akella and Lee (1983)). The criteria were found to be generally quite



conservative. The criterion developed by Barkelew, which |is
i{llustrated in the form of sensitivity diagrams, was found to be the

most useful.

An experimental study of the kinetlc parameters of the oxidation of
sodium sulfite by hydrogen peroxide in a phosphate buffer (pH = 10.0)
was also performed. The values determined for the Arrhenlus parameters

10

were 64,268 J/mcl for the activation energy and 3.56-10 L/(mol-s)

for the pre-exponential factor.
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NOMENCLATURE
A - Arrhenius pre-exponential factor (Ln-ll(moln-l-s)), also parameter
grouping as defined by Van Welsenaere and Froment

a, ay a4 and a, - paraneter groupings as defined by Akella and Lee

a - -E, /T (J/(mol-K))

B - parameter grouping as defined by Van Welsenaere and Froment
b ~ 1n(A)

C - parameter grouping as defined by Van Welsenaere and Froment

*®
C - adjusted sodium sulfite concentration (= 89-CAO) (°c)

CA'CB - concentrations of species A and B (mol/L)
CA(t) - concentration of species A at time=t (mol/L)
CA(O) - concentration of specics A at time=0 (mol/L)
Cp - heat capacity (J/(kg-K))

C.I. - confidence interval

CSTR - continuous stirred tank reactor

D - reactor diameter (m)

9_ - effective diffusivity (u’/s)

EA - activation energy (J/mol)

ESS - Error Sum of Squares for linear regression

f - Fanning friction factor

g - acceleration due to gravity ( = 9.81 m/sz)

h - heat transfer coefficient (W/(m%-K))

k - reaction rate constant (L™ 1/(mo1™1.s))

kf- thermal conductivity of reaction fluid (W/(m-K))
k,- thermal conductivity of tubing material (W/(m-K))

t



L - equivalent length of tubing (m)

L - total length of reaétor (m)

mCp - thermal capacity (J/K}

N - parameter grouping as defined by Barkelew

n - reaction order

Nu - Nusselt number = h:D / kf

ODPH - one dimensional pseudo homogeneous reactor model
ODHT - one dimensional heterogeneous reactor model
0.D. - outside diameter (m)

P - pressure (Pa)

Pr - Prandtl number = Cp-u / kf

Q - flow rate (L/s)

RA - rate of reaction with respect to species A (mol/(L-s))
Re - Reynolds number = (p-u-D) / p

R - universal gas constant

r - radlal coordinate (m)

RTD - residence time distribution

S - parameter grouping as defined by Barkelew

T(t) - temperature at time = t (°c)

T(0) - temperature at time = 0 (°c)

T - temperature (°c)

TDPH - two dimensional pseudo homogeneous reactor model
u - velocity (ws)

U - overall heat transfer coefflicient (H/(nz-K))

V - volume (L)



wf - energy loss due to friction (J/kg)
X - reactant conversion
x - rotameter tube scale reading

Zz - axlal cocrdinate (m)

Subscripts

¢ - coolant

cr - critical

f - final condition

i1 - "inside", as in D1 = 1inside dlameter, when used in finite
difference equations it refers to the radial grid coordinate

in - inlet

J - axial grid coordinate

Im - log mean

max - maximum

o - initial condition, when used with U or D it refers to the term
“outside"”, as in D° = outside diameter

rxn - reaction

T - total

w - water

Greek Symbols

« - parameter grouping as defined by Oroskar and Stern and Morbidelll
and Varma, kinetic parameter = cAo/cBo as defined by Barkelew

B - parameter grouping as defined by Oroskar and Stern and Morbidelll



and Varma
T - EA/(R°TC)
AH - heat of reaction (J/mol)

AP - pressure drop (Pa)

Ar - radlal step size

At - wall thickness (m), or time increment (s)

Az - change in elevation of fluid (m), when used in finite difference
equations it refers to the axial step size

i - viscosity (Pa‘s)

p - density (kg/ms)

T - (TO-TC)/(TC'7)



1.0 INTRODUCTION

Tubular fixed-bed catalytic reactors are used quite extensively in the
chemical industry. These reactors, which consist of a long narrow tube
fllled with porous catalyst, are usually chosen to carry out
catalytic, gas-phase, exothermic reactions (i.e., the hydrogenation of
acetylene, the epoxidation of ethylene, the synthesis of vinyl acetate
and the oxidation of orthoxylene). Because the reactions are
exothermic, the temperature profile along the length of the reactor
exhliblits a maximum, commonly referred to as a "hot-spot”. It has been
noted that, under certain conditions, this "hot-spot" becomes very
sensitive to small changes In the operating parameters of the system.
For example, 1In some instances, a one .egree increase in the value of
the inlet temperature of the reactants can result iIn a ten or twenty
degree Iincrease in the value of the "hot-spot” temperature. This is
sometimes referred to as "thermal runaway" because the temperature

profile rapidly shifts from one steady-state to another.

This phenomenon is more accurately called "Parametric Sensitivity". It
is related in nature to the problem of thermal explosicn of solids, as
well as to the entire fleld of stablility theory. It is important to
note, however, the distinction between 1nstability and parametric

sensitivity.

Instablility refers to a steady state at which operation is not

possible. At an unstable steady state at least one eigenvalue of the



Jacobian matrix has a positive real part. (The Jacobian matrix is the
matrix defined by the parfial derivatives [8F1/8xJ. for 1=1,I and
J=1,J] where F1 are the dependent variables of the system and xJ are
the independent variables.) Thus any perturbation from the steady
state results in divergence from the steady state. The system then
either moves to another steady state or, begins to osclillate. It is
important to note that in the usual sense, instability refers to a
situation where the operating conditions (the system parameters) are
constant. Tubular reactors which are parametrically sensitive are not
unstable in this sense. Instead, the temperature profile merely shifts
from one steady state to another in response to a change in one or

more of the operating parameters. Thus, the reactor is always stable,

although the final steady state may not be desirable.

Parametric sensitivity still presents a problem because the increase
in the value of the hot-spot temperature can be dramatic. This
increased temperature can have serious effects on the reactor. For
example, a catalyst can be damaged if the temperature increase lis
excessive. In some cases the increased temperature can result in the
onset of an undesired side reaction or, cause a liquid-phase reaction
to become suddenly gaseous. For this reason it is important for the
reactor designer to know under what circumstances the system will
exhibit parametric sensitivity. If the onset of sensitivity can be
predetermined, then the reactor can either be designed to operate in a

region of insensitivity, or, it can be designed to accommodate the



possibility of these temperature excursions.

The problem of determining which conditions give rise to parametric
sensitivity has been examined for the past 30 years. Numerous studies
have attempted to predict, a priori or otherwise, what these exact
conditions are. Although these studies have established various
criteria for evaluating the sensitivity of a given set of operating
conditions, there have been very few studies to date that have

actually tested these criteria with experimental data.

The purpose of this project was to coliect experimental data on
parametric sensitivity and to use these data to evaluate these
previously established sensitivity criteria., The work involved
choosing a suitable reaction (as well as a reactor design), collecting
the data, evaluating the data, and then testing the various criteria.
The final goal was to arrive at a conclusion as to which criterion was

most accurate, and most useful.

It is important to note here that the decision was made to use a
liquid-phase, homogeneous reaction. This choice was made because such
a reaction 1is easier to work with physically, and to model
mathematically, than a gas-phase, heterogeneous reaction. This did not
create any problems when it came to criteria comparison as virtually
all criterla are currently based on mathematical models in which it is

assumed that homogeneous conditions exist inside the reactor.



2.0 LITERATURE SURVEY

Although the work of Barkelew (1959) 1is considered the first
definitive study of parametric sensitivity, there were in fact
contributions made prior to that time. Wilson (1946) observed that
exothermic reactions in tubular reactors could result in temperature
profiles which changed dramatically in response to changes in the
operating conditions. Using a one dimensional pseudo homogeneous
model, it was noted that the derivative of temperature wlth respect to
concentration (at any point in the reactor) could become infinlte
under certain conditions. Chambré (1956) introduced the method of
isoclines for analysis of plug-flow reactors. This method was used
years later in determining criteria for parametric sensitivity. Bilous
and Amundson (1956) 1illustrated the existence of parametric
sensitivity wusing computer simulations based on a one dimensional
pseudo homogeneous model. In the same study it was determined that
reactor stability could be predicted by analyzing the frequency
response of a linearized reactor model. This method, however, required

that the steady-state profile be determined first.

Barkelew (i959) provided the first useful criterion for parametric
sensitivity. This criterion was established by examining the results
of over 750 computer simulations of a one dlmensional pseudo
homogeneous reactor model. The criterion itself was, qulite naturally,
empirical. It was, however, very simple to use. The conditions where

parametric sensitivity could be expected were cleariy delineated on a



simple plot of dimenslonless overall heat transfer coefficlent (U)

versus dimersionless heat of reaction parameter (AH).

Dente and Collina (1964a, 1964b) studied the stability of tubular
reactors. Using a ~n® dimensional pseudo homogeneous model, it was
determined that ihe .e«:tor would always be stable with respect to
small perturbatlons. However, the reactor could become parametrically
sensitive under certain conditions. Two criteria for parametric
sensitivity were proposed. The first criterion stated that a sensitive
reactor displayed a positlve second derivative of temperature with
respect to axial coordinate at a point somewhere before the hot-spot.
The second criterion was more intuitive than observational. This
criterion stated that 1insensitive reactors were characterized by
temperature increases (upon changing an operating parameter, for
example the inlet temperature) along the reactor which were smaller
than the temperature increase observed at the reactor iniet. Using
these criteria, sensitivity dlagrams were produced which were similar
in nature to those of Barkelew (i.e., the parameter groupings were the
same). The proposed criteria were found to be in close agreement when
it came to predicting sensitivity, although the second criterion was

more conservative.

Agnew and Potter (1966) extended Barkelew's work by including axial
and radial dispersion of mass and energy in thelr reactor model.

Computer simulations of the two-dimensional cell network model of



Deans and Lapidus (1960) were used to obtain dlagrams which
illustrated under what conditions parametric sensitivity was llkely to
occur. These djagrams were similar to Parkelew’'s, differing orly in
the inclusion of an extra parameter which accounted for the number of

radial cells in the two-dimensional model.

Van Welsenaere and ¥roment (1970) derived 2 new criteria for
parametric sensitivity based on the intrinsic nature of the axial
temperature profile in a tubular reactor (again, based on a one
dimensional pseudo homogeneous model). The existence of an inflection
point somewhere before the maximum temperature (i.e., the "hot-spot")
in the axial temperature profile was found to be a sufficient
condition for parametric sensitivity. Using this criterlon it was
possible to determine the value of the inlet reactant concentration
which would give rise to a parametrically sensitive temperature
profile (for a given set of reactor conditlons). This method, however,

required the use of trial and error.

Oroskar and Stern (1979) developed a parametric sensitlivity dizgram
similar to Barkelew’'s by utilizing Chambré’s method of isoclines. The
results obtained were agaln based on a one dimensional pseudo
homogeneous reactor model (ODPH). The diagram, however, was only

applicable to first order reactions.

Morbidelli and Varma (1982), utilizing the method of lsoclim2s and the

existence of an inflection point before the hot spot as a criterion,



develcped a method for determining parametrically sensitive operating
condltions. This method did not require trial and error. The results
obtained were used to produce diagrams which clearly distinguished
regions of "safe" (i.e, non-sensitive) operation from those of
"unsafe" (i.e., sensitive) operation. The effect of the wvarious
operating parameters on the reglions of parametric sensitivity were
qualitatively examined. It was determined that runaway was more likely

for low reaction orders, large values of activation energy and high

inlet temperatures.

The studies described so far were all based on kinetlc formulations in
which the Arrhenius expression for the temperature dependence of the
reaction rate constant was linearized (usually about the value of the
coolant temperature). This, of course, 1s an approximation of the
actual temperature dependence of the rate constant (and hence the
rate). Dente et al. (1966a) showed that such an approximation was nét
too severe as it resulted in conservative estimates of the critical
(i.e., those which marked the onset of sensitive behavior) values of

the operating parameters.

Soria Lopez et al. (1981) studied the effect of a co-currently flowing
cooling medium on reactor behavior (all studies discussed so far were
based on an isco' -"mal cooling medium). The reactor configuration was
that of a doul &« plpe heat exchanger with the reaction fluid in the
inner pipe and the coolant flowing through the outer pipe. It was

determined that, under these conditions, the reactor could display



pseudo adiabatic behavior (i.e., a hot-spot occurring at the reactor
outlet). A set of equations was derived to predict this occurrence.
Parametric sensitivity with respect to flow rate of coolant was

illustrated.

Hosten and Froment (1986) also studied co-current cooling f{flow,
applying a criterion based on that of Van Welsenaere and Froment
(1970) to determine critical conditions (i.e., those conditions which
would lead to parametric sensitivity). The method involved trial and
error, but did allow for the determination of the critical value for
any parameter (as opposed to earlier work, such as that of Van
Welsenaere and Froment, where only the critical value of the inlet
concentration was determinable). A comparison with the critical
conditions determined for a constant coolant temperature indicated
that parametric sensitivity was more likely for co-current cooling

than for a constant temperature coolant.

Akella and Lee (1983) developed a phase-plane analysis for reactors
with a count :r-current flow of coolant. Safe and "ignition" (i.e.,
sensitive) regions were mapped out as functions of the inlet feed and
coolant temperatures. The criterion used to define "ignition" was the
existence of a positive second derivative of temperature with respect

to the axial coordinate at the reactor inlet.

Barkelew (1984) studied the sensitivity of adlabatic reactors. The



standard ODPH model and the continuous stirred tank reactor (CSTR)
model were examined, as well as other models (i.e., the axial
dispersion model and the imperfectly stirred tank model) which took
into account non-ideal mixing. Criteria were established for both the
maximum allowable reactor length and temperature rise. These criteria
were found to be a function of only the variance and mean of the
residence time distributions (RTD) of the models, and not of the

particular form of the reactor models.

Westerterp and Ptasinski (1984a, 1984b), Westerterp et al. (1984c),
and Westerterp and Overtoom (1985) extended the ODPH model to include
multiple reactions (both parallel and consecutive). Criteria were
established to 1limit the hot-spot temperature, thus ensuring the
required yield or selectivity would be obtained. It was determined
that these criteria also ensured that parametric sensitivity would be

avolded.

The above described studies were based on various homogeneous reactor
models. McGreavy and Adderly (1973, 1974) were the first to study
parametric sensitivity using a one dimensional heterogeneous (ODHT)
model (i.e., taking into account mass and heat transfer resistances in
and around a catalyst particle in a fixed-bed reactor). For certain
conditions, it was determined that Jocal sensitivity could occur
(1.e., particle temperature is parametrically sensitive whereas fluid

temperature is 1insensitive). A criterion was established for



parametric sensitivity based on the behavior of the temperature
difference between the fluid and the particle. McGreavy and Adderly
also briefly examined the relationship between parametric sensitivity

and catalyst steady-state multiplicity.

The work of Rajadhyaksha et al. (1975) continued the investigation of
parametric sensitivity for the case of a one dimensional heterogeneous
(ODHT) reactor model. Utilizing the criterion of Van Welsenaere and
Froment (1970), critical inlet concentrations were determined for four
different regimes (each characterized by the relative magnitudes of

the transport limitations).

Morbidelli and Varma (1986a and 1987a) also considered an ODHT model.
It was shown that parametric sensitivity would always precede
multiplicity or ignition of the catalyst particle. Using the criterion
of vanishing second and third derivatives of temperature with respect
to conversion somewhere before the hot-spot, conditiocns leading to
parametric sensitivity were determined. The results obtained were
again presented in diagram form, clearly delineating sensitive regions
from insensitive regions. A comparison with the experimental data of
Emig et al. (1980) indicated that inclusion of heterogeneity into the
determination of sensitive/insensitive conditions resulted in a much
better agreement with the data (as compared with those conditions

determined from a pseudo homogeneous model).
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The concept of a sensitivity coefficient was introduced by Henning and
Perez (1986). This coefficient was defined as the derivative of
temperature (or conversion) with respect to an input parameter (i.e.,
inlet temperature). It was noted that the value of a sensitivity
coefficient decreased monotonically as a function of reactor position
for non-sensitive conditions. For sensitive conditlons, the

sensitivity coefficient profile displayed a minimum at some position.

Morbidelli and Varma (1986b) continued with the idea of using
sensitivity coefficients and developed a generalized sensitivity
criterion for parametric sensitivity. A normalized sensitivity
coefficient, defined as the dimensionless rate of change of maximum
temperature with respect to any input parameter, was introduced. It
was observed that a plot of this sensitivity coefficient wversus the
heat of reaction parameter always ylelded a maximum value
(characterized by a sharp peak). Further, this peak occurred at the
same value for the heat of reaction parameter, regardless of the
input parameter used in calculating the normalized sensitivity. This
observation tended to confirm the validity of using this approach.
Chemburkar et al. (1986), Bauman et al. (1987, 1990) and Morbidelll
and Varma (1989) applied this same idea of normalized sensitivity to
other reactor conf igurations (1.e., CSTR, plug flov with co-current
cooling, reaction networks) with similar results. Morbidelli and Varma
(1988) extended its application to explosion theory. TJahjadi et al.

(1987) examined the parametric sensitivity of tubular polymerization

11



reactors using this same approach.

In reviewing the previous studles concerned with parametric
sensitivity, it is also necessary to note the contributions made from
explosion theory. For example, the existence of a positive second
derivative somewhere before the hot-spot as a criterion for parametric
sensitivity was actually first noted by Adler (1964). (In fact, it was
noted that a more sultable criterion would be the existence of an
inflection point in the temperature-conversion plane). As it turns
out, the equations describing a tubular reactor (ODPH) are very
similar to those describing ignition of a homogeneous solid. Hence,
attempts have been made to modify stability criteria for ignitlon so
as to use them for parametric sensitivity of tubular reactors. These

criteria have been reviewed by Morbidelli and Varma (1985).

Surprisingly, the studies carried out so far have been almost
exclusively theoretical. Enmig et al. (1980), however, did collect
experimental data on parametric sensitivity. The experimental study
involved the synthesis of vinyl acetate in a fixed-bed catalytic
reactor. The results seemed to confirm the validity of the criteria of
Barkelew (1959) and McGreavy and Adderly (1973). A comparison of the
data with Agnew's criteria indicated that sensitlive conditions were
observed in a region of predicted insensitivity . It was pointed out,
however, that the discrepancy could have been due to the

inappropriateness of Agnew's model for the system studied.

12



Bauman and Varma (1990) obtalned experimental data for the catalytlic
(10% Cu0 on 7-alumina) oxidation of carbon monoxide (CO) in a fixed
bed reactor. The observed parametrically sensitive conditions were in
general agreement with those predicted using the generalized

sensitivity criterion of Morbidelli and Varma (1986b).

13



3.0 SELECTION OF REACTION SYSTEM

The cholce of a reaction system to study parametric sensitlivity
involved consideration of both the reaction and the reactor design.
The factors considered in these selections are discussed in the

following two sections.

3.1 REACTION SELECTION

One of the objJectives of this work was to obtaln experimental data
that could be used to compare criteria for parametric sensitivity.
Therefore, the reaction to be used clearly had to have the capability
of becoming parametrically sensitive (given the appropriate reactor
conditions). In addition, it was desired to have a liquid-phase,
homogeneous reaction so as to simplify reactor modeling and design of
equipment. The other key consideration was that the reaction had to be
"well-understood”, 1i.e., the mechanism, the reaction order, and the
kinetic parameters had to be known to a high degree of accuracy. Thus,
the requirements for the reaction were:

1) large heat of reaction (AH),

2) large activation energy (EA)'

3) mechanism and kinetics known,

4) kinetic (Arrhenius parameters) parameter values available,

S) liquid-phase, homogeneous and,

6) chemicals readily available and relatively inexpensive.

14



Two reactions were subjected to a detailed consideration. These

reactions were:

the oxidation of sodium thlosulfate by hydrogen peroxide

2 Na,S,0, + 4 H0, = Na,S;0, + Na,S0, + 4 H,0 (3.1)
and, '

the oxidation of sodium sulfite by hydrogen peroxide

Na,SO, + H,0, -3 Na,SO, + H,0 (3.2)

Reaction 3.1 had been used (Root and Schmitz (1969, 1970), Vejtasa and
Schmitz (1970)) in studies of reactor multiplicity and stability and
it therefore seemed natural that it could also be used in a study of
parametric sensitivity. The Arrhenius parameters for the reaction were
known, the activation energy being 76,410 (J/mol) and the

pre-exponential factor having a value of 6.85 x 1011

(L/(mol-s)).
However, as was noted by Vejtasa and Schmitz (1970), the reaction
mechanism and distribution of products are complicated and seem to
depend upon the reaction conditions. Further, the stolichlometric ratlo
of 2 moles peroxide per mole of thiosulfate is not necessarily
constant for reaction conditions differing from those used in the
above mentioned studies. Root and Schmitz (1969) also noted that the

metal-catalyzed generation of hydrogen sulfide occurred under certain

conditions. This reaction clearly had undesirable characteristics.

Reaction 3.2 was studied in depth by Mader (1957). Penkett et al.

(1979) and Hoffman and Edwards (1975) also studied the reactlion,
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although not in as much detail. Mader confirmed that sulfate was
indeed the product of the reaction (dithionate being the other
possibility). It was shown that the reaction rate is dependent on the
pH of the solution. Mader also noted that, for conditions where the pH
was held constant by a buffer system, the buffer system itself had an
effect on the reaction rate (i.e., deviation from simple kinetics was
noted when a3 carbonate buffer was used, simple second order kinetics
were observed when phosphate and carbonate buffers were used). For a
pH above 8.0 (using a phosphate buffer), the reaction was determined
to be second order (first order with respect to both reactants). For a
pH range of 9.4 to 10.4 in a phosphate buffer, the rate constant was
found to be independent of pH. Mader also reported values for the
Arrhenius parameters. The activation energy was found to be 63,820
J/mol while the pre-exponential factor was calculated as 3.08 x 1010

L/(mol-s).

While the kinetics of the reaction 3.2 were certainly betlter
understood than those of reaction 3.1, the reaction was still
dependent on the experimental conditions, and in this sense, not much
different than reaction 3.1. The decision as to which reacticn was
preferable was still not clear. The final choice, it was decicded,
would be based on computer simulations of the temperature profiles for
each reaction. These simulations would, of necessity, have to involvs

some knowledge of the reactor design.

16



3.2 REACTOR DESIGN

The choice of an appropriate reactor design involved the following
considerations. The reactor had to be tubular, with temperatu:#
measurement at points along its length. Cool’ing/heating, of some form,
had to be possible. The design had to be such that the operating
parameters (i.e., coolant temperature/flow, concentrations, inlet
temperatures, flow rates, heat transfer coefficients, etc.) could be
easily manipulated. Ideally, the reactor would also be easy to

assemble/disassemble and modify as needed.

Two options were examined, with the key feature of each being small
(an 0.D. of 1.27 cm or less) metal tubing for the reactor core. The
first system consisted of the reactor tubing running alongside a co-,
or counter-currently flowing liquid (i.e., as in a double pipe heat
exchanger) with thermocoupies inserted at points along the reactor.
The second arrangement involved the reactor being immersed in a bath,
with the tubing cut into sections and Joined together by tees.
Thermocouples, one inserted in each tee, would provide the temperature

measurements. The coolant in this case would be isothermal.

The first design would have been the easler of the two to assemble.
However, it would not have had the flexibility of the second and
would have requiired more elaborate modeling work later on. The second
design appeared more promising, but it too had limitations. The

inclusion of tees in the reactor created a potential modeling problenm,

17



and the fact that the bath had to be maintained at a constant
temperature throughout each experiment meant that some sort of cooling

system would have to be employed.

In the end, the decision was made to use the second design. The
reasons for this choice were:

1) Using precut lengths of tubing along with tees would allow for easy
modification of the reactor. If it was necessary to change the length
between temperature measurements, or insert another thermocouple in a
certain spot, the reactor could be quickly disassembled and new tubing
inserted.

2) A water bath, with a heating and refrigeration unit attached, was
readily avallable. The cooling capacity appeared to be sufficient to
maintain a constant bath temperature. A controller was also in place
so that the bath temperature could be easily manipulated.

3) A smaller water bath (again with heating and cooling units) was
also avallable. This bath could be used to preheat/cool the feed. Thus
manipulation of the inlet temperature would be quite simple.

4) The water bath was large enough that an impeller could be inserted.

This would ensure uniform mixing in the bath.

In addition, the decision was made to use pressurized storage vessels
for the reactants. This would eliminate the use of pumps and allow for
easy flow monitoring with rotameters. Independent control of the

reactant flow rates could be used to adjust the inlet concentrations.
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3.3 COMPUTER SIMULATION OF PROPOSED REACTOR

With the basic design of the reactor chosen, simulations of the
temperature profiles in the reactor were then carried out. These
simulations provided information about suitable operating conditions.
They also helped determine which reaction was to be used. Using an
ODPH model, =zxlal temperature proflles were obtained for various
operating conditions (i.e., inlet concentrations, inlet temperatures,

reactor diameters).

The ODPH model equatlons are as follows:

dr AH~RA—H-D2 U-T-D- (T-T )
— = - (3.3)
dz 4:Q-Cp-p Q:-Cp:p
ac, -RA-IT-DZ

= (3.4)
dz 4-Q

where RA = the rate of reaction with respect to specles A

for a second order reaction RA=k-C ‘C.; k = A~exp(-EA/(R-T))

A’ B’
and CB = CBO-(CAO-CA) for the sulfite reaction
CB = CBo - 2-(CAo - CA) for the thiosulfate reaction

The assumptlicns implicit in this model are:
1) plug flow conditions exist in the reactor,
2) temperature variations in the radial direction are negligible,

3) axial conduction of heat is negligible,
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4) there is no radial or axial dispersion of mass,

5) heat transier to the surrounding 1isothermal coolant can be

characte “wv an overall (U) convective heat transfer coefficlient,
6) there ) ion occurring, the kinetics of which are known,
T} steady-s' _«tions prevall, and

8) the temperatur= dependence of the reaction can be described by the

Arrhenius expression for the rate constant.

It should be noted here that, although the model used to describe the
reactor is called the "One Dimensional Pseudo Homogeneous" model, the
reactor itself 1s actually homogeneous. There should be no confusion
because of this. The reason why the term "pseudo” exists in the name
of the model is because it 1s most often used in the study of
catalytic (i.e., heterogeneous) reactors. When the assumption is made
that the catalyst and fluid phase in such reactors can be modeled as a
continuous medium (i.e., homogeneous), then the model is referred to
as "pseudo” homogeneous. It is common to retain the term “pseudo” even
when the model refers to an actual homogeneous system and thus, it is

alsc retained here.

Although there is no analytical solution for equations 3.3 and 3.4,
they can be readily solved using a standard 4th order Runge-Kutta
routine. This routine is easily programmable on any computer and
provides excellent results for any reasonable step size. The following

results were all obtained using a step size of 0.01 n.
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The simulated adiabatic temperature profiles for both reactions are
illustrated in Figure 3.1. These profiles were used to make the final
decislion regarding the choice of reaction because, under adiabatic
conditions, the temperature profiles would be as "steep" as possible
(i.e., dT/dz as large as possible). Since the adiabatic profile would
be the profile approached as parametric sensitivity occurred, it was
necessary to have as "steep" a profile as possible for adiabatic
conditions so as to be able to distinguish the onset of parametric

sensitivity under non adiabatic conditions.

In Figure 3.1 the concentrations of reactants in each case are in
stoichiometric proportions. The concentrations of the 1limiting
reactants were chosen so that the adlabatic temperature rise would be
the same for each reaction. The reactor diameter and flow rate were
chosen so as to obt#ln a Reynolds number of approximately 10,000. From
the figure, it 1is obvious that the thiosulfate reaction requires a
longer length of tubing for complete conversion than the sulfite
reaction. The sulfite reaction requires only 2.5 meters for complete
conversion and displays a steep temperature profile. Based on these
profiles, the sulfite reactlion appeared to be the reaction of choice.
The fact that the thiosulfate reaction was not well understood only
served to strengthen this conclusion. In the end the decision was made
to use the sulfite reaction. It was felt that the pH dependence of the
reaction would not create experimental problems, as the reaction could

be carried out in a phosphate buffer at a pH of 10.0.
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After choosing the reaction, the next step involved choosing the
reactor dimensions. Although a flow rate of 2 L/min in a 0.46 cnm
diameter tube ensured a sufficiently high Reynolds number for
turbulent flow (i.e., a Reynolds number of 10,000), the resulting heat
output from this reactor would have been too large for the
refrigeration unit to handle. With an avallable cooling capacity of
only 2500 W, it was determined that the maximum flow rate could be
approximately 400 mL/min. This reduced flow would result in the
majority of the reaction taking place much closer to the inlet of the
reactor. This 1s 1illustrated in Flgure 3.2. From this figure, it
became evident that the reactor diameter would have to be smaller so
as to "stretch out", as it were, the temperature profile. This was
necessary in order to obtain an adequate number of temperature
measurements. Therefore, the decision was made to use a 0.175 cm
diameter tube with a reduced flow rate. This reduced the Reynolds
number to a value of approximately 5,000, indicating the flow could no
longer be considered fully turbulent. This was not the ideal situation
but, given the limitations of the refrigeration system, it was the

best that could be achieved.

Vith the tubing size reduced, flow limitations due to the pressure
drop through the reactor became a concern. A preliminary analysis
indicated (see Appendix B) that a flow rate of 470 ml/min was
possible. This calculation, however, was subject to error as there was

no way of knowing the exact effect of the tees and thermocouples on
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the pressure drop. (Once the reactor was assembled it was found that a

flow rate of approximately 400 ml/min was possible).

It 1s necessary to note here that the refrigeration system capacity
was only a limiting factor for an inlet sulfite concentration of 1.0
M. Had a lower concentration been used, then the flow rate could have
bean increased and a larger Reynolds number would have been possible.
However, as Just noted, the flow rate could not have been increased

much more due to the pressure drop limitation of the system.

it should also be noted that the solubility of sodium sulfite in water
is approximately 1.1 moles/L at 0°C. Therefore. 1t was not possible to
obtain a 1.0 M inlet concentration using a higher stock concentration
of the sulfite and a lower overall flow rate. (The astual inlet
sulfite concentration depended upon the stock concentration of the
sulfite and the flow rate of the individual (both the sulfite and
peroxide) feed streams). This would have alleviated the refrigeration
capaclty problem as well. Thus, it is perhaps more fitting to say that
the final cholce of flow rate and reactor diameter was a comprise,
based on these factors:

i) desire for turbulent flow (i.e., Reynolds number of 10,000),

ii) refrigeration system capacity (2,500 W),

iii) requirement for majority of the reaction to not take place in the
front portlion of the reactor,

iv) pressure drop limitation of smaller reactor tubing,
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v) sodium sulfite solubility in water limitations.

It should also be noted that the use of a smaller diameter tubing and
a lower flow rate avoided some potential operational problems. For
instance, radial temperature gradients (which were undesired) were
more likely to occur in larger diameter tubes. Also, an increased flow
rate would have meant an increase in the amount of chemicals required.
This would Jave increased the cost of the project, as well as
increasing the amount of waste for disposal. In addition, the size of
the storage tanks for the solutions would have to have been much
larger than the 40 L tanks that were eventually used. At a design
pressure of 790 kPa, these tanks were already small pressure vessels.
Any increase in the size would have resulted in even larger pressure
vessels. For design purposes and safety considerations, this was

something to be avolded.

One of the initial aims of this work was to study first order (pseudo,
or actual) and second order reactions. Figure 3.3, however, showed
this could not be done. For pseudo first order conditions (i.e.
peroxide concentration 10 times greater than the sulfite), the
majority of the reaction would take place extremely close to the
reactor inlet. This would again make it difficult to obtain an
adequate number of temperature measurements. The other two temperature
profiles in Figure 3.3 indicated this problem would not occur if the

initial reactant concentrations were of similar magnitude (i.e.,
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second order kinetics). Thus, the decision was made not to operate
under pseudo first order conditlons (large excess of peroxide).
However, the profiles in Figure 3.3 also indlcated that the Iinlet
concentration ratio (peroxide to sulfite) had to be greater than 1 in
order for an appreciable temperature rise to be observed. Thus, a true
overall second order reaction could not be studied either. The kinetic
conditions studied were thus somewhere between true first and true

second order.

It is important to note here that the simulations in Figure 3.3
involved the use of an approximate value for the overall heat transfer
coefficient. This was necessary because there was no way of knowlng in
advance the value of the heat transfer coefficient in the bath. For
the purposes of these simulations, it was assumed that the entire
resistance to heat transfer resided in the tube and the tube wall. The
actual value for the heat transfer coefficient in the bath would be

determined from the experimental equipment.

Further simulations centered on finding a set of conditions that would
exhibit parametric sensitivity. The results obtalned are lllustrated
in Figure 3.4. In this set of temperature profiles, the Iinlet
temperature is varied while all the other parameters remain constant.
At first, a change of 10 degrees in inlet temperature has little
effect on the maximum temperature (i.e., the hot-spot). When the inlet

temperature reaches 30 degrees however, a 10 degree change in inlet
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conditions results in a 20 degree change in the value of the hot spot.
A further increase of only 5 degrees results in yet another 20 degree
rise. These temperature profiles indicated that the operating
conditions at an Inlet temperature of 30 degrees were parametrically
sensitive. Although these exact conditions were not used in the
subsequent experimental work, they did serve as a baslis for choosing

the operating conditions which were used.

The preceding simulation results must be used with caution because all
the simulations 1involved the use of the Arrhenius parameters
determined by Mader. Figure 3.5 1llustrates the effect of small
changes 1in the activation energy on the teu:usvaiwen profils  (the
operating conditions chosen were those of the most seansitive profile
in Figure 3.4). These large changes in the temperature profiles were
of course to be expected as it was already known that the operating
conditions were parametrically sensitive. However, this indicated that
serious disagreement could occur between experimentally determined
profiles and those evaluated from a mathematical model, simply because
of a small error in the value of the actlvation energy used. This

would make modeling the experimental data a very difficult task.

It was clear that the Arrhenius parameters had to known with a greater
deal of certainty. Mader’s values were calculated using only four
values of the rate constant (at different temperatures). The three

values for the activation energy used in the simulations of Figure 3.5
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were all well within the 95% confidence interval of Mader’'s value.
Hence, Mader's values could not be used for modeling purposes. The
parameters had to be determined more accurately. Therefore, the
decision was made to design an experimental procedure that would more
precisely determine the Arrhenius parameters for the sulfite reaction.
The detalls of this procedure and the results obtained are discussed

in the next section.

3.4 DETERMINATION OF KINETIC PARAMETERS

In order to determine the Arrhenius parameters of a particular
reaction, the reaction rate constant must be determined at a minimum
of two (but preferably more) differrat temperatures. This can be done
in different ways, depending on the type of reactor used to acquire
the data. In a batch reactor the concentration of one species is
monitored as the reaction progresses (the other concentrations are
determined from the reaction stolichiometry and initial conditions).
From these data and the mathematical equation describing a batch
reactor, the rate constant is determined. The process is repeated at
another temperature and another rate constant 1is determined. With the
rate constant determined at four or five different temperatures the
Arrhenius equation is then used to determine the Arrhenius parameters

for the reaction.

A continuously stirred tank reactor (CSTR) can also be used to

determine Arrhenius parameters. With this reactor, the outlet stream
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is analyzed for the concentration(s) of the reactants. The rate
constant 1s then determined from the mathematical equation describing
a CSTR. The rate constant is determined at four or five temperatures
and the Arrhenlus equation 1is used to evaluate the Arrhenius

parameters.

For the sulfite reaction the methods outlined above were not
applicable. There were two reasons for this: 1) there was no readily
available method for continuously monitoring the concentration of
either species and, 2) with the reaction being extremely exothermic it
w»x1ld have been nearly impossible to maintain the reaction mixture at

a fixed temperature. Therefore, some other method had to be designed.

After some consideration it was decided that the concentration profile
could be determined jindirectly if the reaction conditions were
adlabatic. In an adlabatic reaction, concentration would be directly
related to temperature. A system for continuous temperature monitoring
was readily available. Therefore, the concentration profile could be
determined quite easily, albeit in an indirect manner. Of course, the
fact that the reaction would not proceed isothermally meant that a
different calculation procedure would have to be used in order to
evaluate the Arrhenlus parameters. This, however, was not a major

problem.

In an adiabatic reactor, the heat generated by the reaction is used



entirely to heat up the reactor, reactants, and the products.
Therefore, at any point in time, the temperature of the reaction
system can be used to determire the concentration(s) of the reacting
species (assuming the initial concentrations are known). In the case
of the sulfite-peroxide reaction, an energy balance for a batch
reactor ylelds:

AH-[CA(t) - CA(O)1°V = { (me)1 + (me)2 1-0 T(t) - T(O) ] (3.5)
where

AH - heat of reaction (J/mol)

CA(t), CA(O) - concentration of limiting reactant, i.e., the sulfite,
at time=t and time=0, respectively (mol/L)

V - volume of reaction mixture (L)

(me)l’ (me)2 - thermal <capacity of the reactor and
product/reactant mixture, respectively (J/K)

T(t), T(0) - temperature of the reacting system at time=t and time=0,

respectively (K).

Thus, if the temperature at any time 1is known, the concentration of
sulfite can be determined (assuming the initial concentration is known
as well). From the reaction stoichiometry the concentration of the
peroxide at each time can be determined as well. With the
concentrations known, the rate law can then be used to determine the
Arrhenius parameters. For the second order reaction between sulfite

and peroxide the rate expression is
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RA = A-exp'(-EA/(R~T))'CA~CB (3.6)
where

RA - rate of reaction (can be expressed as rate of disappearance of
species A, i.e., the sulfite) (mol/(L-s))

A - pre-exponential factor(L/(mol:s))

EA - activation energy (J/mol)

R - universal gas constant (J/(mol:K))

T - temperature (K)

CA’ CB - concentration of sulfite and peroxide, respectively (mol/L).

With the concentrations of the species known (from equation 3.5) at

A
-dCA/dt and can be determined by numerical differentiation). With RA’

each time interval, values of R, can be calculated (RA is equal to

T, CA' and CB known at various times during the reaction, a plot of
ln(RA/(CA'CB)) versus 1/T can be constructed. This plot will be linear
with a slope of -EA/R and an intcrcept of 1n(A) if equation 3.6

adequately describes the reaction kinetics.

The data obtained from the adiabatic batch reactor, along with the
Arrhenius parameters determined are discussed in section 3.4.2. In the
following section *he apparatus used to obtain the data 1s discussed,

as well as the experimental procedure itself.
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3.4.1 ADIABATIC BATCH REACTOR SYSTEM

Figure 3.6 is a sketch of the system employed. It consisted of a 1 L
dewar flask with a styrofoam plug inserted at the top. Two small holes
were punched in the plug, large enough for a thermocouple and an
impeller shaft, respectively. The limpeller was connected to a small
electric motor with a variable speed controller (Canlab Type R7R1) to
produce an adequate stirring system. The thermocouple was used in
conjunction with an OPTO 22 Input/Output process subsystem and an HP
1000 Series E computer. This allowed for continuous monitoring of

temperature.

A preliminary study was undertaken to determine the thermal capacity
of the reactor. The dewar flask was allowed to equillbrate with the
ambient temperature. At the same time, a beaker filled with S00 ml of
water was cooled to a sub-ambient temperature 1n an ice bath. Cnce the
dewar temperature was determined to be at equilibrium, the cold water
was added to the dewar. The flask was capped with the styrofoam plug
and the entire system was mixed thoroughly. When the temperature of
the system came to equilibrium, the plug was removed and the
temperature recording ceased. The entire process was repeated with 500
ml of water at above ambient temperature. With the data obtained, it
was determined that the heat capacity of the reactor was 202 J/K (see

Appendix A for details).

The next set of experiments involved actual reactions between the
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sulfite and the peroxide. Three different experiments were carried
out, each using the same procedure. Initially, the dewar was fllled
with 475 - 480 ml of a buffered sodium sulfite solution. Di-potassium
hydrogen orthophosphate (KZHPO4), sodium phosphate tribasic
(Na3P04-12H20). sodium hydroxide (NaOH) and hydrochloric acid (HC1)
were used to obtain a buffered solution of pH 10.2 +/- 0.2. The
solution was sufficiently buffered so as to prevent a change of more
than one pH unit during the course of the reaction. The concentrations
of sulfite were chosen so that the sulfite would be the limiting
reactant and the adiabatic temperature rise would be 35-45°C. The
dewar and its contents, along with a beaker full of 25 - 30 ml of 35
wt % HZOZ’ were placed in an ice bath and cooled to approximately
15°C. The exact concentration of the peroxide was determined by
iodometery using 0.1 N sodium thiosulfate as the titrant. The amount
of peroxide used was sufficient to produce a relatively quick, but not
instantaneous, reaction. With both reactants sufficiently cooled, the
plug was quickly removed, the peroxide added to the dewar, the plug
replaced and the stirring system turned on. While this was occurring
the temperature of the contents of the dewar was being monitored (at

one secoad intervalsj. Temperature measurements continued until the

reaction was completc.

3.4.2 ADIABATIC BATCH REACTOR RESULTS

The results obtained for each of the three experiments are illustrated

in Figures 3.7, 3.£ and 3.9. A cursory analysis of the figures
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indicates a sigmoidal shape for the temperature profile in each case.
This is what would be expected for an adiabatic reaction. Also, the
final temperature, once reached, remained stable for quite some time
(relative to the length of time required for the reaction). This
indicated that the reactor was essentially adiabatic as the rate of
heat lost to the surroundings was low relative to the rate of heat
generation inside the reactor. In addition, the temperature rise in

each case was within 1% of the theoretical adiabatic temperature rise.

A plot of of ln(RA/(CA'CB)) versus 1/T for one set of experimental
data is shown in Figure 3.10. Except at the ends, it 1is linear. This
confirms the validity of using a second order rate law to describe the
system. In order to determine the values of the Arrhenius parameters,
data from all three experiments were used simultaneously in a linear
regression (see Figure A.2 in Appendix A) of ln(RA/(CA-CB)) versus
(1/T). The results are shown in Table 3.1, along with the 95%
confldence intervals in each case. The detalls of the calculations

performed can be found in Appendix A.
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TABLE 3.1
ARRHENTUS PARAMETERS FOR Na,SO,, + H,0,

23 272

Batch Data Pre-Exponentlal Factor

Batch Data Activation Energy

3.56 x 10

10 (L/(mol-s))

64 268 (J/mol)

95% C. 1.

1.00 - 12.48 x 101°

95% C. 1. 61 006 - 67 530

Pre-Eynonential Factor (Mader)

Activation Energy (Mader)

3.08 x 10

10 (L/(mol-s))

63 820 (J/mol)

95% C. 1.

1.29 - 7.33 x 101°

95% C.1I. 61 175 - 65 921
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4.0 EXPERIMENTAL TUBULAR REACTOR SYSTEM

A description of the system used in the experimental study is given in
this section and shown schematically in Figure 4.1. A detailed sketch

of the reactor is provided in Figure 4.2.

The apparatus consisted of three main sections: the reactant storage

tanks, the feed llnes along with the preheater/cooler and, the tubular

reactor.

The reactant storage tanks were cylindrical in shape with a capacity
of approximately 70 1liters each. They were constructed of 304
stainless steel and fitted with sight glasses for measuring the level
in each tank. Each tank was fitted with a 3-way valve at the bottom so
that the feed line could be by-passed when the tank was being cleaned,
as well as a 3-way valve on top of the tank that could be used either
to pressurize or purge the tank. As a safety precaution, each vessel
was also fitted with a pressure relief valve. The tanks were designed
to operate at a pressure of 790 kPa. Nitrogen (Nz) was used both to

pressurize and purge the storage tanks.

At the bottom of each tank a reactant feed line was attached. This
feed line consisted of 0.635 cm 0.D. stalinless steel tubing which ran
from the tank outlet, through a rotameter and on to the
precooler/heater. Matheson rotameters (model numbers 7642-T605 and

7632-T604) were used. The sulfite solution was a 1.1 M phosphate
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buffered mixture. The buffering agents were the same as those used for
the adiabatic batch reactor (see section 3.4.1). The peroxide solution
was 35 wt% (approximately 11.7 M) HZOZ. Its exact concentration was

determined by the lodometric method outlined in section 3.4.1.

The preheater/cooler was a small (approximately 15 L)} water bath with
a 2.5 kW refrigeration unit attached. The bath was also equipped with
a 1 kW heating element (thus the bath could either be a preheater or a
precooler). A temperature controller was attached to the slide of the
bath. This controller consisted of a bi-metallic colled temperature
sensor connected to a solid-state relay. The relay controlled the bath
temperature by appropriately turning on or off the heating and
refrigeration units. Inside the bath the feed lines were attached
{individually) to tightly wound tubing colls of approximately 150 cm
in length which were used to allow the feed stream temperatures to
approach the bath temperature. The coils were attached to small
segments of 0.318 cm 0.D. tubing which in turn were connected to the
main reactor. Check valves were Installed on both feed 1lines to

prevent fluld backup into the storage tanks.

The main reactor section was immersed in a water bath (approximately
30 L capacity). This bath was also equip.ed with a 2.5 kW
refrigeration unit and a 1 kW heating element. The temperature of the
water was controlled by the same type of system used for the

preheater/cooler bath. The stirring system used for the adlabatic
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batch reactor was used to mix the bath.

The reactor itself consisted of twelve sections of 29 cm long 0.318 cm
0.D. stainless steel tubing. The sections were attache. with Swagelok™
union tees, the third branch of each tee being fitted with a
thermocouple (type J). (This was the initial set-up of the reactor.
For some of the later experiments the first two sections were cut in
half and two extra thermocouples were inserted.) At the front of the
reactor the feed lines were Joined with a Swagelok" union cross, the
extra branch being used for temperature measurement. Two therrocouples
were also inserted into each feed line at distances of 20 and 5 cm
from the reactor entrance. The function of these thermocouples was to
obtain an accurate measure of the average reactor inlet temperature.

An exit line was attached to the end of the reactor.

The OPTO 22 input/output process system and the HP 1000 computer

previously mentioned were used for the temperature monitoring.

4.1 EXPERIMENTAL PROCEDURE

The procedure followed for a sample set of experiments is described in
this section. In this set of experiments the bath temperature was

maintained constant and the inlet temperature was varied.

After the sulfite storage tank was rinsed thoroughly with distilled

water, a 40-45 L batch of 1.1 M sodium sulfite solution was poured
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into the tank. The pH was adjusted so that its value was in the range
of 10.0 to 10.4. The solution was sufficlently buffered so as to
ensure that the pH of the solution at the end of the reactlion was
never less than 9.0. This was extremely important as the value of the
reaction rate constant was known to change outside the pH range of 9.0

to 10.4.

The amount of peroxide used for any one experiment was extremely
small, relative to the amount of sulfite. Therefore, once the peroxide
storage tank was filled with 40 L of peroxide, 1t usually sufficed for

6 - 10 sulfite batches.

Once the sulfite tank was filled it was quickly covered so as to
minimize the exposure of the solution to air (and thus prevent
premature oxidation). The tank was then purged with nltrogen for 5-10
minutes to ensure that any remaining oxygen (02) was removed. With the
purging complete, the tank was then pressurized to 790 kPa. The
peroxide tank, which was de-pressurized for safety reasons during the
preparation of the new sulfite solution, was then also pressurized

and the storage tanks were ready for the experiments to begin.

The preheater/cooler and the reactor bath were then set at the desired
temperatures. For this example the bath temperature was set at 24°C
(+/- O.5°C) and the precooler was set at approximately 2-3°C. (The

temperature of the pre-heater/cooler was never specifically monitored.
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Rather, the inlet temperature of each stream was monitored and then
the temperature of the preheater/cooler was adjusted accordingly.)
This pre-cooler temperature resulted in an average inlet temperature
of approximately 11 °C. The stirrer speed was then adjusted to setting
#6 (on a scale from 0-10). This speed ensured that the bath would be

sufficiently mixed and hence, isothermal.

With all the temperatures set, the computer program for the data
acquisition was started. The temperatures at each tee (13 in all)
along with the inlet temperatures and bath temperature were monitored
at 30 second intervals. The reactant feed lines were then opened. The
rotameters were set so as to have an overall flow rate of 380 ml/min -
305 ml/min for the sulfite and 75 ml/min for the peroxide (prior to
performing any experiments the rotameters were calibrated; the
resulting calibration curves can be found in Appendix B). The
resulting temperature profile in the reactor was carefully monitored,
along with the inlet and bath temperatures. When the system was deemed
to be at steady state the reactant feed lines were closed and the data
acquisition stopped. (The system was deemed to be at steady state when
all the temperatures did not vary by more than 0.5°C over a span of

five minutes.)
With cne experiment completed, the precooler temperature was ralsed so

as to have an average inlet temperature of approximately 18°C. When

the inlet temperature stabilized, the reactant feed lines were once
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again opened. The data acquisition was begun and the steady state
temperature profile was determined. The same procedure was followed

for inlet temperatures of 24, 30, 34, 41, 45, and 17°c.

The procedure outlined above was used for aiher experiments involving
a fixed bath temperature and variable iniet temperatures. In addition
to these, a set of experiments where the inlet concentration of
sulfite was varied was also performed. In these Iinstances less
concentrated batches of sulfite were prepared (0.975 M, 0.85 M, 0.725
M and 0.6 M) and the experiments were carried out at 3 different

conditions.

Finally, a set of experiments were carried out using the impeller
speed as a variable. For these experiments the stirrer speed was set
at positions 0, 3 and 10 (0 here simply refers to the lowest speed

available and not to the absence of any mixing).

A list of all the experiments performed is given in Table 4.1. In all
cases, the flow rate was 380 ml/min and the concentration of hydrogen
psroxide entering the reactor was 2.31 M. The results obtained can be

found in Appendix C.

4.2 EXPERIMENTAL HEAT TRANSFER EVALUATION

It has been mentioned in section 3.3 that the value of the heat

transfer coefficient inside the bath was unknown. This coefficlent
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TABLE 4.1 EXPERIMENTAL CONDITIONS
Bath Inlet . Stirrer
Temperature Temperature [Na2503]° Speed
(+/- 0.5 C) (+/- 1.0 C) M)
10.99 18.29 24.56
19.0 30.59 33.96 40.75 0. 88 6
45.70 47.71
10.99 18.29 24.56
24.0 30.59 33.96 40.75 0.88 6
45.70 47.71
11.08 17.4
29.0 24.25 29.96 0.88 6
10.99 18.29 24.56
34.0 30.59 33.96 0.88 6
40.7S 45.70
10.99 18.29 24.56
44.0 30.59 33.96 40.75 0.88 6
12.33 18.19
49.0 25.35 30.59 0.88 6
0.78 0.68
24.0 48.4 0.58 O0.48 6
0.78 0.68
34.0 46.0 0.58 0.48 6
. 0.78 0.68
44.0 39.08 | 0.58 0.48 6
24.0 19.0 0.88 0 3 10
34.0 46.0 0.88 0 3 10
24.0 34.0 0.88 0 3 10 |
‘NOTE - This refers to the sulfite concentration entering the reactor
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could not be determined using standard heat transfer correlations.
Rather, it had to be calculated with data taken from the experimental

equipment. For this reason, a few extra experiments were performed.

These experiments consisted of the sodium sulfite flowing by itself
through the reactor. The preheater/cooler and reactor bath were set at
different temperatures so as to obtain either a steady-state "heating"
profile, or, a steady-state "cooling" profile. In all cases, the
stirrer speed was at setting #6. The list of experiments performed 1s

given in Table 4.2. The results obtained can be found in Appendix C.

TABLE 4.2 HEAT TRANSFER EXPERIMENTS

Flow (ml/min)

Inlet Temperature (°c)

Bath Temperature (°c)

305 28.24 50.56
305 25.28 44.52
305 18.20 2.90

54




S.0 EXPERIMENTAL TUBULAR REACTOR - CHARACTERIZATION OF HEAT TRANSFER

Although the value of the heat transfer coefficient inside the reactor
could be determined from a standard correlation, no such correlation
existed for the bath side coefficient. Thus, the heat transfer
coefficient inside the bath had to be determined from experimental
data. This process involved using the data in order o characterize

the heat transfer in the system. Two mathematical models were used in

this regard.

S.1 HEAT TRANSFER COEFFICIENT DETFRMINATION

The ODPH model introduced earller (equations 3.3 and 3.4) in section
3.3 can be simplified to the following form when no reaction takes

place

dT U-H-D'(T-Tc)
—_— - —© (5.1)
dz Q-Cp+p

0 (i.e., CA(Z) =C

Ao) (5.2)

Equation 5.1 can be solved analytically, ylelding an expression for T
in terms of z with F, Cp, P, D, 'I'c and U as the system parameters. If
F, C, p, D, Tc are known then temperature profiles can determinecl

p
with U as the only parameter.

The ODPH model, however, is not the only homogeneous model that can be

S5



used to describe the behavior of a tubular reactor. If, in the ODPH
model, the assumptions of negligible radial and axial heat and mass
dispersion are relaxed, then a two dimensional model results. The
equations describing this model (henceforth referred to as the two

dimensional pseudo homogeneous model, or TDPH) are:

8T 8T 1 4T u-p:Cp 8T MH-R,
_— et e— At -t — - ' — (5.3)
322 ar? r or K 8z K
— £ £
2 2
a%c a%c 1 ac u ac R

A, A, . A . A A (5.4)
az2 arz r ar )] oz h))

e e

where

k. = thermal conductivity of fluid (W/(m-K))

effective diffusivity of specles A (mz/s)

(=)
L}

o
[}

reaction rate with respect to species A as defined in equation

The solution of these non-linear, coupled, partial differential
equations is more difficult than that of the ODPH model. However, the
equations can be simplified. The effective diffusivity, De. can
usually be assumed to be quite small in value. When this assumption is
made, the first three terms of equation 5.4 can be set to zero. If the
conditions are such that no reaction is occurring, then CA(z) = CAo
and the right hend side of (5.3) becomes 0. Thus, the temperature

profile 1s described by:
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&t a1 1 8T  up-Cp 8T
— P amem P e 0 e e — = 0 (5.5)
az2 ar2 r or k az

The baundary conditions most commonly used are:

aT
_— =0 (5.5a)
ar r=0

aT
-kf-u'Di-;; = Uo-n-Do-(T-Tc) (5.5b)

r=D.,/2 r=D,/2
i i
aT
. =0 (5.5¢)
dz 2=L
aT

u'pCp: (T _~T) = =k, -— (5.5d)

o £ 82z

=0 z=0

Equation 5.5, along with the boundary conditions, can be solved
numerically using standard finite difference methods. If the physical
parameters of the system are specified then the resulting sclution

becomes a function of the overall heat transfer coefficlent (Uo) only.

The data obtained from the heat transfer experiments were compared
with the numerical solutions of both models (ODPH and TDPH). In each
case, an attempt was made to determine the value of the overall heat
transfer coefficient that best correlated the data with the model. The
results obtalned for one set of data are illustrated in Figures 5.1,

5.2 and 5.3.
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It 1g important to note here that, for both models, th» effect of the
change of tubing dlameter and heat transfer area at the tees was taken
into account (see App:adix D for a detalled explanation as to how this
was done). In addition, the axlal temperatures reported for the TDPH

model are the radially averaged temperatures for those axial

positions.

In addition, it should be noted that the evaluation of the overall
heat transfer coefficiert under non-reacting conditlions is entirely
permissible. Unlike a heterogeneous catalytic reactor where the heat
transfer coefficlent differs wunder reacting and non-reacting
conditions, the heat transfer in a homogeneous reactor can be safely

evaluated under non-reacting conditions.

It can be seen from both figures that, for each model, a value for the
w+sarall heat transfer coefficient exists that can adequately describe
the data. This indicates that both models can be used to describe the
experimental system when 1t used .or heating/cooling purposes. The
values of U that best describe the data are listed in Table S.1. The
value chosen in each case was that which minimized the sum of the

square of the temperature differences between the proflles.
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TABLE S.1

Overall Heat Transfer Coefficients (U) (W/(mz-K))

Heat Transfer Experiment ODPH Model TPH Model
1 3 823 S 0D
2 4 005 6 000
3 2 920 2 500

NOTE : The ODPH values are based on inside area (Ui) and are weighted
averages due to the change in value of U at the tubing tees. The TDPH

values are based on the outside area (Uo).

Overall heat transfer coefficlents are not necessarily constant along
the entire length of the reactor. Entrance effects may result in the
heat transfer coefficient at the inlet being significantly different
than the coefficient inside the main section of the reactor. However,
for this particular system, a variation of less than 5% in the heat
transfer coefficlent can be expected within 2-3 cm of the reactor
inlet. This can be seen from examination of tiie entrance effect

correlation illustrated by Holman (1981).

A closer examination of the results of the TDPH model indicated that
the temperature of the fluid at the wall was essentially equal to the
coolant temperature throughout the length of the reactor. This
suggests that boundary condition 5.5b could be replaced by a simpler
condition:

T=Tc at r=D1/2 (5. 5e)
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In addition, it was noted that the radial temperature profile was
essentially uniform from r=0 to r=2/3-Dl/2. (This was also noted when
the TDPH model was used with a reaction occuring as described in
Chapter 7.) Thus from these last two observations, it can be said that

a one dimensional model is an acceptable description of the heat

transfer.

For the ODPH model the value of the overall heat transfer coefficient

can be expressed as the inverse sum of a series of heat transfer

resistances:

1 1 At D D 1

P S T (5.6)
Ui hi t Dlm Do ho

(if U is based on the inside tubing area, or)

1 D 1 at Do 1
— = -_o.a_+ — 0 e — (5-7)

Uo Di hi kt Dlm ho

(if U is based on the outer heat transfer area)

where

outside heat transfer coefficlent (W/(m2-K))

=2
1

inside heat transfer coefficient (u/(m2~x))

(=2
I

'
[}

thermal conductivity of tubing (W/(m-k))

At

wall thickness of tubing (m)

D,, ~ log mean diameter = (Do-Di)/ln(Do/Dl)
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Therefore, U can be calculated from the inner and outer heat transfer
coefficients (assuming the physical parameters are known). Conversely,
the value for one of the heat transfer coefficients (ho or hi) can be
determined if the values for U and the other heat transfer ccefficlent

are known. For the experimental tubular reactor both h, (determined

i
from a heat transfer correlation) and U (evaluated from the model/data
correlations mentioned previously) were known. Thus, a value for ho.
which in this case was equivalent to the heat transfer coefficlent in

the bath, could be determined using equation 5.6 (or 5.7). The values

of ho obtained by thls method are given in Table 5.2.

TABLE 5.2
Bath Side Heat Transfer Coefficients Determined From ODPH Model
Heat Transfer Experiment Heat Transfer Coefficlent (W/(mZ-K))
1 4 800
2 5 600
3 2 700
Average Value 4 367

For the TDPH model, the relationship between U and the individual heat
transfer coefficients differs from that of the ODPH model. Since the
TDPH model does not assume that the entire heat transfer resistance
exists at the wall, equations 5.6 and 5.7 are not strictly valid.

Rather, a term that accounts for the heat transfer resistance within
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the fluld itself must be included. Barkelew {1959) suggested the

following:

1 1 At D D i 1 D

Ut S SO (5.8)
U1 hi t Dlm Do ho 8 kf

For Uo the equation becomes:

1 D° 1 at Do

1 D
- B St e — e -
h
o

LA (5.9)

0| -

Us Dy by kg P ke

Similar to the ODPH model, a value for ho can determined from equation

-~

5.8 (or 5.9).

Attempts to calculate a value for ho using equation 5.9 and the
results from Table 5.1 proved unsuccessful however. This was due to
the rather large value of the Di/(s-kf) term in the equation. This
term was larger in value than any of the 1/U° values, thus requiring
negative values of ho in order for the equality to be satisfled.

Negative values for ho did not make any sense.

It was possible that equation 5.9 was inappropriate, or, that the
values used for the physical parameters of the system were incorrect
(i.e., the values used for parameters such as density, or thermal
conductivity, were those of water at 0°C). These approximations were
necessary as there were no values avallable for the actual solutions
used. It is known that the effective value of the thermal conductivity

is affected by the flow conditions during turbulent flow. Larger
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effective values of kf in equation 5.9 would result in physically

reasonable values of ho'

The only conclusion that could be drawn from the heat transfer
experiments was this: either the CDPH or the TDPH model could be used
to describe the data, with the ODPH model belng an appropriate choice
given the lack of significant profiles either radially, or axially

along the wall.
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6.0 EXPERIMENTAL TUBULAR REACTOR - RESULTS AND DISCUSSION

The data obtalned for the parameiric sensitivity experiments are
examined here. The datz will be presented in four sections. Three of
the sectlons are characterized by the operating parameter which was
varied during that set of experiments. A fourth section presents some
transient experimental data. A complete list of the data can be found
in Appendix C.

,

6.1 EXPERIMENTAL TUBULAR REACTOR - TRANSIENT DATA

As mentioned in section 4.1, the system was assumed to be at
steady~state when the temperature measurements did not change by more
than 0.5°C over a span of 10 sampling intervals (5 minutes). This
"definition", at it were, was based on 1lnitial observations made of
the reactor. These observations of the transient behavior of the
reactor indicated that steady-state was reached well within 1 minute

of the start of the experiment. This can be seen in Figure 6.1.

Figure 6.1 illustrates the change in the temperature profile as the
peroxide solution is added to the sulfite (which is already flowing
through the reactor). It should be noted from this point on that, for
any experimental data presented in graphical form, a cubic spline has
been fitted through the data so as to obtaln a smooth curve. The
initial temperature profile (at t= 0) is the steady-state profile of
the sulfite being cooled as it flows through the reactor. It can be

seen that the reactor reaches steady-state well within 1 minute. This
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figure 1ls representatlive of all the experiments and hence, shows the
validity of using 10 sampling intervals as a basis for steady-state

profile evaluation.

6.2 EXPERIMENTAL TUBULAR REACTOR - VARIATION OF INLET TEMPERATURE

Figure 6.2 1s the steady-state profile illustrated in Figure 6.1. This
profile, along with the other temperature profiles for a fixed bath

temperature of 24°C are illustrated in Figure 6.3.

The data obtained for the other S5 bath temperatures are illustrated in
Figures 6.4, 6.5, 6.6, 6.7 and 6.8 (a list of the bath temperatures
and the inlet temperatures used for each set of profiles can be found
in Table 4.1). Figure 6.4 will now be examined in more detall so as to

discuss some of the features that are common to all six figures.

The temperature profile in Figure 6.4 corresponding to an 1inlet
temperature of 11°C 1s shown by itself in Figure 6.9. With the maximum
temperature located at the reactor outlet, the figure resembles that
of a heating curve for a tube and shell heat exchanger (with constant
shell-side temperature). The fact that the final temperature is higher
than the bath temperature indicates that a finite, albelt small,

amount of reaction took place.

The temperature 5rofiles for inlet temperatures of 11°C, 19°C. 25°%C

and 30°C (agal® "~ = wath temperature of 19°C) are repeated in Figure



6.10. It can be seen from this figure that, as the inlet temperature
increases, the hot-spot moves from the reactor exit to somewhere in
the middle of the reactor. This indicates that, as the inlet
temperature is raised, the reaction rate, and hence the rate of heat
generation, becomes a significant factor. The temperature profile thus
begins to assume its characteristic shape (i.e., a bell shaped curve

with a maximum located somewhere in the middle).

This last point can be illustrated by considering the two competing
factors that contribute to the reactor behavior (and thus the
temperature profile). These two factors are heat generation from the
reaction and heat ramcval/addition to/from the bath by convection.
(These factors are iliustrated mathematically in equation 3.3, which
is the energy balance for the ODPH Model. The two terms on the right
hand side represent, respectively, the rate of heat generatlon by
reaction and the rate of heat removal/addition to/from the bath by
convection.) When the inlet temperature is low the convection term is
much larger than the heat generation term (due to the low rate of
reaction) and the reactor behaves as a tube and shell exchanger with
constant shell side temperature. Under these conditlons, the reactor
is sald to be heat transfer controlled. As the inlet temperature is
increased, the rate of heat generation becomes significant and both
factors contribute to the temperature change in the reactor. Under
these conditions, the reactor can be said to be both heat transfer and

reaction controlled.
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It is in this instance (i.e., both heat transfer controlled and
reaction controlled) that the characteristic hot-spot 1s observed. The
occurrence of the hot-spot can be explained as follows. Since the rate
of heat generation Increases exponentially with temperature, whereas
the heat removal rate only increases linearly, the temperature of the
fluid in the reactor begins to rise. A point is eventually reached
somewhere in the reactor where the reactants are sufficlently consumed
so that the energy removal becomes larger than the energy generation

and the temperature then begins to decrease.

It can be seen from Figure 6.4 that the effect of inlet temperature on
the hot spot temperature is initially quite small. For the first
twenty degree rise in inlet temperature, the hot-spot temperature dces
not change by more than 15 degrees. However, when the inlet
temperature is increased from 34 to 41°C. the hot-spot temperature
changes dramatically, increasing in value by about 20 degrees. Further
increases of five degrees (or less) in the inlet temperature produce

the same result.

The dramatic increase in the hot-spot temperature can again be
explained by examination of the processes occurring in the reactor. If
the inle% temperature is sufficiently high, then the energy generation
rate tera is initially much larger than the convection rate and the
reactor behaves almost adliabatically. Thus the initial temperature

increase will appear to be adiabatic. Eventually, as the temperature
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increases and the amount of reactant decreases, the rate of heat loss
by convection becomes significant and the temperature profile begins
to take on its characteristic shape. However, by thls point, the
hot-spot temperature will be quite large, approaching the value of the
maximum adiabatic temperature for the reaction conditions. This set of
conditions corresponds to a reactor which is said to be reaction

controlled.

The existence of parametrically sensitive operating conditions is
illustrated in Figure 6.4. At or about an inlet temperature of 30
degrees, the hot-spot temperature becomes parametrically sensitive to
the value of the inlet temperature. This change in conditlons, from
insensitive to sensitive, was the expected result. From this set of
profiles, the sensitive operating conditions can be separated from the
insensitive ones and the experimentally observed onset of parametric
sensitivity can be compared with that predicted from various
sensitivity criteria. By necessity this would have to involve an
arbitrary definition of what constituted a set of experimental
parametrically sensitive operating conditions. The discussion of this

point will be reserved for section 8.1.

An interesting feature of this set of data is illustrated in Flgure
6.11. This figure shows that a slight discrepancy exists between the
inlet temperature and the temperature measured at thermcouple #1. In

all cases, the inlet temperature 1is lower than the v:ilue of the
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temperature measured at thermocouple #1. Based on the assumption that
the only process occurring at the reactor inlet 1s the mixing of the
twe fluid streams, there should not be a temperature difference.
However, since the témperature difference is obviously there, then the

assumption is likely wrong. A few possible explanations for what was

actually occurring were examined.

It iIs possible that the observed temperature difference was due to the
heating/cooling of the fluids in the feed lines by the bath (by
necessity, the last portions of the feed lines had to be immersed in
the bath). However, if this were so, then the inlet temperature should
have been higher than the temperature at thermocouple #1 for the case
of an inlet temperature greater than the bath temperature. This was

not observed in any case.

Another possible explanation is that the fluids were being mixed in a
regilon that extended outside of the tubing union. This could be
possible if one fluld reached the mixing point at a higher pressure
than the fluid. In thls case, the higher pressure fluid would push the
other back up into the inlet line. The end result of this would be the
creation of a "mixing zone*, as it were, arounc the first
thermocouple. Since the fluids would react wupon mixing. the
temperature at the thermocouple could be greater than that of 1inlet
temperature. This explanation was plausible as the two inlet streams,

although starting at the same pressure, traveled different lengths of
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tubing at different flow rates and thus, did not necessarily arrive at

the mixing point at the same pressure.

The temperature profile in Figure 6.6 corresponding to an inlet
temperature of 35°C illustrates a peculiarity of some of the data.
This peculiarity is a "kink", as it were, in the initial part of the
profile (thermocouples 1, 1A, 2, 2A and 3). The profile is almost as
if the temperature measured at thermocouple 1A were too high.
Strangely, this only appeared for the later experiments where extra
thermocouples (thermocouples 1A and 2A - see appendix C for exact
locations) were inserted into front portion of the reactor. Since
there is no theoretical explanation for this, the only conclusion that
can be drawn is that thermocouple 1A was physically "damaged”, in some
sense, when it was placed in the reactor and this caused it to
malfunction (i.e., perhaps the thermocouple was improperly positioned
and, Iinstead of measuring the fluld temperature, it was actually

measuring the wall temperature, or a combination of the two).

6.3 EXPERIMENTAL TUBULAR REACTOR - VARIATION OF SULFITE CONCENTRATION

The effect of changing the inlet sulfite concentration was studied at
three different operating conditions (characterized by the inlet and
the bath temperatures). All other parameter values were maintained
constant as the temperature profiles were determined for sulfite
concentrations of 0.78, 0.68, 0.58 and 0.48 M. A 1list of the

conditions studied can be found in Table 4.1.
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The effect of changing the sulfite concentration for one set of
operating conditions is shown in Figure 6.12. It should be noted here
that 'lL.. temperature profile corresponding to a concentration of 0.88
M iz ty same as that illustrated in Figure 6.3. Parametrically
“ensi /e operating conditions can be seen once again. The initlal
_hang. . the sulfite concentration produces a relatively small
(consldering the 0.1 M increase of one the reactants) change in the
value i the hot-spot (less than 10°C). Progressive increases of 0.1 M

result in temperature increases of greater than 10°c.

It is interesting to note that, the final increase in sulfite
concentration results in a much iess severe change in the hot-spot
than the previous increase. This seems puzzling at first, but it can
agaln be explained by considering the competing heat generation and

removal processes.

As the inlet sulfite concentration is increased, the initial heat
generation rate increases exponentially. Eventually, this becomes so
much larger than the rate of heat removal term that the reactor
behaves almost adiabatically. As noted earlier, this results in a
hot~-spot temperature which is close to the value of the maximum
adiabatic temperature for the reaction. Thus, successive increases 1in
the inlet concentration do not have as large an effect as previous
increases on the hot-spot temperature because the hot~spot temperature

becomes "fixed", as 1t were, by the reaction conditions of inlet

85



temperature and inlet concentration. In fact, 1if the inlet
concentration is increased =nough, the initial section of the reactor
actually becomes adiabatic and the hot-spot temperature then only
changes linearly with the value of the inlet concentration. This is
what 1s occurring in Figure 6.12 as the inlet concentration reaches

0.88 M.

It can be seen from Figure 6.12 that the temperature profiles for 0.78
M, 0.68 M, and 0.58 M all 1lie within the envelope defined by the
temperature profiles for 0.88 M and 0.48 M. In fact, all five profiles
appear to merge into one at about two meters into the reactor. These
features are due to the fact that all five profiles have the same
inlet and bath temperatures. Thus, they must have the same initial and
(assuming the reactor were long enough) final temperatures. Since the
hot-spot temperature varies directly with the value of the Inlet
concentration, no curve can have a hot-spot greater than the one
following it. The reason why the curves all merge into one is, by that
point in the reactor, all the reaction has taken place and the
parameter value that differentiated the curves (l.e., the sulfite
concentration) is now equal to zero in all five cases. Thus, all the

temperature profiles merge into the same cooling curve.

The temperature profiles for the other two sets of operating

condition” + be seen in Figures 6.13 and 6.14. These profiles have

the same ‘scteristics that have been discussed so far this section.
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To conclude this section, the following points can be made.
Parametrically sensitive operating conditions were observed for the
cases involving variable inlet sulfite concentration. The observed
characteristics of the temperature profiles were as expected for the

conditions studied.

6.4 EXPERIMENTAL TUBULAR REACTOR

VARIATION OF OVERALL HEAT TRANSFER COEFFICIENT

The final set of data obtained involved the variation of the bath side
heat transfer coefficlient (and, hence, the overall heat transfer
coefficlent). Three different conditions were chosen for the study.
These conditions, which are noted in Table 4.1, were chosen because
they each were characteristic of a different regime of reactor
operation. The first set (Bath = 24°C, Inlet = 19°C) was
representative of the heat transfer controlled reactor regime; the
second (Bath = 24°C, Inlet = 34°C) represented the normal case with
both reaction and heat transfer controlling while the third set (Bath
= 34°C. Inlet = 45°C) was representative of the reaction controlled

reactor reginze.

It should be noted here there were no experiments carrled out to
determine the value of the overall heat transfer coefficlent for
stirrer speeds 0, 3 and 10 (similar to the evaluation of the heat
transfer coefficient for stirrer speed #6 as dlscussed in section

5.0). The only quantitative information avallable is that stirrer
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speed #10 corresponded tc a higher rate of mixing, and hence a larger
heat transfer coefficient, than stirrer speed #6 which in turn
corresponded to a higher mixing rate than speed #3, etc. Thus, the

discussion here will be largely a quaiitative one.

Figures 6.15 1llustrates the effect of changing the bath side heat
transfer coefficlent for the heat transfer controlled conditions. It
should be noted that the profile corresponding to a stirrer speed of 6
is the same as that shown iIn Figure 6.3 for an inlet temperature of
19°C. As the heat transfer coefficlent is lowered, the hot-spot
increases with a large Jjump belng rwoted as the stirrer speed is
decreased from 3 to 0. Whether the operating conditions at stirrer
speed #3 can strictly be considered parametrically sensitive is not
clear. This is because there is no way of knowing the magnitude of the
change in the value of the overall heat transfer coefficient. However,
on a qualitative basls, parametric sensitivity is certainly evident

(i.e., a large change in the value of the hot-spot is seen).

It is worth noting that the temperature profile essentially retains
its "heating curve " shape as the heat transfer coefficient is varied.
This is to be expected as the inlet temperature is low enough for the
profile to be heat transfer controlled (l.e., rate of heat generation
much less than rate of heat exchange to the surrounding). Lowering
the value of the heat transfer coefficient will result in a change in

the temperature profile, but this change will have little effect on
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either the hot-spot, or, the basic shape of the curve (i.e., It will
still be heat transfer controlled). However, if the heat transfer
coefficient is lowered enough, then the rate of heat generation may
become important and the hot-spot become more pronounced. This may be

what occurred as the stirrer speed was reduced to the 0 setting.

For case of both heat transfer and reaction control of the reactor,
the effect of changing the heat transfer coefficient 1s shown 1in
Figure 6.16. Parametric sensitivity is again evident.on a qualitative
level. In fact, the change in the value of the hot-spot as the stirrer
speed setting is reduced from #6 to #0 is greater here than in the

previous case.

The effect of changing the heat transfer coefficient for the last case
is illustrated in Figure 6.17. Here, the change in the heat transfer
coefficient has almost no effect on the temperature profiles. This 1s
not unexpected as the conditions were such that the reactor was
reaction controlled (i.e., the initial temperature rise was
essentially adiabatic). Therefore, the effect of a heat transfer

coefficlent change should hzve been negligible.

A study of the Figures 6.15, 6.16 and 6.17 together provides an
excellent insight into the phenomenon of parametric sensitivity. On a
physical level, parametric sensitivity occurs when the reactor is both

reaction and heat transfer controlled. Specifically, it occurs when
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the conditions are such that a small change in the value of one of the
parameters throws off the "balance“ between the reaction rate and the
heat transfer rate, resulting in a reaction rate (and hence, a heat
generation rate) that is much greater than the heat transfer rate. The
temperature balance, as it were, 1s then disturbed and the hot-spot

temperature begins to increase dramatically.

Therefore, given the three different reactor regimes, it would be
expected that the condition most likely to be parametrically sensitive
would be that where the reactor was both heat transfer and reaction
rate controlled. The operating conditions where the reactor was either
reaction rate controlled or heat transfer controlled, would be
relatively insensitive. Of course, in this case, since the heat
transfer coefficlent was belng lowered, the heat transfer controlled
condition would eventually become sensitive as well (if the heat
transfer coefficient were lowered enough). However, the expected
change in the hot-spot temperature would likely be less than for the

case of heat transfer and reaction rate control.

An examination of Flgures 6.15, 6.16 and 6.17 together shows that this
is exactly what happened as the heat transfer coefficlent was lowered
(from setting #6 to setting #0). Measuring the relative sensitlivity by
the change in the value of the hot-spot temperature, regime #2 (Bath =
24°C, Inlet = 34°C) was most sensitive (AT = 20°C) followed by regime

#1 (Bath = 24°C, Inlet = 19°C) with AT = 10°C and then regime #3 (Bath
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= 34°C, Inlet = 45°C) with AT = 7°C.
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7.0 COMPARISON OF EXPERIMENTAL DATA WITH REACTOR MODELS

A comparison of the experimental data with the ODPH and TDPH reactor
models is presented here. The computer programs used to generate the

data for the models are discussed in Appendix E.

Before beginning the comparison it is necessary to remeamber the
observed temperature differences (inlet vs. thermocouple #1) at the
reactor inlet which were discussed in section 6.2. The observed
temperature difference at the reactor inlet in no way affects the
validity of the experimental data. It does, however, create a problem
when the data is compared with the ODPH and TDPH reactor models. The
problem is this: which temperature can be considered as the true
"inlet" temperature? If the mixing zone postulated actually does
exist, then the temperature recorded at thermocouple #1 is not a valid
“inlet" temperature. On the other hand, the apparent inlet temperature
measured cannot be assumed to be correct either as the exact locatioﬂ

of the reactor "inlet" is not known.

The solution arrived at for this problem is as follows. When comparing
the experimental data with the models, the measured inlet temperature
will be assumed to be correct. Tne temperature recorded at the first
thermocouple will be illustrated as the first temperature measured
inside the reactor. This temperature measurement will be located at
the position it would be found if the reactor behaved adiabatically

from the inlet temperature up until that point. In other words, it was
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assumed that a finite amount of reaction was taking place somewhere
between the Iinlet temperature measurement points and the first
thermocouple and that it was this reaction that was creating the
observed temperature difference. The assumption that this 1little
“reaction zone" was adiabatic was made in order to be able to
determine the "equivaient length" of reactor that would be required to
obtain the observed temperature increase. Given the relative size of
the temperature discrepancy (3-4°C) to the actual temperature rise
during the course of the reaction, this assumption of a small
adiabatic section was not unreasonable. Agaln, it must be pointed out
that this manipulation in no way affected the validity of the data. It
was only necessary to do this in order to be able to compare

adequately the data with the models.

The comparison of one temperature profile with the prcfile predicted
by the ODPH model is given in Figure 7.1. Figure 7.2 1s a comparison
with the TDPH model. In both cases, the model prediction 1s in
qualitative agreement with what was actually observed. Both models
tended to underestimate the temperature rise. However, the basic "heat

exchanger" shape was predicted in both cases.

The model comparisons for a different experimental profile (one with a
more dramatic temperature rise) are illustrated in Figures 7.3 and
7.4. Although the basic shape of the experimental curve is predicted

by the models, both models over estimate the observed hot-spot. In
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addition, there is disagreement (in both cases) at the inlet of the
reactor. This may be due toc the problem with the inlet temperature

discussed previously.

The location of the hot-spot, as predicted by the TDPH model, appears
to be different than that of the experimental data. The ODPH model
hot-spot is at the same location as the experimental hot-spot. Also,
the cooling portion of the TDPH profile is more "sluggish" than that
of the ODPH profile. That is to say, the fluld appears to cool faster

in the ODPH model.

This last point may be attributable to the overall heat transfer
coefficients used for the simulation. For the ODPH model, the
previously determined value of the bath side heat transfer coefficient
(ho = 4367 W/(MZ'K)) was used to calculate the overall heat transfer
coefficient. The average value of U (= 4500 W/(nz-K)) determined from
the overall heat transfer coefficients (Table 5.1) was used in the
TDPH model simulation. This value, however, was not strictly correct
for this situation as the parametric sensitivity experiments were
performed at a flow rate of 380 ml/min while the heat transfer
erperiments were carried out with a flow rate of 305 ml/min. Since the
contribution to the overall heat transfer coefficlent by internal
convection would be increased at a higher flow rate, the value of U
used in the simulation unpderestimated the actual value of the heat

transfer coefficlent. Given that the flow rates were not that
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different and that internal convection was but one of the contributing
factors to the overall heat transfer coefficient, this underestimation
may not have been too severe. However, it is important to note that

this may be the cause of the "sluggish" behavior of the TDPH model.

Figures 7.5 through 7.16 are more comparisons of the experimental data
with the two models. These particular profiles were chosen so as to
represent the entire range of operating conditions. The following

trends are evident from these, and the preceding figures.

In all cases, the ODPH and TDPH models predict the general shape of
the experimental curve quite well. With the exception of the operating
conditions that could be classified as heat transfer controlled (i.e.,
low inlet temperature), the models both tend to over predict the value
of the hot-spot. In addition, the TDPH model tends to locate the
hot-spot further into the reactor than the ODPH model. The ODPH model

tends to predict accurately the location of the hot-spot.

Since these deviations were systematic, an attempt was made to
determine if these deviatlions could be attributable to errors in the
values of the parameters used in the simulations. This attempt was
made for one experimental profile and the results obtained are shown

in Figures 7.17, 7.18 and 7.19.
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Figure 7.17 1lllustrates the effect on the ODPH simulation 1if the
initial conzantration of sulfite 1s changed by 5%. This value was
chosen because it was assumed that this was the likely error bar on
the sulfite concentration. This figure shows that the difference
between the curves cannot be attributed to an error in the
concentration measurement. Figure 7.10 i:lustrates that a 10% change
in the value of the overall heat transfer coefficient is insufficient

to obtaln agreement.

Figure 7.19 illustrates the changes in the ODPH model as the Arrhenius
parameters are varied. It is clear that, much closer agreement between
the model and the experimental data 1s possible by adjusting the value
of the Arrhenius parareters. This was not surprising as it had been
shown previously (section 3.3) that the temperature profile was
extremely sensitive to the values of the Arrhenius parameters. What is
important here is that the values of the Arrhenlius parameters used in
Figure 7.19 (and that appear to describe the experimental data fairly
well), are well within the 95% confidence intervals for the values
determined from the adiabatic batch reactor (section 3.4.2). Thus, the
observed difference between the ODPH model and the experimental may be
due to effect of the Arrhenlus parameters. Similar results can be seen

with the TDPH model in Figure 7.20.

In addition to the parameter values being in error, the possibility of

the actual model being inappropriate must be considered. It has



already been noted that, both the ODPH and TDPH models are based on
the assumption of plug flow. It has also been noted that the Reynolds
number inside the reactor is approximately 5,000. This indicates that
the flow is in the transition region, not being quite yet turbulent.
Thus, the radial velocity profile in the reactor is probably not
uniform (i.e., plug flow). Therefore, the model may fall short of
describing the data for this reason alone. Further simulations of
equations 5.3 and 5.4, with an appropriate form of the velocity
profile (i.e., u=¢(r)) taken into consideration, would determine

whether this was the case.

A Tinal possible reason for the observed difference between the data
and the models must be considered. It is possible that, in the tubular
reactor, as the temperature increased, some of the reacting mixture
vaporized. This would have the effect of keeping the hot-spot
temperature lower than it would otherwise be in the absence of
vaporization. This possibility was not taken into consideration in the
model and thus, if it did occur in the experimental reactor, the model
would tend to over predict (relative to the experimental data) the

temperatures ln and around the location of the hot-spot.
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7.1 COMPARISON OF EXPERIMENTAL DATA WITH REACTOR MODELS

DETERMINATION OF MOST APPROPRIATE PARAMETER FIT

Since both the ODPH and TDPH models described the experimental
profiles fairly well, either model can be considered appropriate for
describing the experimental plug flow reactor. However, because the
ODPH model tends to predict the location of hot-spot quite accurately
and because there is some degree of uncertainty in the value of the
overall heat transfer coefficlent for the TDPH model for a flow rate
of 380 ml/min, the ODPH model is the one that will be consldered as

the best model to describe the experimental data.

Although the ODPH model does describe the data reasonably well, it
still falls short of predicting the value of the hot-spot in most
cases. It has been noted previcusly that the Arrhenlus parameters have
a very large effect on the shape the temperature profile. In additioen,
it has already been suggested that the difference between the ODPH
model and the experimental data may be attributable to small errors in
the value of the Arrhenius parameters used 1in the simulation.
Therefore, an attempt was made to "fine tune" the Arrhenius parameters
so as to obtain the parameters that provide the best agreement with
the experimental data. This attempt to determine these "“best-fit"
parameters was made so that these values could be used in the
evaluation of parametric sensitivity criteria. In this way, the

criteria could be fairly evaluated.
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In order to do this, 3 experimental temperature profiles were chosen.
These profiles, which are illustrated in Figure 7.21, represent the 3
different reactor operating regimes (as discussed in chapter 6). Using
these profiles, an attempt was made to find a set of Arrhenius
parameters (A.EA) that could simultaneously describe all three

profiles.

From Figure 7.21 it can be seen that the parameter values of 2.90-1010
L/(mol-s) for the pre-expcnential factor and 64,000 J/mol for the
activation energy are able to describe all three data sets. The error
in the hot-spot prediction is less than 5°C in all cases. Figure 7.22
indicates how well these parameter values describe the batch reactor
data. It can be seen from this figure that using these Arrhenius
parameters for modeling purposes 1s certainly reasonable given the
batch reactor data available. In addition, from Table 3.1 it can be
seen that these parameter values lie within the experimentally
determined confldence intervals. (It can also be shown that these
parameters are statlstically acceptable, given the adiabatic batch

reactor data. This is shown at the end of Appendix E.)

Figures 7.23 -~ 7.25 1llustrate how well the ODPH model with these new
“fine-tuned" parameters describes the experimental data. Although only
some of the experimental data are used, trends are evident. For the
steep temperature profiles (i.e., mostly adlabatic), the model still

over predicts the hot-spot temperature. For the profiles which
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correspond to low inlet temperatures (i.e., mostly heat transfer
controlled) the model under predicts the hot-spot temperature. This
last point suggests that any further fine-tuning should pertaps
involve the overall heat transfer coefficient. For the remaining
profiles (i.e., those which are both heat transfer and reaction
controlled), the hot-spot temperature is predicted rather accurately
with only a slight misplacement of its location in some cases. This is
an improvement over the previous model (i.e., with the original

Arrhenius parameters) in which the hot-spot was consistently over

predicted.

The fact that the ODPH model with the “fine-tuned" Arrhenius
parameters appears to be able to predict better the hot-spot
temperature in the operating regime where heat transfer and reaction
kinetics are both controlling is not surprising. This is because the
other two operating regimes are hardly -ffected by the Arrhenius
parameters. For the heat transfer controlled region the overall heat
transfer coefficient has the biggest influence on the hot-spot
temperature whereas for the reaciion controlled regime the profile 1is
almost adlabatic so the hot-spot temperature is essentially determined
by the inlet concentrations. Thus, "fine-tuning" the parameters will
only really affect the temperature profiles which are conirolled by

both heat transfer and reaction kinetics.
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This attempt to obtain agreement by "“fine tuning" the parameters
suggests an interesting new way of determining Arrhenius parameters.
As noted previously, the determination of Arrhenius parameters for
this reaétion (and others like it) can be difficult. (Even Mader, who
used a traditional batch reactor method, was forced to use extremely
dilute solutions in order to maintain isothermal conditions.) Mowever,
if parametrically sensitive experimental data are avallable, then the
data can be compared with an appropriate reactor model, with the
Arrhenlus parameters adjusted until a good fit 1is obtizined. This
method of course presupposes that an appropriate model exists and that
the physical parameters of the reactor (including the heat transfer
coefficient) are known. The advantage of this methad 1s that, because
the temperature profiles are extremély sensitivs to the values of the
Arrhenius parameters, there will only be a2 vary narrow band of
parameter values that will be able to match the data. Thus, the
Arrhenius parameters can be determined very accurately. (It should be
emphasized that the presupposition of the existence of an appropriate
model and knowledge of the other (i.e., not the Arrhenius parameters)
parameter values should not be taken 1lightly. If the model |is
inappropriate, or the parameter values are Inaccurate, then the
Arrhenius parameters that result in the best agreement with the data

will pot be the true Arrhenius parameters.)

In conclusion then, it has been shown that both the ODPH and the TDPH

modelc with the experimentally determined (section 3.4.2 and 5.1)
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Arrhenius parameters and heat transfer coefficient predict the reactor
behavior reasonably well. The models predict the shape of the
temperature profiles very well but tend to overestimate the value of
the hot-spot by 10-15°C. The TDPH model tends to predict that the
location of the hot-spot will be further into the reactor than that
observed experimentally. "Fine-tuning" of the Arrhenius parameters for
the ODPH model results in much better agreement at the hot-spot with
temperature differences of around 5°C in most cases. For the operating
regime where both heat transfer and reaction kinetics are controlling,
the use of the "fine-tuned" parameters results in almost exact
agreement at the hot-spot. This tuning also results in a slight
misplacement of the hot-spot (similar to that of the TDPH model) in
some cases. Nonetheless, it- appears that the ODPH model with the
Arrhenlus parameters tuned is the model that best describes the
experimental tubular reactor. In addition, as described in Chapter 5,
the lack of significant temperature profiles radially, or axlially
along the wall indicates that the use of the TDPH model is not

warranted.
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8.0 EXPERIMENTAL TUBULAR REACTOR

EVALUATION OF PARAMETRIC SENSITIVITY

This section examines the expérimental data with the aim of extracting
the parametrically sensitive operating conditions. These conditions
will used in chapter 9 to evaluate some of the existing sensitivity

criteria.

Because the inlet temperatures chosen for the each of the fixed bath
temperature experiments were the same, it is possible to plot the data
with the bath temperature as the varlable parameter. This can be seen
in Figures 8.1- 8.6. These figures are simply the data from figures
6.3-6.8 replotted with the inlet temperature fixed and the bath

temperature varlable.

Parametric sensitivity is once agaln evident. Looking at Figure 8.1 as
an example, increasing the bath temperature trom 29°C to 34°C results
in an increase in the hot-spot temperature of approximately 15°¢.
Similar observations can be made for the other figures. It should be
noted here that, the parametrically sensitive profiles are not as
“sharply" (i.e., characterized by a steep rise and fall around the
hot-spot) defined as those for the case of fixed bath temperatures.
The reason for thls is that, as the bath temperature is increased, the
hot-spot increases but so does the temperature of the output stream
(because it cannot be cooled to any lower than the bath temperature).

Thus, the profiles are much smoother than those of the fixed bath
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temperature experiments. For the fixed bath temperature profiles, the
increased hot-spot also resulted in a much steeper cooling section as

the bath temperature was constant throughout.

8.1 PARAMETRIC SENSITIVITY - EXTRACTION OF CRITICAL CONDITIONS

Before sensitive conditions can be extracted from the data, a working
definition of parametric sensitivity must be formulated. In this case,
two different conditions were employed. One condition was applied for
the case of varlable inlet or bath temperature, the other was used for

variable inlet sulfite concentration.

An increase of 1°C in the inlet temperature resulting in greater than
a 1% increase in the hot-spot temperature was defined as parametric
sensitivity for the case of variable inlet temperature. The exact
inlet temperature where this occurs can be determined from a siot of
the hot-spot temperature versus inlet temperature. When the slope of
this curve equals unity (i.e., d'l‘n/d’r1 = 1), the conditions are
sensitive. A similar condition was set out for the case of variable

bath temperature (i.e., a 1°C increase in the bath temperature

resulting in greater than a 1°C increase in the hot-spot temperature).

For the case of varliable inlet concentration, a different condition
was used. Parametric sensitivity was sald to occur when a 1 molar
increase in the concentration resulted in a hot-spot tehperature

increase greater than the adiabatic temperature rise for a 1 molar
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(l1imiting reactant) solution. For the sulfite reaction, the adiabatic
temperature rise was 89°C/ (mole limiting reactant). Thus, a plot of
hot-spot temperature versus inlet concentration can be constructed
with the critical condition being dTm/cho = 89°C/(mol/L).

It should be noted that these conditlions are both based on tke
assumption that, parametrically sensitive operating conditions are
those which result in a hot-spot change equal, or greater, to that
which would be expected under adiabatic conditions. In the case of a
variable inlet temperature, under adiabatic conditions a 1% increase
in 1inlet temperature results in a 1°C rise in the hot-spot
temperature. Thus a hot-spot Increase of greater than 1°c per 1%
change in inlet temperature 1is considered sensitive. For variable
inlet concentration, a 1 molar change by definition results in a
hot-spot change equal to the adiabatic temperature rise. Thus an
increase in the hot-spot greater than the adiabatic amount 1is

considered sensitive.

The application of these methods can be seen 1n Figures 8.7 through
8.9. In Figures 8.7 and 8.9 the curves follow the same basic shape.
The slope 1s initially close to zero. The curve increases sigmoidally
in the middle section and eventually decreases with the slope
approaching a value of 1. This is the expected result and can be

explained as follows.
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Taking the case of a fixed bath temperature as an example, an initial
increase in the inlet temperature has virtually no effect on the
hot-spot. As the inlet temperature 1i1s increased and the conditions
become more sensitive, the hot-spot begins to rise. Eventually the
inlet temperature reaches a point where the reactor begins to behave
adiabatically. At this point, the hot-spot temperature will change in
direct proportion to the inlet temperature (i.e., a 1:1 ratio). Thus a

plot of Tm versus T, will initlally have a slope of 0. At the end it

i
will have a slope of 1. In the middle it will Ilncrease sigmoidally,
the slope changing in value from 0, to a value much greater than 1,

and then eventually back to 1.

The curves in figure 8.8 behave in a different manner. Inlitially, the
slope is quite large. As the bath temperature is increased, the slope
approaches zero. This 1s due to the fact that, as the bath temperature
is Increased, the temperature proflle becomes adlabatic. Under
adiabatic conditions, the bath temperature has no effect on the
hot-spot temperature. Thus, the slope should approach zero. It is also
interesting to note that, for low bath temperatures (i.e., heat
transfer control of the reactor) the hot-spot temperature will
increase in direct proportion to the bath temperature. Therefore, the
hot-spot versus bath temperature curve is, in a sense, the opposite of
the hot-spot versus inlet temperature curve because it has an initial

slope of 1 and a final slope of O.
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With this considered, it now seems that the condition chosen to define
sensitivity for the fixed inlet, variable bath temperature data is not
a good one. This 1s because the slope of the maximum temperature
versus bath temperature curve will only be equal to one at the very
low end of the scale (i.e., heat transier controlling), or at the high
end of the scale when the conditlons are approaching adiabatic. Thus,
any critical conditions chosen in this way will be extremely
unconservative (i.e., they will not be the conditions indicating the
start of parametric sensitivity but rather, they will be conditions
where parametric sensitivity already exists). On the other hand, the
argument can be made that the sensitivity conditions extracted from
the varlable inlet temperature (or concentration) data are rather
conservative. Conceivably then, the combination of the two will map

out a fairly realistic reglon of parameiric sensitivity.

For each curve in Figures 8.7, 8.8 and 8.9, a third order polynomial
was fitted through the data (see Appendix F) and, from this, the
critical values of the inlet temperature, bath temperature and inlet

concentration were found. The results are summarized in Table 8.1.
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TABLE 8.1 - PARAMETRICALLY SENSITIVE CONDI*IONS (E¥PERIMENTAL)
Inlet Temperature (°c)| Bath Temperature kOC) [Na2503]o {mol/L)
28.19 | i9.0 0.88
24.81 24.0 0.88
30.64 29.0 0.88
26.20 34.90 0.88
31.42 44.0 0.88
48.0 24.0 0.576
46.0 34.0 0.587
439.0 44.0 0.667
10.99 41.21 0.88
18.29 41.57 0.88
24.56 45.7 0.88
30;59 38.48 0.88
33.96 35.3 0.88
40.75 33.81 0.88

NOTE: In all cases the flowrate is 380 ml/min and the stirrer speed #6

Figures 3.10 and 8.11 illustrate the data in Table 8.1 in the form of

a two dimensional plot with the third parameter (from the table)

fixed. These diagrams can be considered as sensitivity plots sz ihey

mark out the regicns of sensitivity and insensitivity.

In eacl: :ase,

the region of sensitivity lies above and to the right of the data.
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From Figure 8.10 1t can be sees that the sensitive conditions are
fairly scattered. The data extracted from the fixed bath temperatures
seem to indicate the sensitivity begins at an inlet temperature of
26—27°C. regardless of the bath temperature. The data for the fixed
inlet temperatures generally follows the more logical trend of having
inlet and bath temperature in inverse relation (i.e., a higher bath
temperature requires a lower inlet temperature for sensitivity). The
data in Figure 8.11, although being only two polnts per curve, also
follows this trend (in this case a larger concentration requires a

lower inlet temperature).

It has been noted previously that the two sets of data in Figure 8.10,
if examined together, may provide a more realistic Plcture of the
actual sensitivity region. For this reason a linear regression was
performed simultaneously on all of the data. The results can be seen
in Figure 8.12. Although it does not provide a good fit through the
data, the line does mark out roughly the division between sensitive
and insensitive regions. The line indicates an inverse relationship
between iniet and bath temperature, which is intultively correct. The
linear correlation, however, cannot be considered as a definitive
demarcation of the regions of sensitivity and insensitivity. It is
clear that more experiments are needed so as to obtain more data
points for this dlagram (as well as for Figure 8.11). These
experiments should involve the evaluation of the baiXx side heat

transfer coefficlent for the other 3 stirrer speeds (see section 6.3)
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%> that a sensitivity plot can also be constructed for the overall

h2et transfer coefficient,

It is appropriate here to suggest an alternate working definition of
parametric sensitivity. From Figures 8.7 through 8.9 and from the
discussion concerning such figures, it can be noted that in all cases,
the slope of the curve goes through a maximum. In other words, there
is an inflection point present. The value of the variable parameter
(i.e., the bath temperature or inlet temperature or adjusted
concentration) at that inflection point should be used as the critical
parameter value (i.e., marking the onset of sensitivity). In this way,
the prediction of the onset of sensitivity will be based on a
characteristic which is shared by all three types of profiles and
occurs in roughly the same locaticn on each profile. It is interesting
to note that, the value of the slope of the hot-spot versus operating
parameter curve at any position corresponds directly to the value of
the sensitivity coefficient as defined by Morbidelli and Varma
(1986b). Thus, defining parametric sensitivity as the point where the
slope (and thus the value of the sensitivity coefficlient) reaches a
maximum also corresponds to the criterion for parametric sensitivity

postulated by Morbidelll and Varma (1986b).
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9.0 PARAMETRIC SENSITIVITY - EVALUATION OF EXISTING CRITERIA

In this chapter the previously obtained critical conditions will be
used to evaluate some of the existing criteria for parametric
sensitivity. The parameter values that will be used in these
calculations are those that were found to provide the best fit of the
ODPH model with the experimental data. These, along with the physical

parameters of the system, are summarized in Table 9.1.

TABLE 9.1 PARAMETER VALUES FOR EXPERIMENTAL TUBULAR REACTOR

Q = 380 nl/min h (bath side) =4 367 W/(n”K)
= = 2,

[H,0,], = 2.31 M U, (avg) = 4 115 W/(n’K)

D,(avg) = 1.78:10° m E, = 64000 J/mol

p = 1000 kg/m> A = 2.90-10'% L/(mol-s)

Cp = 4180 J/(kg-K) AH = 372 230 J/mol

The evaluation of the criteria and the discussion of the results
follows in the next S5 sections. The detalls of the specific

calculations can be found in Appendix F.

9.1 EVALUATION OF THE CRITERION OF BARKELEW

Barkelew (1959) developed a criterion for parametric sensitivity based
on the results of over 700 computer simulations. The results were
illustrated in the form of sensitivity diagrams. On a given diagram
(essentially a plot of the dimensionless overall heat transfer

coefficient versus the dimensionless heat of reaction parameter) the
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regions of sensitivity and insensitivity were mapped out as a function
of dimensionless inlet temperature and reaction order. Because the
only diagrams that were usable for the particular kinetics studied
were those for the case of equal inlet and bath temperatures, the
criteria couid only be checked for those experiments where this was
this case (namely, To = Tbath = 19, 24, 29, 34 and 44°C). A summary of

the results obtained is illustrated in Table 9.2.

TABLE 9.2 SUMMARY OF BARKELEW CRITERION
Inlet Conditions Prediction from Observed
Tlnlet = Tbath Barkelew (from Figure 8.12)

T = 199 [Na2503]o = 0.8 M Insensitive Insensitive

T = 24°% [Na,SO,]1 = 0.88 M Sensitive Insensitive

T = 29°C [Na,SO,] = 0.88 M Sensitive Sensitive

T = 34% [Na,SO,] = 0.88 M Sensitive Sensitive

T = 44°C [Na,S0,1 = 0.88 M Sensitive Sensitive

It can be seen from the table that Barkelew's criteria predicts the
reactor behavior four times out of five. For an inlet temperature of
24°C. the criteria 1is conservative, predicting sensitivity where none

was evident from the experiments.
Butt (1960) replotted Barkelew'z stability curves for zeroth, first

and second order reactions in which the bath and inlet temperatures

are equal. Two stability curves, for first order reactions in which
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the bath and inlet temperatures are not equal, were also illustrated.
The latter two curves were used to study some of the experimental
conditions for '+hich the bath and inlet temperatures were not equal.

These stabllit* curves were of course only wvalid for first order

reactions.
TABLE %.3 SUMMARY OF BARKELEW CRITERION WITH Tc & To
Intec Bath [Na,SO,1 | Observed

Prediction

°c) (°c) ™) Figure 8.12
24.56 19.0 0.88 Insensitive | Insensitive
30.59 19.0 0.88 Sensitive Sensitive
18.29 24.0 0.88 Sensitive Insensitive
30.59 24.0 0.88 Sensitive Sensitive
33.96 24.0 0.88 Sensitive Sensitive
24.25 29.0 0.88 Sensitive Insensitive
30.59 34.0 0.88 Sensitive Sensitive
40.75 34.0 0.88 Sensitive Sensitive
45.70 34.0 0.88 Sensitive Sensitive
40.75 442.0 0.88 Sensitive Sensitive
46.0 34.0 0.58 Sensitlive Insensitive
46.0 34.0 0.68 Sensitive Sensitive
39.0 46.0 0.58 Sensitive Insensitive
39.0 46.0 0.68 Sensitive Sensitive
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For thils reason, the peroxide concentration was assumed to be constant
throughout the reaction (i.e., pseudo-first-order kinetics). For
calculation purposes, the concentration was asstmed to be equal in
value to thy geometric mean of its initial (i.e., 2.31 M) and final
(assuming reaction went to completion) values. The details of the
calculations can be found in Appendix F. The results obtained are

i1lugirated in Table 9.3.
From Table 9.3 it can be seen that the prediction of reactor behavior
is accurate in most cases. Again, where there is an error in

prediction, it is a conservative one.

9.2 EVALUATION OF THE CRITERION OF VAN WELSENAERE AND FROMENT

Two criteria for parametric sensitivity were developed by Van
Welsenaere and Froment (1970). The second criterion, which states that
parametric sensitivity occurs when there is an inflection point before
the hot-spot in the axial temperature profile, has become one of the
most commonly used criterion for parametric sensitivity. Using this
criterion, Van Welsenaere arni Froment developed a method for
determining the maximum allowable inlet concentration (i.e., maximum
concentration that will still yield insensitive reactor behavior) for
a gliven set of operating conditions. This method, however, was only
applicable to pseudo-first—order reactions and conditions where the

inlet and coolant temperatures were equal.
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The method outlined oy Van Welsenaere and Froment was used to
determine the maximum allowable inlet suifite concentration for the
operating conditions where T0=Tc. These results are summarized in
Table 9.4. It should be noted that the geometric meun of the initial
and final (based on the assumption of the reaction going to
completion) peroxide concentration was used for calculatlon purposes
(see Appendix F). This was necessary as the method was only applicable

to pseudo—first-order reactions.

The results 1in Table 9.4 are simllar to these cbtained using the
criteria of Barkelew in that sensitivity ls predicted at an inlet
temperature of 24°C where rone was evident experimentally. The
criterion predicted the observed reactor behavior in the other four

instances.

TABLE 9.4 SUMMARY OF VAN WELSENAERE AND FROMENT CRITERION
Inlet Conditlons Critical CAo Prediction Observed

To = Tc Calculated for CA=0.88 M| From Fig 8.12
T = 19°% 0.93 M Insensitive | Insensitive
T = 24°% 0.71 M Sensitive Insensitive
T = 29°% 0.56 M Sensitive Sensitive

T = 34°% 0.45 M Sensitive Sensitive

T = 44°% 0.34 M Sensitive Sensitive
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Although the specific method outlined by Van Welsenaere and Froment is
only applicable for pseudo-first-order kinetics and operating
conditions where the bath and inlet temperatures are equal, the
criterion for sensitivity can be applied to any kinetics and any set
of inlet/bath temperatures (see Appendix F). With this criterion it is
possible to determine the critical hot-spot temperature (leading to
runaway). Once the critical hot-spot temperature is known, it is then
possible to estimate the critical inlet concentration. In order to
obtain such an estimate, it is assumed that the initial portion of the
temperature profile (up to the hot-spot) 1is adiabatic. With this
assumption it 1is then quite easy to determine the critlcal inlet
temperature. Of course, the use of this assumption will produce
congervative (i.e., low) estimates for the vcritical 1inlet

concentration.

The results obtained using the Van Welsenaere and Froment criterion,
as applied to all of the experimental operating conditions, is
illustrated in Table 9.5. Once again, the estimates of sensitivity are
extremely conservative. This 1s of course expected, given the
adiabatic trajectory assumption outlined previously. Nonetheless, the
criterion predicts that all the operating conditions should be
sensitive vwhen in fact, many of them are not. In a sense, these
predictions provide no practical information about parametric

sensitivity.
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TABLE 9.5 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT
CRITERION AS APPLIED TO ALL EXPERIMENTAL OPERATING CONDITIONS

Inlet Bath Critical CAo Prediction Observed
(°c) (°c) (M) for C,=0.88 M| From Fig 8.12

10.99 19.0 0.72 Sensitive Insensitive
18.29 19.0 0.61 Sensitive Insensitive
24.56 19.0 0.53 Sensitive Insensitive
30.59 19.0 0.45 Sensitlve Sensitive
33.96 19.0 0. 40 Sensitive Sensitive
40.75 19.0 0.31 Sensitive Sensitive
45.70 19.0 0.25 Sensitive Sensitive
47.71 19.0 0.22 Sensitive Sensitive
10.99 24.0 0.62 Sensitive Insensitive
18.29 24.0 0.53 Sensitive Insensitive
24.56 24.0 0.45 Sensitive Insensitive
30.59 24.0 0.37 Sensitive Sensitive
33.96 24.0 0.33 Sensitive Sensitive
40.75 24.0 0.24 Sensitive Sensitive
45.70 24.0 0.18 Sensitive Sensitive
47.71 24.0 0.15 Sensitive Sensitive
11.08 29.0 0.57 Sensitive Insensitive
17.4 29.0 0.5 Sensitive Insensitive
24.25 29.0 0.41 Sensitive Insensitive
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TABLE 9.5 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT

CRITERION (CONTINUED)
Inlet Bath Critical CAo Prediction Observed
°c) (°c) (M) for C,=0.88 M| From Fig 8.12

29.96 29.0 0.35 Sensitive Sensitive
10.99 34.0 0.57 Sensitive Insensitive
18.29 34.0 0.48 Sensitive Insensitive
24.56 34.0 0.41 Sensitive Insensitive
30.59 34.0 0.34 Sensitive Sensitive
33.96 24.0 0.29 Sensitive Sensitive
40.75 34.0 0.21 Sensitive Sensitive
45.70 34.0 0.15 Sensitive Sensitive
10.99 44.0 0.62 Sensitive Insensitive
18.29 44.0 0.53 Sensitive Insensitive
24.56 44.0 0.46 Sensitive Insensitive
30.39 44.0 0.39 Sensitive Sensitive
33.96 44.0 0.35 Sensitive Sensitlve
40.75 44.0 0.27 Sensitive Sensitive
12.33 49.0 0.64 Sensitive Insensitive
18.19 49.0 0.57 Sensitive Insensitive
25.35 49.0 0.49 Sensitive Sensitive
30.59 49.0 0.43 Sensitive Sensitive
48.4 24.0 0.14 Sensitive Sensitive
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TABLE 9.5 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT
CRITERION  (CONTINUED)

Inlet Bath Critical CAo Prediction Observed

(°c) (°c) (M) for C,=0.88 M| From Fig 8.12
46.0 34.0 0.15 Sensitive Sensitive
39.08 44.0 0.29 Sensitive Sensitive

9.3 EVALUATION OF THE CRITERION OF OROSKAR AND STERN

Oroskar and Stern (1979), utilizing the method of iscoclines introduced
by Chambré (1956), also developed a sensitivity diagram. The parameter
groupings were similar to those used by Barkelew (1i.e., dimensionless
overall heat transfer coefficlent versus the dimensionless heat of
reaction parameter). The diagram, however, was only applicable to
first order reactions with the inlet and coolant temperatures equal.
Thus, once agaln, comparisons could only be made with a selected
number of experimental conditions. The results obtalned are
illustrated in Table 9.6. It should be noted that, an average value
for the peroxlde concentration was necessary for calculation purposes

(i.e., in order to simulate pseudo-first-order reaction kinetics).
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TABLE 9.6 SUMMARY OF OROSKAR AND STERN CRITERION

Inlet Conditions Observed
Tinlet = Tbath Prediction (from Figure 8.12)
T = 19°C [Na2503]° =0.88 M Insensitive Insensitive
T = 24°% [Na,SO,] = 0.88 M|  Insensitive Insensitive
T = 29% [Na,SO;]1 = 0.88 M Sensitive Sensitive
T = 4% [Na,S0,] = 0.88 M Sensitive Sensitive
T = 44°% [Na,SO,] = 0.88 M Sensitive Sensitive

It can be seen from the table that the reactor behavior was correctly

predicted in all five cuses.

9.4 EVALUATION OF THE CRITERION OF MORBIDELLI AND VARMA

Morbidelli and Varma (1982), utilizing the criterion of an inflection
point before the hot-spot (see Van Welsenaere and Froment), obtained
sensitivity dlagrams for various inlet temperatures, reaction orders,
and activation energles. The parameter groupings for these dlagrams

were ldentical to those develcped by Oroskar and Stern (1979).

These dlagrams were used (o evaluate some of the experimental
conditions. It was again necessary to restrict the evaluations to
those conditions where inlet and bath temperatures were equal. In
addition, it should be noted that some interpolation was required as
sensitivity diagrams were not available for the exact experimental

values of y (dimensionless activation energy) and n (reaction order).
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A summary of the results is given in Table 3.7.

TABLE 9.7 SUMMARY OF MORBIDELLI AND VARMA CRITERION
Inlet Conditlons Observed
Tinlet = 'l‘bath Prediction (from Figure 8.12)
T = 19°C [Na,S0,] = 0.88 M Senczitive Insensitive
T = 24°C [Na,SO;]_ = 0.88 M Sensitive Insensitive
T = 29°C [Na,SO,] = 0.88 M|  Sensitive Sensitive
T =32°C [Na,SO,] =0.88 M Sensitive Sensitive
T = 44°%C [Na,S0,] = 0.88 M Sensitive Sensitive

1t appears from Table 9.7 that the predictions of Morbidelll and Varma
are even more conservative than those of Barkelew or Van Welsenaere
and Froment (see Figures 9.2 and 9.4). In every case, even for the

lowest bath temperature, sensitive behavior is predicted.

9.5 EVALUATION OF THE CRITERION OF AKELLA AND LEE

Akella and Lee (1983) developed a method of analyzing parametric
sensitivity in a reactor where the coolant flows counter-currently to
the reactants (i.e., as in a tube and shell heat exchanger). This
method, referred to as a “phase-plane" analysis, involves the
construction of a diagram of inlet reactor temperature vs inlet
coolant temperature where the regions of insensitivity and sensitivity
are separated according to specified criteria. Although the method is
designed for counter-current operation, it can also be used to analyze

a reactor with an isothermal coolant. Tiie method was applied to the
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experimental tubular reactor system for an inlet sulfite concentration

of 0.88 M. The results are illustrated in Figure 9.1,

From Figure 9.1 it 1is clear that the “safe operating" (i.e.,
non-sensitive) region predicted by Akella and Lee 1is extremely
conservative. The lateral "ignition" 1line 1is located at T = 287 K
(14°C) which predicts that, any coolant temperature greater than this
will result in sensitive reactor behavior. Experimentally,
non-sensitive behavior was observed for many conditions with the
coolant temperature above this value (see Fig 8.12). In fact, the
entire range of experimental operating c~nditions (T0 =10 - 48°C. Tc
= 19 - 44°C) is located in the “"ignitlon" (i.e., sensitive) region of
the diagram. The experimental results clearly indicated that not all

of these conditions were parametrically sensitive.

9.6 CRITERION SELECTION

An analysis of the five criteria presented so far indicates that, for
most operating conditions, the criteria predict that the reactor will
behave sensitively. Experimentally, this was not the case as there
Wwere many operating conditions that were observed tc be insensitive.
Thus the criterla are often in error, although when they do err in
predicting reactor tFehavior, they do so conservatively (i.e.,
predicting sensitivity where non-sensitive behavior was observed
experimentally). This is certainly the desired way to err, if indeed

an error is to made. However, judging from the results illustrated in
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the preceding tables and figures in this chapter, it can be said that
the existing parametric sensitivity are too conservative. This is
undesirable as criteria that are toc conservative are not of much
practical use. In addition, they can ciuse a needless over design of
the system. This 1s Jllustrated by Figure 9.1. If this diagram were
consulted initially to determine, for example, the required inlet
temperature to ensure insensitivity, it would result in an unnecessary

amount of refrigeration being designed for the system.

The fact that the five criteria tend to make similar predictions in
some cases is not surprising, considering that the parameter groupings
for the sensitivity diagrams of Barkelew, Oroskar and Stern, and
Morbidelli and Varma are essentially the same. In all of these three
cases, the heat of reaction parameter, commonly referred to as "a", is
the same (a = AH-CAO-EA/(Cp-p-R-Ti)). The heat transfer parameter,
usually defined by the symbol 8, is a little bit different in each
case (see Appendix F) but this is only because of the way the kinetic
expression is defined. In addition, the criterion of Van Welsenaere
and Froment regarding the inflection point before hot-spot, is used by
Morbidelll and Varma to determine the regions of parametric
sensitivity. The criterion used by Akella and Lee to define the upper
ignition line is also based on the existence of a positive second

derivative somewhere before the hot-spot.
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It would therefore appear that there is little to choose from among
the first four criteria (the last criterion, that of Akella and Lee,
is of course completely different than the first four). It {is
suggested here, however, that the sensitivity dlagrams designed by
Barkelew are the ones that should be consulted for any sensitivity
analysls. This is due to the fact that they encompass a wide range of
kinetics (unlike the others); they are relatively simple to use and
they provide reasonable sensitivity predictions (i.e., not much better
or worse than any other criteria). Although the basis for these
dlagrams 1s undeniably empirical, the fact that the parameter
groupings are almost exactly the same as those determined by much more

rigorous methods, validates their usage.

The "phase-plane" method of Akella and Lee would certainly be even
more appropriate tc use than the sensitivity diagrams, if it were
(apparently) not so conservative. The advantage of this method lies in
the fact that once the "phase-plane" 1is constructed, no further
calculations are required to determine the suitability of a given set
of operating conditions. For the sensitivity dlagrams, the parameter
groupings must be re-evaluated for each successive set of operating

conditions to be checked.
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CONCLUSIONS
1) The oxidation of sodium sulfite (Nazsoa) by hydrogen peroxide
(H?_Oz). in a 0.175 cm diameter tubular reactor with isothermal
coolant, for a flow rate of 380 ml/min and inlet and coolant
temperatures in the range of 10 to 50°C, displays parametric
sensitivity of the hot-spot temperature with respect to changes in the
value of the inlet temperature, the coolant temperature, the inlet

sulfite concentration and the overall heat transfer coefficient.

2) The parametric sensitivity criteria of Barkelew (1959), Van
Welsenaere and Froment (1970), Oroskar and Stern (1979), Morbidelli
and Varma (1982) and Akella and Lee (1983) are all generally quite
conservative in nature. The most useful criterion, due to its wide

range of applicability, is that of Barkelew (1959).

3) For the experimental plug fllow reactor used to investigate the
sulfite reaction, both the standard ODPH (One Dimensional Pseudo
Homogeneous) and the TDPH (Two Dimensional Pseudo Homogeneous) tubular
reactor models can be used to describe the axial temperature profiles.
Both models, however, tend to overestimate the value of the hot-spot
by 10 to 15°C. A small adjustment of the value of the Arrhenius
parameters in the ODPH model results in good agreement between the

experimental hot-spot temperatures and the model predictions.

4) An adiabatic batch reactor can be used to obtain reasonably good
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estimates of the Arrhenlus parameters for a glven reaction. Using this
method for the oxidation of sodium sulfite by hydrogen peroxide, the
activation energy is found to be 64,268 J/mol with the pre-exponential

factor being 3.56~1010 (L/(mol-s)).

170



REFERENCES

Adler, J. and J.W. Enig, "The Critical Conditions in Thermal Explosion
Theory with Reactant Consumption", Comb. Flame. 8, 97 - 103
(1964).

Agnew, J.B. and O.E. Potter, "The Design of Stable Packed Tubular
Reactors for Highly Exothermic Reactions", Trans. Instn. Chenm.
Engrs. 44, 216 - 223 (1966).

Akella, L.M. and Hong H. Lee, "A Design Approach Based on Phase Plane
Analysis: Countercurrent Reactor/Heat Exchanger with Parametric
Sensitivity", AIChE J 29, 87 - 94 (1983).

Barkelew, C.H. "Stability of Adiabatic Reactors"”, ACS Symp. Ser. 237,
337 - 359 (1984).

Barkelew, C.H. "Stability of Chemical Reactors", Chen. Engng. Prog.
Symp. Ser. S55(25), 37 ~ 46 (1959).

Bauman, E., Varma, A., Lorusso, J., Dente M. and M. Morbidelli,
"Parametric Sensitivity in Tubular Reactors with Co-Current
External Cooling", Chem. Engng. Sci. 45, 1301 - 1307 (1990).

Bauman, E., and A. Varma, "Parametric Sensitivity and Runaway 1in
Catalytic Reactors: Experiments and Theory Using Carbon Monoxide
Oxidation as an Example", Chem. Engng. Sci. 45, 2133 - 2141
(1990).

Bilous, 0. and Neal R. Amundson, "Chemical Reactor Stability and
Sensitivity II - Effect of Parameters on Sensitivity of Empty
Tubular Reactors", AIChE J 2, 117 - 126 (1956).

Butt, J.B., Reactor Kinetics and Reactor Design, Prentice-Hall, New
Jersey, (198C).

Chambré, Paul "On the Characteristics of a Non-Isothermal Chemical
Reactor”, Chem. Engng. Sci. 5, 209 -~ 216 (1956).

17



Chemburkar, R.M., Morbidelll, M. and A. Varma, "Parametric Sensitivity
of a CSTR", Chem. Engng. Sci. 41, 1647 - 1654 (1986).

Deans, H.A., and L. Lapidus, "A Computational Model For Predicting and
Correlating the Behavior of Fixed-Bed Reactors: I Derivation of
Model for Nonreactive Systems", AIChE J 6, 656 - 663 (1960).

Dente, M. and A. Collina, "La determinazione delle condizioni di
stabilita del regime del reattori chimici", La Chimica E
L’ Industria 46, 915 - 928 (1964a).

Dente, M. and A. Collina, “Applicazione del metodo delle
perturbazioni allo studio della stabilita del regime dei reattori
chimici a flusso longitudinale", La Chimica E L’Industria 46,
1445 - 1449 (1964b).

Dente, M., Cappelli, A., Buzzl Ferraris, G. and A, Collina, "La
sensitivita del regime del reattorl <chimici a flusso
longitudinale Nota I - Influenza del parametro di Arrhenius E/RT
sul 1limiti di sensitivita", Quad. Dell’Ingng. Chim. Ital. 2, 5 -
9 (1966a)

Emig, G., Hoffman, H., Hoffman, U. and U. Fland, "Experimental Studies
On Runaway of Catalytic Fixed-Bed Reactors (Vinyl Acetate
Synthesis)", Chem. Engng. Sci. 35, 249 - 257 (1980).

Gray, P. and P.R. Lee, "Thermal Explosions and the Effect of Reactant
Consumption on Critical Conditions", Comb. Flame. 9, 201 - 203
(196S).

Gray, B.F., "Critlcal Behaviour in Chemically Reacting Systems - III
An Analytical Criterion for Insensitivity", Comb. Flame. 24,
43-52 (1975).

Henning, G.P. and G. Perez, "Parametric Sensitivity Iin Fixed-Bed
Catalytic Reactors", Chem. Engng. Sci. 41, 83 - 88 (1986).

Herskowitz, M. and P.S. Hagan, "Accurate One-Dimensional Fixed-Bed
Reactor Model Based on Asymptotic Analysis", AIChE J 34, 1367 -
1372 (1988a).

172



Hoffman, M.R. and J.0. Edwards, “Kinetics of the Oxidation of Sulfite
by Hydrogen Feroxide in Acidic Solution", J. Phys. Chem. 79, 2096
- 2098 (1975).

Holman, J.P., Heat Transfer, 5th Edition, McGraw-H1ll, (1981)

Hosten, L.H. and G.F. Froment, "Parametric Sensitivity in
Co-Currently Cooled Tubular Reactors", Chen. Engng. Sci. 41, 1073
- 1080 (1986).

Kheshgi, H.S., Hagan, P.S., Reyes, S.C. and J.C. Pirkle Jr.,
"Transients in Tubular Reactors: Comparison of One- and Two-
Dimensional Models", AICKE J 34, 1373 - 1375 (1988b).

Mader, P.M. "Kinetics of the Hydrogen Peroxide-Sulfite Reaction in
Alkaline Solution", J. Am. Chem. Soc. 80, 2634 - 2639 (1958).

McGreavy, C. and C.I. Adderly, “Generalized Criteria for Parametric
Sensitivity and Temperature Runaway in Catalytic Reactors", Chem.
Engng. Sci. 28, 577 - 584 (1973).

McGreavy, C. and C.I. Adderly, "Parametric Sensitivity and Temperature
Runaway in Heterogeneous Fixed Bed Reactors", Adv. In Chemistry
Ser. 133, 519 - 531 (1974).

Morbidelll, M. and A. Varma, "Parametric Sensitivity and Runaway in
Tubular Reactors", AIChE J 28, 705 - 713 (1982).

Morbidelll, M. and A. Varma, "On Parametric Sensitivity and Runaway
Criteria of Pseudohomogeneous Tubular Reactors", Chem. Engng.Sci.
40,2165 - 2168 (1985).

Morbidelli, M. and A. Varma, "Parametric Sensitivity in Fixed-Bed
Catalytic Reactors: The Role of Interparticle Transfer
Resistances", AIChE J 32, 297 - 306 (1986a).

Morbidelli, M. and A. Varma, "Parametric Sensitivity in Fixed-Bed
Catalytic Reactors", Chem. Engng. Sci. 41, 10€3 - 1071 (1986b).

173



. ~bidelli, M. and A. Varma, "Parametric Sensitivity in Fixed-Bed

Reactors: Inter- and Intraparticle Resistance", AIChE J 33, 1949
- 1958 (1987a).

Morbidelli, M. and A. Varma, "A Generalized Criterlon For Paranmetric
Sensitivity: Application to Thermal Explosion Theory", Chem.
Engng. Sci. 43, 91 - 102 (1988).

Morbidelli, M. and A. Varma, "A Generalized Criterion For Parametric
Sensitivity: Application To A Pseudohomogeneous Tubular Reactor
With Consecutive or Parallel Reactlons", Chem. Engng. Sci. 44,
1675 - 1696 (1989).

Oroskar, A. and S.A. Stern, "Stability of Chemical Reactors", AIChE J
25, 903 - 905 (1979).

Penkett, S.A., Jones, B.M.R., Brice K.A., and A.E.J. Eggleton, "The
Importance of Atmospheric Ozone and Hydrogen Peroxide 1In
Oxidising Sulphur Dioxide in Cloud and Rainwater", Atms. Envrn.
13, 123 - 137 (1979).

Perry R.H., Green, D.W., and J.O. Maloney, Perry’s Chemical Engincers’
Handbook, 6th Edition, McGraw-Hill, (1984).

Rajadhyaksha, R.A. and K. Vasudeva, “Parametric Sensitivity in
Fixed-Bed Reactors", Chem. Engng. Sci. 30, 1399 - 1408 (1975).

Root, R.B. and R.A. Schmitz, "An Experimental Study of Steady State
Multiplicity in a Loop Reactor", AIChE J 15, 670 - £79 (1969).

Root, R.B. and R.A. Schmitz, "An Experimental Study of Unstable States
in a Loop Reactor", AIChE j 16, 356 - 358 (1970).

Soria Lopez, #., De Lasa, H.I. and J.A. Porras, "Parametric
Sensitivity of a Fixed Bed Catalyiic Reactor - Cooling Flow
Influence”, Chem. Engng. Sci. 36, 285 - 291 (1981).

Tjahjadi, M., Gupta, S.K., Morbidelli M. and A. Varma, "Parametric
Sensitivity in Tubular Polymerization Reactors", Chem. Engng.
Sci. 42, 2385 - 2394 (1987).

174



Van Welsenaere, R.J. and G.F. Froment “pParametric Sensitivity and
Runaway in Fixed Bed Catalytlc Reactors", Chem. Engng. Sci. 25,
1503 - 1516 (1970).

Vejtasa, S. and R.A. Schmitz, "An Experimental Study of Steady State
Multiplicity and Stability in an Adiabatic Stirred Reactor”,
AIChE J 16, 410 -419 (1970).

Westerterp, K.R. and K.J. Ptasinski, “Safe Design of Cooled Tubular
Reactors for Exothermic Multiple Reactions; Parallel Reactions -
I", Chem. Engng. Sci. 39, 235 - 244 (1984a).

Westerterp, K.R. and K.J. Ptasinski, "Safe Design of Cooled Tubular
Reactors for Exothermic Multiple Reactlon; Parallel Reactions -
11", Chem. Engng. Sci. 39, 245 - 252 (1984b).

Westerterp, K.R., Ptasinski, K.J. and R.R.M. Overtoom, "Safe Design of
Cooled Tubular Reactors for Exothermic Multiple First Order
Reactions", ACS Symp. Ser. 237, 323 - 335 (1984c).

Westerterp, K.R., and R.R.M Overtoom, "Safe Design of Cooled Tubular
Reactors for Exother~'c Multiple Reactlons. Consecutive
Reactions", Chem. Engng. :i. 40, 155 - 165 (1985).

Wilson, K.B. "Tubular Reactors Part 1 - Calculation and Analysls of
Longitudinal Temperature Gradients in Tubular Reactors", Trans.
Inst. Chem. Engs. 24, 77 - 83 (1946).

175



APPENDIX A

Determination of Thermal Capacity of Dewar Flask
Table A.1 - Experimental Data I

Initial Temperature of Dewar Contents - 21.71 °C
Initial Water Temperature - 6.81 °C
Amount of water added to dewar - 500.0 ml
Final Temperature of Dewar & Water - 7.93 %

Calculatlons:

Adiabatic Process, therefore

Amount of heat lost oy dewar = amount of heat gained by water

(me)dewar'(AT)dewar = VT-p"-pr~(AT)w (A.1)
thus, (me)dewar = 1.0-u.5-4180.0+(7.93 - €.81) / (21.71-7.93)
(me)dewar = 170 (J/K)
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Table A.2 - Experimental Data II

Initial Temperature of Dewar Contents - 20.50 °c
Initial Water Temperature - 40.35 °C
Amount of water added to dewar - 500.0 ml
Final Temperature of Dewar and Water - 38.35 °c

Calculations

Using same procedure as above,

(mCp) 1.0-0.5-(4180)(40.35 - 38.35) / (38.35 - 20.50)

devar

234 (J/K)

AVERAGE VALUE FOR THERMAL CAPACITY OF DEWAR IS 202 (J/K)

It should be noted that the precision of the thermocouple used to
measure the temperature of the reactor and its contents 1is
approximately +/-0.2°C. This may explain the observed difference in
the values obtained for the thermal capacity (from experiments 1 and
2). For example, if the final temperature of the dewar and water for
experiment #2 lis actually 38.5500 (i.e., 0.2°% greater than the
initially measured value), then the value obtained for the thermal
capacity becomes 210 J/K. Similarly, if the true final temperature of
experiment #1 was 8.13°C (again, O.ZQC difference), then the thermal

capacity would be calculated as 200 J/K.
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TABLE A.3 EXPERIMENTAL BATCH REACTOR DATA ]

Experiment #1 [Nazsoalo = 0.39 M [HZOZIO =0.59 M
Time Temperature [Na2503] (M) [H202] M) |-d1/4t (°crss)
(s) (°cy from eq 3.5 | from eq 3.5 |*numerlcally
0.00 15.38 <. 39 0 59 -
0.99 15.57 0.388 ..588 0.0986
2.00 15.57 0. 388 0.588 0.091
2.99 15.75 0.385 0.585 0.091
4.04 15.75 0. 385 0.585 0.0
5.00 15.75 0.385 0.585 1.109
6.01 17.99 0.358 0.558 1.109
6.99 17.99 0.358 0.558 0.0
8.02 17.99 0.358 0.558 1.692
9.0t 21.34 0.317 0.517 2.634
10.00 23.21 0.294 0.494 1.865
11.01 25.07 0.271 0.471 1.956
12.00 27.12 0.245 0.445 1.956
13.01 28.98 0.223 0.423 1.970
14.02 31.10 0.196 0.396 2.044
15.02 33.09 0.172 0.372 1.933
15.99 34.91 0.15 0.35 1.723
17.02 36.54 0.13 0.33 1.624
18.00 38.17 0.109 0. 309 1.460
19.01 39.44 0.094 0.294 1.270
20.00 40.71 0.078 0.278 1.181
21.01 41.80 0.065 0.265 0.985
22.02 42.70 0.054 0.254 0.818
23.00 43.43 0.045 0.245 0.635
24.03 43,97 0.038 0.238 0. 642
24.99 44.77 0.029 0.229 0.558
26.00 45.06 0. 025 0.225 0.353
27.03 45.42 0.02 0.22 0.365
28.00 45.79 0.016 0.216 0.281
29.00 45,97 0.013 0.213 0.177
30.03 46.15 0.011 0.211 0.178
31.02 46.33 0.009 0.209 0.183
32.00 46.51 0.007 0.207 0.178
33.05 46.69 0.00S 0.208 0.09
34.00 46.69 0.00S 0.205 0.0
35.03 46.69 0.005 0.20S 0.0
36.03 46.69 0.005 0.205 0.091
37.00 46.87 0.002 0.202 0.091
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TABLE A.3 (Continued)
Experiment i1 [Na2803] =0.39 M [HZOZ] = 0.59 M
Time Temperature | [Na,S0,1 (M)| [H,0,] (M) |-dT/dt (°c/s)
(s) (°c) from eq 3.5 | from eq 3.5 |*numerically
38.00 46.87 0.002 0. 202 0.0
39.03 46.87 0.002 0.202 0.0
40.04 46,87 0.002 0.202 0.0
41.00 46.87 0.002 Q. 202 0.0
42.05 46. 87 0.002 0.202 0.0
43.00 46.87 0.002 0.202 0.0
44.03 46.87 0.002 0. 202 ¢.0
45.02 46.87 0.002 0.202 0.0
45.99 46.87 0.002 0.202 0.0
47.00 46.87 0.002 0.202 0.0
47.99 46.87 0.002 0.202 0.0
49.07 46.87 0.002 0.202 0.0
50.02 46.87 0.002 0. 202 0.0
51.01 46,87 0.002 0.202 0.0
52.02 46.87 0.002 0.202 0.0
53.01 46, 87 0.002 0.202 0.0
54.00 46.87 0.002 0.202 0.0
55.11 46.87 0. 002 0.202 0.0
56.00 46.87 0.002 0.202 0.0

- - - -
dT/dt = (((T1+1 Ti)/At) + ((Ti ti-l)/At))/ 2.0
from eq 3.5, (with appropriate substitutions) dCA/dt = -0.01231-dT/dt

Observed Temperature Rise = 46.87 - 15.38 = 31.49 °c

Adiabatic Temperature Rise = Aern-VT-[NazSO3]°
(A.2)
[(me)dewar+ (pw°VT-pr)]
For VT = 500 ml and Aern = 372 230 (J/mol), the expression becomes

Adiabatic Temperature Rise = 81.2~[Na2503lc
= 31.67 °C
Therefore, in this case, actual temperature rise = 99.4 % of the

theoretical maximum.
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TABLE A.4 EXPERIMENTAL BATCH REACTOR DATA

Experiment #2 [Na2503]o = 0.49 M [Hzozl° = 0.70 M

Time Temperature [Na2503] (M) [H202] (W) |-d1/dt (°css)
(s) °c) from eq 3.5 | from eq 3.5 |*numerically

0.00 16.68 0.49 0.70 -
0.99 18. 36 0. 469 0.679 3.433
2.00 23.58 0.405 0.615 4. 408
3.02 27.30 ‘ 0.359 0.569 3.946
4.00 31.46 0. 308 0.518 4.229
4.99 35.63 0.257 0. 467 3.397
6.02 40.35 0.199 0. 408 4.511
7.00 44.70 0.145 0.355 3.994
8.02 48.32 0.101 0.310 3.162
9.00 51.04 0.067 0.277 2.298
10.00 52.86 0.044 0.254 1.551
10.99 54.13 0.028 0.239 i.050
12.09 55.03 0.018 0.228 0.661
13.18 55.58 0.011 0.221 0.343
14.17 55.76 0.009 0.219 0.177
15.21 55.94 0. 007 0.217 0.087
16.18 55.94 0.007 0.217 0.0
17.19 55.94 0.007 0.217 0.09
18.19 56.12 0.004 0.214 0.0
19.19 55.94 0.007 0.217 -0.091
20.17 55.94 0.007 0.217 0.0
21.19 55.94 0.007 0.217 0.0
22.17 55.94 0.007 0.217 0.0
23.18 55.94 0.007 0.217 0.0
24.27 55.94 0.007 C.217 0.0
25.53 55.94 0.007 0.217 -0.091
26.50 55.76 0.009 0.219 -0.091
27.49 5$5.76 0.009 0.219 0.0
28.51 55.76 0.009 0.219 0.09
29.49 55.94 0.007 0.217 0.091
30.48 55.94 0.007 0.217 -0.090
31.50 55.76 0.009 0.219 0.0
32.49 55.94 0. 007 0.217 0.0
33.49 55.76 0.009 C.219 -
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sdT/dt = (((T,,,-T,)/88) + ((T,~T;_,)/At)) / 2.0

from eq 3.5, (with appropriate substitutions) dCA/dt = -0.01231-dT/dt

Observed Temperature Rise = 55.94 - 16.68 = 39.44 °C
From eq A.2, adiabatic temperature rise = 81.2-[Na25031o
= 39.79 °C

Therefore in this case, actual temperature rise = 99.1 % of the

theoretical maximum.
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TABLE A.5 EXPERIMENTAL BATCH REACTOR DATA

Experiment #3

Time ‘ Temperature

{s)

4

~

- 36 ,

2.96

3.95

4.9%

5.98

6.97

7.96

8.9¢

9.97

10.96
11 97
12.95
13.98
14.99
15.98
16.96
17.97
18.96
19.97
20.97
21.96
22.96
23.97
24.98
25.96
26.97
27.26
28.95
29.97
30.98
31.97
32.96

34.97
35.97
37.00

[Na2503)° = 0.53 M [H202]° = 0.70 M
°
[Na2503] (M) [Hzozl (M) [~dTzdt ("C/s)
°o fror eq 3.5 | from eq 3.5 |*numerically
15.38 0.53 0.7 -
18.36 0.493 0.663 3.602
22.46 0.443 0.613 4.195
2 .75 0.390 0.560 4.615
31.64 6. 330 0.500 5.172
37 .26 0.260 0.430 S.449
42. 70 G.194 0.364 5.222
47.60 0.133 0.303 4.309
51.23 0.089 0.259 3.255
54.13 0.053 0.223 2.336
55.94 0.031 0.201 1.467
57.03 0.018 0.188 0.907
87.75 0.008 0.178 0.545
58.12 0.004 0.174 0.276
$8.30 0.002 0.172 0.087
$8.30 0.002 0.172 0.0
58.30 0.002 0.172 0.092
£8.48 0.0 0.17 0.091
58.48 0.0 0.17 0.0
58.48 0.0 0.17 0.0
58.48 0.0 0.17 0.0
58.48 0.0 0.17 -0.091
58.30 0.002 0.172 -0.091
58.30 0. 002 0.172 0.0
58.30 0.002 0.172 0.0
58.30 0. 002 0.172 0.0
58.30 0.002 0.172 0.0
58.30 0.002 0.172 0.09
58.12 0.004 0.174 0.0
58.30 0. 002 0.172 0.0
58.12 0.004 0.174 0.0
58.30 0.002 0.172 -0.09
58.30 0.002 0.172 -0.091
58.12 0.004 0.174 0.00
58.12 0.004 0.174 0.00
58.12 0.004 0.174 0.00
58.12 0. 004 0.174 0.00
58.12 0.004 0.174 -
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“4T/dt = (((T1+1-T1)/At) + ((Tl-Ti-l)/At)) /7 2.0

from eq 3.5, (with appropriate substitutions) dCA/dt = -0.01231-dT/dt

Observed temperature rise = 58.48 - 15.38 = 43.10 °c
From eq A.2 adiabatic temperature rise = 81.2- [Na2503]°
= 43.04 °C

Therefore in thls case, actual t#wperature rise = 100 % of

theoretical maximum.
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DETERMINATION OF ARRHENIUS PATAMET S #DR THE SULYITE REACTION

The adiabatic batch reactor energy balance is

Aern-[CA(t) - CA(O)]~V = [(me)deHar + (p"-V-Cp")]'[T(t)-T(O)l (3.5)

where CA(t). CA(O)) are the concentrations of sulfite ~t any time, t,

and initially at t = 0 and T(t), T(0) are the temperatures at any

time, t, and initially at t=0.

From this equation a plot of CA versus t can be constructed. This ls
illustrated (using the data from experiment #3) in Figure A.1. Using
this plot, —dCA/dt can be determined numerically.

From the rate equation for the reaction

RA = K-exp'(-EA/(R-T))'CA'CB (3.6)

where RA = rate of reaction = -dCA/dt
CB = concentration cf peroxide (which can be determined from
stoichiometry if CBo and CA values are known)

then ln(RA/(CA°CB)) = 1n (A) - EA/(R“I‘) (3.6a)

thus a plot of ln(RA/(CA-CB)) (or, wore simply, ln(k)) versus 1/T is
linear with a slope of —EA/T and an intercept of 1n(A). This lis

illustrated in Figure 3.10 with the data of experiment #2. Fligure A.2
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{s a similar plot using all the data. It can be seen from the tables
that data points near the beginning and the end of the reaction should
not be used. The reason for thls is the fact that, due to the time lag
in the thermocouple, the numerical derivatives of concentration were
found to be close to zero at the beginning. At the end, they were also
found to be close to zero because of the very low reaction rate at

this pcint.

In order to determine ihe Arrhenius parameters for the sulfite
reaction, a linear regression of 1n(k) versus 1/T was carried out
using data from all three experiments. The statistical package MINITAB
was used to perform the necessary calculations. A 1listing oi the

program follows at the end of this Appendix.

Figure A.3 1s a comparlson of the data of experiment #2 with a
computer simulation of the homogeneous, adiabatic batch reactor model.

The model equations are:

dc

A R, (A.3)
dt

dT AH-RA

— T — (A.4)
dt Cp*p

where R, = A-exp(-EA/(WT))-CA-CB (3.6)

The Arrhenius parametasr values determined from the adlabatic batch
reactor data were used in the simulation. It can be seen that the

model describcs the data very well.
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ODPH Model Simulation Program

A computer prngram was implemented to solve the ODPH model equations

(see equations 3.3 and 3.4). The equations were solved using a 4th

order Runge-Kutta routine. A listing of the program follows.
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aO00O00n

e NoNg]

aan

300

ana

PROGRAM SULFITE
SIMULATION OF ODPH TUBULAR REACTOR MODEL

DEFINE VARIABLES

»DH, HO, QR

REAL K1,K2,13,K4,L1,12,13,L4, TW,PI,CB
DAD EADR,W’KF.KS. z. DZ

REAL CAO, CBO,T,CA,Q,D,PT,V,CP,R

INTEGER I,J
PI = 3.14159
DZ = 0.01

SET PHYSICAL CONSTANTS

CP = 4180

RO = 1000

MU = 0.001

KF = 0.637

R =8.314

KS = 16.27

DH = 372230

A = 3.08%*10%**7.0
EA = 63 820

INPUT INTIAL CONDITIONS, FLOW, AND PIPE SIZE

WRITE(6,*) * INPUT INITIAL CONCENTRATIONS CAO & CBO’
READ(S, *) CAO0,CBO

WRITE(6,300) CA0/1000.,CB0/1000.

FORMAT(1X,'CAO = ’,F5.2,' CBO = ',F5.2)

CA = CAO

WRITE(6,*) ® INPUT FLOWRATE, INTERNAL DIAMETER AND PIPE THICKNESS'
READ(S,*) Q,D,PT

WRITE(6,*) Q*60000.

WRITE(6,*) ® INPUT INITIAL TEMPERATURE’

READ(S,*) T

WRITE(6,*) ® INITIAL TEMPERATURE = °,T

WRITE(6,*) ® INPUT BATH TEMPERATURE’

READ(5,*) TW

WRITE(6,*) ®BATH TEMPERATURE = ', TW
WRITE(6, *) * INPUT OUTSIDE HEAT TRANSFER COEFF ICIENT’
READ(S,*) QR

CALCULATE OVERALL HEAT TRANSFER COEFFICIENT

U = }EAT(Q.RO’D‘WQCPQKFOKSDPT’QR
WRITE(6,®) 'U = U .

PERFORM R-K 4TH ORDER INTEGRATION
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aaon

100
10

WRITE(6,*) * 2 T c
2=0

WRITE(6, 100) Z,T-273,CA

DO 10 I=1,340

Z = REAL(1)/100.0

CB = CBO - CAO +CA

K1 = DZ*DTZ(T,CA,CB,D,A,EA,R R, CP,RO,Q, TW,DH, U)

L1 = D2*DCZ(T,CA,CB,D, A,EA,R, CP,RO, Q, TW, DH)

K2 = DZ®*DTZ(T+K1/2.0,CA+L1/2.0,CB,D, A, EA, R, CP, RO, Q, TW, DH, U)
L2 = DZ*DCZ(T+K1/2.0,CA+L1/2. 0,CB, D, A, EA, R, CP, RO, Q, TW, DH)
K3 = DZ2°DTZ2(T+K2/2.0,CA+L2/2. 0,CB, D, A, EA,R, CP, R0, Q, TW, DH, U)
L3 = D2*DCZ(T+Kz/2.0,CA+L2/2. 0,CB,D, A, EA,R, CP, RO, Q, TW, DH)
K4 = D2*DT2(T+K3,CA+L3,CB,D,A,EA,R, CP, RO, Q, TW, DH, U)

L4 = DZ*DCZ(T+K3,CA+L3,CB,D, A, EA,R, CP,RO,Q, TW, DH)

T =T + (K1+2.0%K2+2. 0*K3+K4)/6.
CA = CA + (L1+2.0%L2+2,0%L3+L4)/6.0
IF(REAL(1/14.0).EQ. (1/14)) THEN
WRITE(6, 100) Z2,T-273,CA

END IF

WRITE(6, 100) 2,T-273,CA

FORMAT (3X, F5. 2, 2X, F15. 2, 2X, F15.2)
CONTINUE

STOP

END

FUNCTION TO CALCULATE THE OVERALL HEAT-TRANSFER COEFFICIENT

FUNCTION HEAT(Q,RO,D, MU, CP,KF,KS, PT,QR)
REALHEATVREPRHHOPIHUKFKSDL,PC

PI = 3.14159

DL = 2*PT/LOG((D+2*PT)/D)

V = Q/(PI*D*D/4.0)

RE = V*RO*D/MU

WRITE(6,®) 'RE # = ' ,RE

PR = CP*MU/KF

H = 0.116%(RE**(0.667)-125)*PR**(0.333)*KF/D
WRITE(6,*) 'H=",H

PC = (KS'DL)/(PT‘(D+2‘PT))

WRITE(6,*) 'PIPE CONTROL = ’,PC

HO=QR

WRITE(6,®) 'HO = °,HO

HEAT = 1.0/(((D+2.0*PT)/(D*H)) + 1.0/PC + 1.0/HO)
HEAT = HO

RETURN

END

FUNCTION D1/DZ2
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Qa0

FUNCTION DTZ(T,CA,CB,D, A, EA,R,CP,RO,Q, TW,DH,U)

REAL PI

PI = 3.14159

DTZ = DH®CA* (CB)*PI*D*D*A*EXP(-1.0°EA/R/T)/(CP*RO*Q"4.0)
DTZ = DTZ - U®PI®*(D+2.0*PT)*(T-TW)/(CP*RO*Q)

RETURN

END

FUNCTION DC/DZ

FUNCTION DCZ(T,CA,CB,D, A, EA,R, CP,RO,Q, TW, DH)

REAL PI

PI = 3.14159

DCZ = -1.0*PI*D*D*CA* (CB)®A*EXP(-1.0*EA/R/T)/ (4. 0*Q)
RETURN

END
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NOTE
NOTE REGRESSION TO DETERMINE ARRHENIUS PARAMETERS FROM BATCH DATA

NOTE
NOTE
NOTE DEFINE mCp/DH*V FOR THE SYSTEM
NOTE
LET K1 = 0.01231
NOTE
NOTE READ IN BATCH DATA #1
NOTE
READ INTO C1 C2
0.00 15.38
0.99 15.57
2.00 15.57
2.99 15.75
4.04 15.75
5.00 15.75
6.01 17.99
6.99 17.99
8.02 17.99
9.01 21.34
10.00 23.21
11.01 25.07
12.00 27.12
13.01 28.98
14.02 31.10
15.02 33.09
15.99 34.91
17.02 36.54
18.00 38.17
19.01 39.44
20.00 40.71
21.01 41.80
22.02 42.70
23.00 43.43
24.03 43.97
24.99 44.70
26.00 45.06
27.03 45.42
28.00 45.79
29.00 45.97
30.03 46.15
31.02 46.33
32.00 46.51
33.05 46.69
NOTE

NOTE CALCULATE NUMERICALLY DCA/DT AT ALL POINTS
NOTE FIND LN(K) VS 1/T

193



NOTE

PICK ROWS 1 TO 32 OF C1 PUT INTO C1l

PICK ROWS 1 TO 32 OF C2 PUT INTO C12

PICK ROWS 2 TO 33 OF C1 PUT INTO Ci13

PICK ROWS 2 TO 33 OF C2 PUT INTQ Cl4

PICK ROWS 3 TO 34 OF C1 PUT INTO C15

PICK ROWS 3 TO 34 OF C2 PUT INTO C16

LET C32 = ((C14-C12)/(C13-C11)+(C16-C14)/(C15-C13))/2
PRINT C32

LET K32 = 15.38
LET C38 = LOG(K1*C32/((0.39-K1*(C14-K32))*(0.59-K1*(C14-K32))))

LET C39 = 1.0/(C14+272. 15}
NOTE

NOTE READ IN BATCH DATA #2
NOTE

READ INTO C1 C2

0.00 16.68

0.99 18.36

2.00 23.58

3.02 27.30

4.00 31.46

4.99 35.63

6.02 40.35

7.00 44.70

8.02 48.32

9.00 51.04

10.00 S52.86

10.99 54.13

12.09 55.03

13.18 55.58

14.17 S5.76

15.21 55.94

16.18 55.94

17.19 55.94

18.19 56.12

NOTE '

NOTE CALCULATE NUMERICALLY DCA/DT AT ALL POINTS
NOTE FIND LN(K) VS 1/7

NOTE

PICK ROWS 1 TO 17 OF C1 PUT INM Ci11
PICK ROWS 1 TO 17 OF C2 PUT INTO Ci2
PICK ROWS 2 TO 18 OF C1 PUT INTO Ci3
PICK ROWS 2 TO 18 OF C2 PUT INTO Ci4
PICK ROWS 3 TO 19 OF C1 PUT INTO C15

PICK ROWS 3 TO 19 OF C2 PUT INTO C16

LET C42 = ((C14-C12)/(C13-C11)+(C16-C14)/(C15-C13))/2
PRINT C42

LET K42 = 16.68



LET C48 = LOG(KI'C42/((0.49-K1'(C14-K42))'(0.70—K1‘(C14-K42))))
LET C49 = 1.0/(C14+273.15)

NOTE

NOTE READ IN BATCH DATA #3
NOTE

READ INTO C1 C2
0.00 15.38
0.96 18.36
1.96 22.46
2.96 26.75
3.95 31.64
4.99 37.26
5.98 42.70
6.97 47.60
7.96 51.23
8.98 54.13
9.97 55.94
10.96 57.03
11.97 57.75
12.95 58.12
13.98 58.30
14.99 58.30
15.98 58.30
16.96 58.48
NOTE

NOTE CALCULATE NUMERICALLY DCA/DT AT ALL POINTS
NOTE FIND LN(K) VS 1I/T

NOTE

PICK ROWS 1 TO 16 OF C1 PUT INTO C11
PICK ROWS 1 TO 16 OF C2 PUT INTO Ci2
PICK ROWS 2 T0 17 OF Ci PUT INTO C13
PICK ROWS 2 TO 17 OF C2 PUT INTO Cl4
PICK ROWS 3 TO 18 OF C1 PUT INTO C15

PICK ROWS 3 TO 18 OF C2 PUT INTO C16

LET C52=((Ci4-ClZ)/(C13-C11)+(C16-Cl4)/(C15-013))/2

PRINT CS52

LET K52 = 15.38

LET CS8-LOG(K1‘CSZ/((0.53-K1'(Cl4-K52))'(0.70-K1'(C14—K52))))
LET C59 = 1.0/(C14+273.15)

NOTE

NOTE PRINT OUT LN(K) VS 1/T VALUES

NOTE

PRINT C38 C39 C48 C49 C58 £59

NOTE

NOTE PICK OUT SUITABLE DATA FOR REGRESSION AND PERFORM REGRESSION
NOTE '

PICK ROWS 10 TO 25 OF C39 AND PUT INTO C70

PICK ROWS 2 TO 11 OF C49 AND PUT INTO C71

195



JOIN C73,C74,C75, INTO Cé68

REGRESS Y IN C68 ON 1 PREDICTOR IN C69 &
STORE ST. RESIDUALS IN C90 AND PRED. Y IN C91 AND COEF. IN C92
NOTE

NOTE PRINT OUT RESULTS

NOTE

PRINT C69 C68 C91 C90

LET C39=C39%*1000

LET C49=C49*1000

LET C59=C59*1000

PRINT C38 C39 C4a8 C49 C58 C59

STOP
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NOTE
NOTE MINITAB PROGRAM TO FIND VALUES OF ARRHENIUS PARAMETERS

NOTE USING MADER'S 1957 DATA

NOTE
READ INTO C1

0.0196

0.0829

0.196

0. 464

READ INTO C2

273.4

288.0

298.0

308.0
NOTE
NOTE FIND LN(K) AND 1/T VALUES AND PERFORM REGRESSION
NOTE

LET C3 = LOG(C1)

LET C4 = 1.0/C2
REGRESS C3 ON 1 PREDICTOR C4 & STORE ST.RESIDULAS IN C5 AND PRED Y IN Cé
PRINT C3 C4 C6 C5

STOP
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APPENDIX B
Estimation of the maximum flow through a 0.175 cm internal diameter
reactor -

lising Bernoullli’s equation

AP u? - u°
..a..+————+g-Az—Hf=0 (B.1)
e 2

where AP = pressure drop (Pa)
p = flule denzlty (kg/ma)
ue = £iuid vinal veloclty (m/s)
u, = fluid initial velocity (m/s)

= acceleration due tn gravity (9.81 m/sz)

W. = work lost to friction (J/kg)

f
= 32-f-Le°QZ/(u2-DS) (B.2)
Az = height change (m)
witly £ = Fanning friction factor = ¢(Reynolds number, tubing type)
Le = equivalent length of tubing (m)

Q = flow rate (n3/s)
D

reactor diameter (m)

Assuming a reactor length of 3.5 m and using the properties of water
for fluid density and viscosity,

Re = 4-Q-p/(x-D-p) = 7.28-10°-Q

W = 6.91-101%.£.0%

f
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If the pressure drop 1z 659 kPa and the change in height is assumed to

be negligible then equation B.1 becomes

690 = Uf (B.3)

Equatios B.3 can be solved using the following algorithm.

1) Estimate flow rate

2) Determiné the corresponding Reynolds number
3) Calculate f from an appropriate correlation
4) Deteymine Wf nsing £ value found in 3

5) Check equation B.3 for equality

6) Repeat steps 1 through 5 1f necessary

The maximum flow rate through this system was found to be
approximately 470 ml/min. This however, was based on a 3.5 m long
reactor with no consideration given to the effect of the tees and the
thermocouples on the pressure drop. Thus, the flow rate determined is

a rough estimata.

Sample Calculatlon:

6 3/s (i.e., 400 ml/min)

Assume Q = 6.67-10
Thus, Re = 4853
f = 0.017 from Fanning frictlon factor correlation (figure can be

found in Perry’s Chemical Engineers’ Handbook, 6th Edition)
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and Hf = 523.17

Equation B.3 is not satisfied so another iteratlon is required.
Assume Q = 8.33-107% n°/s  (l.e., 500 ml/min)

Thus, Re = 6064

* = 0.017 from friction factor correlation

and W_. = 890

f
Equation B.3 is not satisfied so another iteratlon is required.

Assume Q = 7.83:10°% n°>/3  (i.e., 470 ml.nin)

Thus Re = 5700

f = 0.017 from friction factor correlation

and Wf = 710

Equation B.3 is thus satisfled to desired tolerance so,

Approximate maximum flow rate = 470 ml/min
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Rotameter Tube Calibratlion

Tube Number Fluid Scale Reading Measured Flow
(ml/min)
605 1.1 M 60 164, 160
Buffered 70 192, 196
Sodium 80 232, 238
Sulfite 90 268, 272
100 304, 304
110 352, 350
604 35 wt % 30 30, 30
Hydrogen 40 44, 44
Peroxide 50 60, 64
60 74, 76
70 90, 90, 90
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Linear Regression of Average Measured Flow as a function of scale

Reading -
For the 605 tube

Flow Rate (ml/min) = 3.74 x - 65.5

where x = scale reading
For the 604 tube

Flow Rate (ml/min) = 1.51 x - 15.3

where x = scale reading

Figure B.1 illustrates the linearity of the data

202



oLl

001

SaAIND UO[IDIGID) 8gnj JojawDbioy — |'H 24nbi 4

Buippay 9|P3S

0L 09 0S ()4 @.mu 0¢ (0} 0

UoI}NjOS opIX0lad usboupAH %m G¢ =qnl $09 -

o

‘/
ajyins wnipos W L°L 29nL S09

o
M

o
(o))

o
To)
\

o
<«
N

o
I~
N

oLe

06%

(uiw /W) ajpimold

203



APPENDIX C

A) Heat Transfer Experiments

In all cases, the temperature reported 1ls the average temperature
recorded at that thermocouple over the last S5 minutes (i.e, 10
sampling intervals) of the particular experiment. The inlet
temperature given 1s the volumetric average of the temperatures
recorded 5 cm (in each stream) from the first thermocouple. The

stirrer speed setting is #6.
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TABLE C.1 HEAT TRANSFER EXPERIMENT #1
Flow = 305 ml/min [Na2503]°= 1.1 M [8202]°= 0.00 M Bath = 50.56°C
Thermocouple Number Position (m) Temperature °c
Inlet - -
1 0.0 28.24
2 0.299 34.50
3 0.598 38.43
4 0.897 41.06
5 1.196 43. 46
6 1. 496 -
7 1,795 47.56
8 2.094 47.95
9 2.393 48.84
10 2.692 48.64
1 2.992 49.37
12 3.291 49, 41
13 3.590 49.70

Data plotted in Figure 5.1
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TABLE C.2 HEAT TRANSFER EXPERIMENT #2

- _ - o
Flow = 305 ml/min [Na2503]°— 1.1 M [H202]°- 0.00 M Bath = 44.52°C

Thermocouple Number Position (m) Temperaturse °c
Inlet - -
1 0.0 25.28
2 0.299 30.83
3 0.598 34.63
4 0.897 36.89
5 1.196 39.18
6 1.496 -
7 1.795 41.85
8 2.094 42,28
9 2.393 43.06
10 2.692 43.38
11 2.992 43.54
12 3.291 43.75
13 3.590 43.99
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TABLE C.3 HEAT TRANSFER EXPERIMENT #3

= = = = °
Flow = 305 ml/min [NaZSO3]°— 1.1 M [HZOZ]° 0.00 M Bath 2.90°C

Thermocouple Number Position (m) Temperature °%
Inlet - -
1 0.0 18.20
2 0.299 14.63
3 0.598 12.17
4 0.897 10.02
5 1.196 8.67
6 1.496 -
7 1.795 6.49
8 2.094 6.19
9 2.393 5.50
10 2.692 5.39
11 ' 2.992 4.90
12 3.291 4.46
13 3.590 4.20
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B) Parametric Sensitivity Experiments

In all cases, the temperature reported is the average temperature
recorded at that thermocouple over the last 5 minutes (l.e, 10
sampling intervals) of the particular experiment. The inlet
temperature given 1is the volumetric average of the temperatures
recorded 5 cm (in each stream) from the first thermocouple. The

stirrer speed setting 1s #6, unless otherwise noted.
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TABLE C. 4 PARAMETRIC SENSITIVITY EXPERIMENT E1
Flow = 380 ml/min [N32503]°= G.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °%
Inlet - 10.03
1 0.0 11.94
2 0.299 16.93
3 0.598 20. 42
4 0.897 24.19
5 1.196 28.03
6 1.496 31.97
7 1.795 36.18
8 2.094 33.50
9 2.393 41.45
10 2.692 44.03 | %
11 2.992 47.51 j
12 3.291 46.58 T
13 3.590- 4,72

Data plotted in Figure 6.3
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TABLE C.5 PARAMETKIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na2503]°= 0.88 M [HZOZIO= 2.31 M Bath = 24.0°C5
Thermocouple Number Position (m) Temperature: e
Inlet - 19.06 T
1 0.0 19.74 ”
2 0.299 26.71
3 0.598 30.14
4 0.897 35.30
3 1.196 38.76
6 1.496 42.80
7 1.795 46.93
8 2.094 49.00
9 2.393 47.41
10 2.892 46.05
11 2.992 43.37
12 3.291 40. 20
13 3.590 37.53

Data plotted in Figure 6.3
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TABLE C.6 PARAMETRIC SENSITIVITY EXPERIMENT E3
Flow = 380 ml/min [NaZSO3]°= 0.88 M [3202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 24.19
1 0.0 25.86
2 0.299 31.59
3 0.598 35.67
4 0.897 41.19
S 1.196 46.19
6 1.496 50.22
7 1.795 52.42
8 2.094 52.85
9 2.393 47.90
10 2.692 45.57
11 2.992 42.72
12 3.291 39.44
13 3.590 36.72

Data plotted in Figure 6.3
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TABLE C.7 PARAMETRIC SENSITIVITY EXPERIMENT E4
Flow = 380 ml/min [Na2503]°= 0.88 M [3202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °C
Inlet - 29.98
1 0.0 31.82
2 0.299 39.02
3 0.598 44.84
4 0.897 53.30
5 1.196 58.95
6 1.496 58.78
7 1.795 54.15
8 2.094 50.03
9 2.393 44.53
10 . 2.692 41.60
11 | 2.992 38.49
12 3.291 35.61
13 3.590 33.51

Data plotted in Figure 6.3

212



TaBLE C.8 PARAMETRIC SENSITIVITY EXPERIMENT R1

- _ - _ 0
Flow = 380 ml/min [Na2503]°- 0.88 M [Hzozlo— 2.31 M Bath =24.0C

Thermocouple Number Position (m) Temperature °c
inlet - 33.69
T 1 0.0 34.45
| 2 0.29% 45,35
u | 3 0.598 53.64
4 0.897 61.99
5 | 1.196 61,82
6 1.496 55.41
7 1.795 49.29
8 2.094 46.12
e 2.393 40.97
10 2.692 38.61
11 2.992 35.79
12 3.291 33.58
13 3.590 31.75

Data plotted in Figure 6.3
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TABLE C.9 PARAMETRIC SENSITIVITY EXPERIMENT ES§
Flow = 380 ml/min [Na,SO;] = 0.88 M [H,0,] = 2.31 M Bath = 24.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 41.75
1 0.0 44.47
2 0.29% 65.27
3 0. 598 83.83
4 0.897 74.31
5 1.196 61.92
6 1.496 50.78
7 1.795 44.23
8 2.094 41.40
9 2.393 36.70
10 2.692 34.71
1 2.992 32. 46
12 3.291 30.94
13 3.590 29.34

Data plotted in Figure 6.3
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TABLE C. 10 PARAMETRIC SENSITIV®7T: EXPERIMENT E9
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermccouple Number Position (m) Temperature °c
Inlet - 45.06
1 0.0 46. 60
1A 0.149 63.93
2 0.299 77.18
2A 0.448 89.97
3 0.598 86.72
4 0.897 68. 66
5 1.196 56.21
6 1.496 46.50
7 1.795 41.24
8 2.094 38.77
9 2.393 34.87
10 2.692 33.15
11 2.992 31.26
12 3.291 29.64
13 3.590 28.46

Data plotted in Figure 6.3



TABLE C. 11 PARAMETRIC SENSITIVITY EXPERIMENT E10
Flow = 380 ml/min [Na2803]°= 0.88 M [3202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 48. 7
1 0.0 S0.61
1A 0.149 72.38
2 0.299 93.21
2A 0. 448 95. 06
3 0.598 85.18
4 0.897 67.22
5 1.196 65.30
6 1.496 45.98
7 1.795 40.85
8 2.094 38.68
9 2.393 34.68
10 2.692 33.17
11 2.992 31.26
12 3.291 29.68
13 3.590 28.44

Data plotted in Figure 6.3
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TABLE C. 12 PARAMETRIC SENSITIVITY EXPERIMENT F1
Flow = 380 ml/min [N32503]°= 0.88 M [H202]°= 2.31 M Bath = 34.0°%
Thermocouple Number Position (m) Temperature °c
Inlet - 10.74
1 0.0 13.25
2 0.299 20.54
3 0.598 26.83
4 0.897 33.74
5 1.196 41.61
6 1.496 51.76
7 1.795 62.80
8 2.094 67.55
9 2.393 62. 14
10 2.692 57.98
11 2.992 53.09
12 3.291 49.03
13 3.590 45,56

Data plotted in Figure 6.5
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TABLE C.13 PARAMETRIC SENSITIVITY EXPERIMENT F2
Flow = 380 ml/min [Na2503]°= 0.88 M [HZOZ]OR 2.3t M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 18.16
1 0.0 19.82
2 0.299% 28.18
3 | 0.598 34.98
4 0.897 43.78
5 1.196 54.86
6 1.496 65.58
7 1.795 67.18
8 2.094 64.22
9 2.393 56.30
10 2.692 52. 41
11 2.992 48.51
12 3.291 45.28
13 3.590 42,75

Data plotted in Figure 6.5
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TABLE C. 14 PARAMETRIC SENSITIVITY EXPERIMENT F3
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,] =2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 23.68
1 0.0 25.24
2 0.299 34.43
3 0.598 42.03
4 0.897 53.84
S5 1.196 66.58
6 1.496 70.25 )
7 1.795 . 63.98
8 2.094 59.56
9 2.393 52.62
10 2.692 49.31
11 2.992 45,97
12 3.291 43.25
13 3.590 41.12

Data plotted in Figure 6.5
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TABLE C. 15 PARAMETRIC SENSITIVITY EXPERIMENT F4
Flow = 380 ml/min [N32503]°= 0.88 M [H202]°= 2.31 M Bath = 34.6°C
Thermocouple Number Position (m) Temperature °c
Inlet - 31.20
1 0.0 34.42
2 0.299 46.82
3 0.598 61.67
4 0.897 80. 46
5 1.196 73.10
6 1.496 62.02
7 1.795 54.73
8 2.094 51.41
9 “5:593 46.58
10 2.692 44.45
11 2.992 42,20
12 3.291 40.57
13 3.590 39.10

Data plotted in Figure 6.5
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TABLE C. 16 PARAMETRIC SENSITIVITY EXPERIMENT F8
Flow = 380 ml/min [Na2503]°= 0.88 M {H202]°= 2.31 M Bath = 34.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 34.43
1 0.0 36.52
1A 0.149 48.13
2 0.299 52.52
2A 0.448 58.53
3 0.598 69.99
4 0.897 80.69
5 1.196 71.36
6 1.496 60.63
7 1.795 54.00
8 2.094 51.41
9 2.393 46.47
10 2.692 . 44.67
11 2.992 42.29
12 3.291 40.44
13 3.590 39.04

Data plotted in Figure 6.5
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TABLE C. 17 PARAMETRIC SENSITIVITY EXPERIMENT F9
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 34.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 40. 37
1 0.0 41.05
1A 0.149 58.83
2 0.299 69.00
2A 0.448 83.22
3 0.598 92.13
4 0.897 77.22
5 1.196 64.79
6 1.496 §5.27
7 1.795 49.87
8 2.094 47.99
9 2.393 44.02
10 2.692 42.57
11 2.992 40.73
12 3.291 39.26
13 3.590 38.13

Data plotted in Figure 6.5
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TABLE C. 18 PARAMETRIC SENSITIVITY EXPERIMENT S1
Flow = 380 ml/min ([Na,SO;] = 0.88 M [H,0,] = 2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 46.70
1 0.0 50.25
1A 0. 149 69.86
2 0.299 92.21
2A 0.448 98. 36
3 0.598 88.87
4 0.897 73.00
5 1.196 61.81
6 1.496 52.79
7 1.795 47.91
8 2.094 45.70
9 2.393 42.55
10 2.692 41.13
11 2.992 39.51
12 3.291 38.26
13 3.590 37.19

Data plotted in Figure 6.5
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TABLE C. 19 PARAMETRIC SENSITIVITY EXPERIMENT G1
Flow = 380 ml/min [Na2503]°= 0.88 M [Hzozlos 2.31 M Bath = 44.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 11.95
1 0.0 15.66
2 0.299 25.39
3 0.598 34.29
4 0.897 45. 61
S 1.196 61.10
6 1.496 76.54
7 1.795 73.56
8 2. 098 69.31
9 2-3;£-I~~w~«—‘ B 62.19
10 2.692 58.80
11 2.992 §5.36
12 3.291 53.00
13 3.590 50.75

Data plotted in Figure 6.6
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TABLE C. 20 PARAMETRIC SENSITIVITY EXPERIMENT G2
Flow = 380 ml/min [Na,SO,] = 0.88 M [H0,] =2.31 M Bath = 44.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.16
1 0.0 22.16
2 0.299 33.29
3 0.598 43.37
4 0.897 59.23
S 1.196 77.40
6 1.496 76.47
7 1.795 68. 38
8 2.094 74.56
9 2.393 58.56
10 2.692 ' 55.82
11 2.992 53.13
12 ' 3.291 51.23
13 3.590 49.46

Data plotted in Figure 6.6
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TABLE C.21 PARAMETRIC SENSITIVITY EXPERIMENT G3
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,] =2.31 M Bath = 44.0°c
Thermocouple Number Position (m) Temperature °c
Inlet - 25.44
1 0.0 28.64
2 0.299 41,16
3 0.598 54.85
4 0.897 77.71
5 1.196 80. 92
6 1.496 70.96
7 1.795 63.81
8 2.094 60.59
9 2.393 55.75
10 2.692 53.63
11 2.992 51.34
12 3.291 49.90
13 3.590 48.49

Data plotted in Figure 6.6
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TABLE C.22 PARAMETRIC SENSITIVITY EXPERIMENT G4
Flow = 380 ml/min [Na2503]°= 0.88 M [3202]°= 2.31 M Bath = 44.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 29.69
1 0.0 32.53
2 0.299 48.12
3 0.598 67.52
4 0.897 85.82
5 1.196 76.43
6 1.496 66. 87
7 1.795 60.58
8 2.094 57.90
9 2.393 53.91
10 2.692 52.01
11 2.992 50. 18
12 3.291 48.22
13 3.590 47.69

Data plotted in Figure 6.6
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TABLE C.23 PARAMETRIC SENSITIVITY EXPERIMENT G7
Flow = 380 ml/min [Na,SO;] = 0.88 M [H,0,] = 2.31 M Bath = 44.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 33.21
1 0.0 35.20
1A 0. 149 51.09
2 0.299 56.56
2A 0. 448 66.93
3 0.5%8 87.93
4 0.897 86.13
S 1.196 74.35
6 1.496 64.95
7 1.795 59.38
8 2.094 57.51
9 2.393 53. 67
10 2.692 51.91
11 2.992 50.05
12 3 251 48.71
13 3.590 47.49

Data plotted in Figure 6.6

228



TABLE C.24 PARAMETRIC SENSITIVITY EXPE®!*ENT G8
Flow = 380 ml/min [Na2803]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°%C
Thermocouple Number Position (m) Tempr:rature °c
Inlet - 39.74
1 0.0 | 41.22
1A 0.149 62.20
2 0.299 75.50
2A 0.448 96.07
3 0.598 98.77
4 0.897 83.39
5 1.196 72.22
6 1.496 63. 47
7 1.795 58.19
8 2.094 56.5S
9 2.393 52.76
10 2.692 50.90
11 2.992 49.52
12 3.291 48.29
13 3.590 47.18

Data is plotted in Figure 6.6
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TABLE C.25 PARAMETRIC SENSITIVITY EXPERIMENT H1
Flow = 380 ml/min [N32503]°= 0.88 M [5202]°= 2.31 M Bath = 29.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 17.40
1 0.0 18.67
1A 0.149 24.43
2 0.299 26.24
2A 0. 448 27.86
3 0.598 30.86
4 0.897 36.15
5 1.196 42.&1-
6 1.496 48.20
7 1.795 53.66
8 2.094 57.69
9 2.393 55.10
10 2.692 53.72
11 2.992 50.08
12 3.291 46.57
13 3.590 42.88

Data plotted in Figure 6.7
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TABLE C. 26 PARAMETRIC SENSITIVITY EXPERIMENT H2
Flow = 380 ml/min ([Na,S0,} = 0.88 M [H0,] = 2.31 ¥ Bath = 29.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 24.25
1 0.0 25.34
1A 0.149 31.78
2 0.299 33.66
2A 0. 448 35.49
3 0.598 38.93
4 0. 897 45.58
S 1.19< | 52.33
6 1.496 57.34
7 1.795 58.19
8 2.094 57.98
9 2.393 52.20
10 2.692 49.65
11 2.992 45.82
12 3.291 42,81
13 3.590 39.80

Data plotted in Figure 6.7
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TABLE C.27 PARAMETRIC SENSITIVITY EXPERIMENT H3
Flow = 380 ml/min [Na2503]°= 0.88 M [Hé02]°= 2.31 M Bath = 29.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 29.96
1 0.0 | 30.9C
1A 0.149 38.70
2 0.299 41.60
2A 0. 448 44,28
3 0.598 49.52
4 0.897 59.30
5 1.196 65.13
6 1.496 61.30
7 1.795 55.05
8 2.094 52.65
9 2.393 46.41
10 2.692 43.80
11 2.992 40.73
12 | 3.291 38.35
13 3.590 36.34

Data plotted in Figure 6.7
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TABLE C.28 PARAMETRIC SENSITIVITY EXPERIMENT H4
Flow = 380 ml/min [Na2503]°= 0.88 M [3202]°= 2.31 M Bath = 29.0°C
Thermocoup:le Number Position (m) Temperature °c
Inlet - 11.08
1 0.0 12.59
1A 0.149 17.33
2 0.299 19.55
2A 0. 448 21.39
3 0.598 24.15
4 0.897 28.97
5 1.196 33.90
6 1.496 39.10
B 7 1.795 45.17
8 2.094 50.11
9 2.393 52.33
10 2.692 53.52
11 2.992 53.45
12 3.291 | 50.59
13 3.590 46.73

Data plotted in Figure 6.7
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TABLE C. 29 PARAMETRIC SENSITIVITY EXPERIMENT I1
Flow = 380 ml/min [NaZSO3]°= 0.88 M [H202]°= 2.31 M Bath = 19.0°C
Thermccouple Number Position (m) Temperature °c
Inlet - 10.38
1 0.0 11.60
1A 0.149 14.59
2 0.299 15.59
2A 0. 448 16.53
3 0.598 17.91
4 0.897 20.03
5 1.196 22.30
6 1. 496 23.86
7 1.795 25.91
8 2.094 27.62
9 2.393 ' 28.42
10 2.692 28.71
11 2.992 32.11
12 3.291 32.42
13 3.590 32.55

Data plotted in Figure 6.4
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TABLE C. 30 PARAMETRIC SENSITIVITY EXPERIMENT I2
Flow = 380 ml/min [Na2303]°= 0.88 M [H202]°= 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 17.42
1 0.0 18.08
1A " 0.149 20.96
2 0.299 22.42
2A 0.448 22.90
3 0.598 24.32
4 0.897 26. 40
5 1.196 27.86
6 1.496 29.06
7T 1.795 31.08
8 2.0%4 32.48
9 2.3%3 B 32.72
10 2.692 33.70
11 2.992 35.14
12 3.291 34.71
13 3.590 33.89

Data plotted in Figure 6.4
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TABLE C.31 PARAMETRIC SENSITIVITY EXPERIMENT I3
Flow = 380 ml/min [Na2503]°= 0.88 M [Hzozlot 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 24.54
1 0.0 .25.39
1A 0.149 27.71
2 0.299 30.51
2A 0.448 31.08
3 0.598 32.34
4 0.897 35.55
5 1.196 36.90
6 1.496 37.89
7 1.795 39.67
8 2.094 40.57
9 2.393 38.93
10 2.692 38.50
1 2.992 37.26
12 3.291 35.25
13 3.590 33.11

Data plotted in Figure 6.4
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TABLE C. 32 PARAMETRIC SENSITIVITY EXPERIMENT 14
Flow = 380 ml/min [N32503]°= 0.88 M [H202]°= 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 30.74
1 0.0 31.43
1A 0.149 34.30
2 0.299 37.83
2A 0.448 38.67
3 0.598 40. 67
4 0.897 41.33
S 1.196 45.43
6 1.496 44.21
7 1.795 43.81
8 2.094 _ 43.18
9 2.393 39.15
10 2.692 37.43
11 2.992 35.07
12 3.291 32.57
13 3. 5% 30.44

Data plotied in Figure 6.4
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TABLE C.33 PARAMETRIC SENSITIVITY EXPERIMENT IS
Flow = 380 ml/min [Na2503]°= C.88 M [Hzozlo= 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 34.19
1 0.0 34.54
1A 0.149 38.57
2 0.299 42 15
2A 0.448 44.24
3 0.598 46.58
4 0.897 50.71
5 1.196 S0.89
3 1.496 47.15
7 1.795 41.63
8 2.094 212,79
9 2.393 34.08
10 2.692 32.10
11 2.992 29.44
12 3.291 27.64
13 3.590 25.93

Data plotted in Figure 6.4
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TABLE C. 34 PARAMETRIC SENSITIVITY EXPERIMENT I6
Flow = 380 ml/min [Na2503]o= 0.88 M [H202]°= 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 40. 52
1 0.0 40.82
1A 0.149 48.35
2 0.29¢ 55.53
2A 0.448 60. 49
3 0.598 65.96
4 0.897 66.73
5 1.196 57.80
€ 1.496 47.15
7 1.795 41.63
8 2.094 38.79
9 ) 2.393 34.08
10 2.692 32.10
11 2.992 29.44
12 3.291 27.64
13 3.590 25.93

Data plotted in Figure 6.4
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TABLE C.35 PARAMETRIC SENSITIVITY EXPERIMENT I7
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 45.06
1 0.0 45.12
1A 0. 149 56.49
2 0.299 68.67
2A 0.448 77.88 |
3 0.598 80.08
4 0.897 67.56
5 1.196 55.24
6 1. 496 44.09
7 1.795 38.88
8 2.094 36. 22
9 2.393 32.05
10 2.692 30.32
11 2.992 27.91
12 3.291 26.22
13 3.590 24.71

Data plotted in Figure 6.4
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TABLE C. 36 PARAMETRIC SENSITIVITY EXPERIMENT I8
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,] = 2.31 M Bath = 19.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 49.08
1 0.0 50.88
1A 0.149 66.71
2 0.299 87.26
2A 0. 448 93.76
3 0.598 84.02
4 0.897 68.89
5 1.196 54.18
6 1.496 43.43
7 1.795 38.00
8 2.094 35.82
9 2.393 31.38
10 2.692 29. 46
11 2.992 27.41
12 3.291 25.81
13 3.590 24.27

Data plotted in Figure 6.4
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TABLE C.37 PARAMETRIC SENSITIVITY EXPERIMENT Ji
Flow = 380 ml/nin {ﬁ328031°= 0.88 M [Hzozlo= 2.31 M Bath = 49.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 12.33
1 0.0 16.75
1A 0.14° 24.28
2 0.29" 30.0S
2A 0. 448 33.76
3 0.598 40.87
4 0.897 58. 49
5 1.196 80. 26
6 1.496 79.09
7 1.79S5 71.41
8 2.094 67.69
9 2.393 62.19
10 : 2.692 59.30
11 2.992 56.72
12 3.291 54.85
13 3.590 53.18

Data plotted in Figure 6.8
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TABLE C.38 PARAMETRIC SENSITIVITY EXPERIMENT J2
Flow = 380 ml/min ([Na,SO,] = 0.88 M [H,0,]1,=2.31 ¥ Bath = 49.0°C
Trermocouple Number Position (m) Temperature °c
Inlet - 18.19
1 0.0 20.14
1A 0.149 30.08
2 0.299 36.47
2A 0. 448 41.26
3 0.598 51.00
4 0.897 77.63
5 1.196 82.22
6 1.496 72.54
7 1.795 66.26
8 2.094 64.15
9 2.393 59.76
10 2.692 57.62
11 2.992 55.17
12 3.291 53.53
13 3.590 52. 46

Data plotted in Figure 6.8
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TABLE C. 39 PARAMETRIC SENSITIVITY EXPERIMENT J3
Flow = 380 ml/min [Na2503]°= 0.88 M [3202108 2.31 M Bath = 49.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 25.35
1 0.0 27.76
1A 0.149 37.07
2 0.299 44.79
2A 0. 448 50. 54
3 0.598 63.83
4 0.897 87.32
S 1.196 79.20
6 1.496 69.97
7 1.795 64. 41
8 2.09¢ 61.97
9 2.393 58.19
10 2.692 56.64 B
11 2.992 54.67
12 3.291 53.40
13 3.590 2.33

Data plotted irn Figure 6.8
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TABLE C. 40 PARAMETRIC SENSITIVITY EXPERIMENT J4
Flow = 380 mi/min [Na,S0,]1 = 0.88 M (H,0,] =2.31 M Bath = 49.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 30.59
1 0.0 33.37
1A 0.149 44.63
2 0.299 54,07
2A 0.448 63. 45
3 0.598 81.89
4 0.897 86.70
5 1.196 75.57
6 1.496 67.35
7 1.795 62.42
8 2.094 60. 57
9 2.393 57.15
10 2.692 5. 82
i1 2.992 ;;51?9
12 3.291 é;l91
13 3.590 51.95

Data plotted in Figure 6.8
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TABLE C. 41 PARAMETRIC SENSITIVITY EXPERIMENT K1
Flow = 380 ml/min [Na2503]°= 0.78 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 48. 40 o
1 0.0 50.89
1A 0.149 6S. 16
2 0.299 82.33
2A 0.448 86.68
3 C. 598 79.14
4 0.897 63.71
5 1.196 52.71
6 1.496 43.94
7 1.795 39.18
8 2.094 37.27
9 2.393 33.96
10 2.692 32.65
11 2.992 30.82
12 5.291 29.35
13 3.590 28.31

Data plotted in Figure 6.12
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TABLE C. 42 PARAMETRIC SENSITIVITY EXPERIMENT K2
Flow = 380 ml/min (Na,SO,] = 0.78 M [H0,1,=2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 46.00
i 0.0 48.89
1A 0.149 63.20
2 0.299 79.38
2A 0.448 88.85
3 0.598 84.84
4 0.897 70.76
S 1.196 60.63
6 1.496 52.81
7 1.795 48.11
8 2.094 46.41
9 2.393 42.06
10 2.692 41.82
11 2.992 40.02
12 3.291 38.89
13 3.590 37.90

Data plotted in Figure 6.14
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TABLE C.43 PARAMETRIC SENSITIVITY EXPERIMENT K3
Flow = 380 ml/min [Na2503]°= 0.78 M [3202]°= 2.31 M Bath = 44.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 39.C8
1 0.0 42.42
1A 0.149 54. 14
) 2 0.299 66.62
2A 0.448 78.30
3 0.598 87.38
4 0.897 78.31
S 1.196 68.29
6 1.496 61.00
7 1.795 56.32
8 2.094 54.77
9 2.393 51.71
10 2.692 50.56
11 2.992 48.94
12 3.291 47.83
13 3.590 46.97

Data plotted in Fig 6.13

248



TABLE C. 44 PARAMETRIC SENSITIVITY EXPERIMENT L1
Flow = 380 ml/min [Na,SO;] = 0.68 M [H)0,] =2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - | 47.90
1 0.0 48.91
1A 0. 149 57.81
2 0.299 64.69
2A 0. 448 68. 46
3 0.598 69.22
4 0.897 61.73
S 1.196 52.83
6 1. 496 45.05
7 1.795 40. 38
8 2.094 38.59
9 2.393 35.12
10 2.692 33.75
11 2.992 31.78
12 3.291 30.57
13 3.590 29.15

Data plotted in Figure 6.12
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TABLE C. 45 PARAMETRIC SENSITIVITY EXPERIMENT L2
Flow = 380 ml/min [N32503]°= 0.68 M [3202]°= 2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 45.76
1 0.0 47.82
1A 0.149 57.67
2 0.299 66.73
2A 0.448 72.72
3 0.598 75.62
4 0.897 68.51
5 1.196 59.85
6 1.496 52.07
7 1.795 47.69
8 2.094 45.90
9 2.393 42.80
10 2.692 41.35
11 2.992 39.76
12 3.291 38.48
13 3.590 37.52

Data plotted in Figure 6.14
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TABLE C. 46 PARAMETRIC SENSITIVITY EXPERIMENT L3
Flow = 380 ml/min [N32503]°= 0.68 M [3202]°= 2.31 M Bath = 44. 0°c
Thermocouple Number Position (m) Temperature °c
inlet - 39.52
1 0.0 44.01
1A 0.149 51.59
2 0.299 60.44
2A 0. 448 67.16
3 0.598 7S.52
4 0.897 74.61
5 1.196 67.19
6 1.496 60.35
7 1.795 56.09
8 2.094 54.34
9 2.393 51.62
10 2.692 S0. 46
11 2.992 48.85
12 3.291 47.74
13 3.590 46.84

Data plotted in Figure 6.14
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TABLE C. 47 PARAMETRIC SENSITIVITY EXPERIMENT M1
Flow = 380 ml/min [N32503]°= 0.58 M [H202]°= 2.31 M Bath = 24.0°%
Thermocouple Number Position (m) Temperature °c
Inlet - 48.08
1 0.0 48.73
1A 0. 149 54.06
2 0.299 58.14
2A 0.448 59.53
3 0.598 59.75
4 0.897 55.61
S 1.196 50.05
6 1.496 43. 46
7 1,795 39.86
8 2.094 38.43
9 2.393 35.17
10 2.692 33.94
11 | 2.992 32.18
12 3.291 31.04
13 3.590 29.69

Data plotted in Figur. €.12
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-
TABLE C.48 PARAMETRIC SENSITIVITY EXPERIMENT M2
Flow = 7180 ml/min [Na,SO,1 = 0.58 M [H,0,] =2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 46.27
1 0.0 48.13
—
1A 0. 149 55.09
2 0.299 61.29
2A 0.448 64.59
3 0.598 66.83
4 0.897 63. 80
5 1.196 587.46
6 1.496 51.54
7 1.795 47.69
8 2.094 .46.27
9 2.393 43.19
10 2.692 42.00
11 2.992 40.34
12 3.291 39.22
13 3.590 38.15

Data plotted in Figure 6.14
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TABLE C. 49 PARAMETRIC SENSITIVITY EXPERIMENT M3
Flow = 380 ml/min [Na2503]°= 0.58 M lH202]°= 2.31 M Bath = 4.0
Thermocouple Number Positian (m) Temperature °c
Inlet N - 39.44
1 | 0.0 41.00
1A 0.149 48.71
2 0.299 54.51
2A 0.448 58.68
3 0.598 64.34
4 ' 0.897 68.59
5 1.196 66.07
6 1.496 60.97
7 1.795 57.03
8 2.094 55.48
9 2.393 52.53
10 2.692 51.32
11 2.992 49.68
12 3.291 48,42
13 3.590 47.56

Data plotted in Figure 6.13
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TABLE C. 34 PARAMETRIC SENSITIVITY EXPERIMENT N1
Flow = 380 ml/7in [Na,SO,] = 0.48 M [H)0,]1 = 2.31 M Bath = 24.0°%
Thermocouple Number Position (m) Temperature °c
Inlet - 47.93
1 0.0 48,18
1A 0.149 51.91
2 0.299 | 53. 82
2A 0. 448 54.13
3 0.598 S53.82
4 0.897 50. 36
5 1.196 £5.92
6 1.496 41.13
7 1.795 | 38. 46
8 2.094 37.18
9 2.393 34.57
10 2.692 33.55
11 2.992 32.00
12 3.291 30.86
13 3.590 29.62

Data plotted in Figure 6.12
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TABLE C.51 PARAMETRIC SENSITIVITY EXPERIMENT N2
Flow = 380 ml/min [Na,SO,] = 0.48 M [H,0,] =2.31 M Bath = 34.0%C
Thermocouple Number Position (m) Temperature °c
Inlet - 45.78
1 d.O 47.02
1A 0.149 52.23
2 0.299 55.67
2A 0. 448 57.41
3 0.598 58.90
4 0.897 57.85
5 1.196 54.25
6 1.496 49.87
7 1.795 47.18
8 2.094 45.90
9 2.393 43.17
10 2.692 42.13
11 2.992 40.64
12 3.291 : 39.46
13 3.590 | 38.40

Data plotted in Figure 6.14

256



TABLE C.52 PARAMETRIC SENSITIVITY EXPERIMENT N3
Flow = 380 ml/min [Na,SO,] = 0.48 M [H0,] = 2.31 M Bath = 44.0%
Therczocouple Number Position (m) Temperature °c
Inlet - 39.81
1 0.0 40.78
1A 0.149 47.51
2 0.299 51.99
2A 0. 448 54.72
3 0.598 58. 62
4 0.897 62.41
5 1.196 61.46
6 1.496 58. 40
7 1.795 55.81
8 2.094 54.52
9 2.393 51.94
10 2.692 50.85
11 2.992 49.41
12 3.291 48. 32
13 3.590 47.35

Data plotted in Figure 6.13
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TABLE C.S53 PARAMETRIC SENSITIVITY EXPERIMENT Q2
Flow = 380 ml/min [Na,SO,] = 0.88 M ([H,0,] = 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 18.45
1 0.0 19.36
2 0.299 25.68
3 0.598 29.35
4 0.897 35.22
5 1.196 39.96
6 1.496 47. 41
7 1.795 56. 12
8 2.094 61.64
9 2.393 61.14
10 2.692 58.89
11 2.992 54.02
12 3.291 49.98
13 3.590 46. 17

Stirrer Speed #0

Data plotted in Figure 6.15
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TABLE C. 54 PARAMETRIC SENSITIVITY EXPERIMENT Q3
Flow = 380 ml/min [N32303]°= 0.88 M [3202]°= 2.31 ¥ Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 18.21
1 0.0 19.41
2 0.299 25.15
3 0.598 28.51
4 0.897 32.19
S 1.196 35.44
6 i.496 38.29
7 1.795 41.56
8 2.094 43.76
9 2.393 43.79
10 2.692 44.27
11 2.992 43.88
12 3.291 41.47
13 3.590 39.10

Stirrer Speed #10

Data plotted in Figure 6.15
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TABLE C.S5 PARAMETRIC SENSITIVITY EXPERIMENT Q2A
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,i = 2.31 M Bath = 24.0°C
Thermocouple Number Position {m) Temperature °c
Inlet - 18.58
1 0.0 19.67
1A 0.149 22.97
2 0.299 25.81
2A 0.448 26.89
3 0.598 29.20
4 0.897 34.01
5 1.196 37.47
6 1.496 41.40
7 1.795 46.00
8 2.094 49.73
S 2.393 49.52
10 2.692 49.25
11 2.992 47.869
12 3.291 44.63
13 3.590 41.11

Stirrer Speed #3

Data plotted in Flgure 6.15
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TABLE C. 56 PARAMETRIC SENSITIVITY EXPERIMENT R2
Flow = 380 ml/min [N3250310= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Povition (m) Temperature °c
Inlet - 33.80
1 0.0 34.76
2 0.299 48.67
, 3 0.598 64. 96
4 0.897 81.95
5 1.196 74.77
6 1.496 64.69
7 1.795 57.47
8 2.094 54.32
9 2.393 49.06
10 2.692 46.48
\ 11 2.992 43.12
12 3.291 40. 66
13 3.590 38.31

Stirrer Speed #0

Data plotted in Figure 6. 16
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TABLE C.57 PARAMETRIC SENSITIVITY EXPERIMENT R3
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 33.12
1 0.0 33.86
2 0.299 44.31
3 0.598 51.75
4 0.897 59.97
S 1.196 61.12
6 1.496 §5.33
7 1.795 49.58
8 2.094 46.76
9 2.393 41.48
10 2.692 39.06
11 2.992 36.39
12 3.291 33.96
13 3.590 32.14

Stirrer Speed #10

Data plotted in Figure 6.16
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TABLE C.S8 PARAMETRIC SENSITIVITY EXPERIMENT R2A
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,] =2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 33.38
1 0.0 34.16
1A 0.149 40. 15
2 0. 299 44.81
2A 0. 448 47.60
3 0.598 53.65
4 0.897 64.78
5 1.196 67.81
6 1.496 59.23
7 1.795 52.67
8 2.094 49.44
9 2.393 43.60
10 2.692 40.70
11 2.992 37.35
12 3.291 35.14
13 3.590 33.09

Stirrer Speed #3

Data plotted in Figure 6.16
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TABLE C.59 PARAMETRIC SENSITIVITY EXPERIMENT S2
Flow = 380 ml/min [Na2503]o= 0.88 M [3202]°= 2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - '* 45.76
1 0.0 50.81
1A 0.149 74.53
2 0.299 104.71
2A C. 448 102.38
3 0.598 94. 45
4 0.897 82.48
5 1.196 72.65
6 1.496 63.07
7 1.795 57.43
8 2.094 55.22
9 2.393 50.76
10 2.692 48.82
11 2.992 46.31
12 3.291 44.70
13 3.59%90 42.84

Stirrer Speed #0

Data plotted in Figure 6.17
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TABLE C.60 PARAMETRIC SENSITIVITY EXPERIMENT S4
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 34.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 44.80
1 0.0 47.97
1A 0.149 65.09
2 0.299 83.91
2A 0.448 96. 46
3 0.598 89.48
4 0.897 73.17
S 1.196 62.48
6 1.496 52.98
7 1.795 48. 16
8 2.094 45.96
9 2.393 42.78
10 2.692 41.40
11 2.992 39.78
12 3.291 38.53
13 3.590 37.63

Stirrer Speed #10

Data plotted in Figure 6.17
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C) Transient Data

The transient temperature profiles for Parametric Sensitivity

Experiment E2 -

TABLE C.61A PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na2503]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 19.13
2 0.299 20.2¢
3 0.598 20.72
4 0.897 21.79
5 1.196 22.90
6 1.496 22.80
7 1.795 23.49
8 2.094 23.41
9 2.393 24.11
10 2.692 23.80
11 2.992 23.29
12 3.291 23.10
13 3.590 23.50

Time = O sec
Data plotted in Figure 6.1
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TABLE C. 61B PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na,SO,] = 0.88 M [H,0,] = 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.25
2 0.299 25.63
3 0.598 27.86
4 0.897 25.71
S 1.196 23.50
6 1.496 22.91
7 1.7S5 23.80
8 2.094 23.39
9 2.393 24.13
10 2.692 23.76
11 2.992 23.39
12 3.291 23.02
13 3.590 23.58

Time = 1 sec

Data plotted in Figure 6.1
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TABLE C.61C PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na2803]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°%
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.06
2 0.299 26.93
3 0.598 30.28
4 0.897 34.99
S 1.196 37.73
6 1.496 39.70
7 1.795 41.49
8 2.094 42.35
9 2.393 37.84
10 2.692 36.18
11 2.992 34.00
12 3.291 31.46
13 3.590 29.35

Time = 3 sec

Data plotted in Figure 6.1
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TABLE C. 61D PARAMETRIC SENSITIVITY EXPERIMENT Ql
Flow = 380 ml/min [Na2503]°= 0.88 M [8202]°= 2.31 M Bath = 24.0°%C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.25
2 0.299 27.12
3 0.598 30.91
4 0. 897 35.71
5 1.196 39.18
6 1.496 42.06
7 1.795 45. 30
8 2.094 47.43
9 2.393 44.70
10 2.692 42.35
11 2.992 39.98
12 3.291 36.90
13 3.590 33.82

Time = 4 secC

Data plotted in Figure 6.1
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TABLE C.61E PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na2803]°= 0.88 M [3202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.25
2 0.299 27.12
3 0.598 30.73
4 0.897 35.71
5 1.196 39.18
6 " 1.496 ‘ 43.14
7 1.795 | 46.57
8 2.094 48.33
9 2.393 . 46.00
10 2.692 44.34
11 2.992 41.43
12 3.291 38.35
13 3.590 35.81

Time = 5 sec

Data plotted in Figure 6.1
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TABLE C.61F PARAMETRIC SENSITIVITY EXPERIMENT Ql

‘71~ = 380 ml/min [Na,SO,] = 0.88 M [H,0,] =2.31 M Bath = 24.0%

ihermocouple Num*er Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.25
2 0.299 26.93
3 0.598 30.55
4 0.897 35.53
5 1.196 38.81
6 1.496 42,24
7 1.795 46.02
8 2.094 47.97
9 2.393 46.00
10 | 2.692 44.16
11 2.992 42.16
12 3.291A 39.08
13 3.590 36.35

Time = 7 sec

Data plotted in Figure 6.1
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TABLE C.61G PARAMETRIC SENSITIVITY EXPERYMENT Q1

_ 0
Flow = 380 ml/min [Na2503]o 0.88 M [Hzozlo 2.31 M Bath = 24.0°C

Thermocouple Number Position (m) Temperature °c

Inlet - 19.06
1 0.0 20.2%

2 0.299 26.93

3 0.598 30.55

4 0.897 35.71

5 1.196 38.81

6 1.496 42.96

7 1.795 46.93

8 2.094 48.88

9 2.393 746. 72
10 §92 45.25
11 2.992 42.70
12 3.291 39.44
13 3.590 36.90

Time = 8 sec

Data plotted in Figure 6.1
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TABLE C. 61H PARAMETRIC SENSITIVITY EXPERIMENT Q1
‘ Flow = 380 ml/min [Na2303]°= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °C
Ialet | - 19.06
1 0.0 20.06
2 0.299 | 26.93
3 0.398 30.5%
4 0.897 35.583
5 1.196 3%.00
6 1.496 43.14
7 1.795 46.93
8 2.0%2 49.06
9 2.393 47.27
10 2.692 45.43
11 2.992 42.88
12 3.291 | 39.80
13 3.590 36.90

Time = 10 sec

Data »lotted in Figure 6.1
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TABLE C.611 PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [Na,S0,] = 0.88 M [H;0,] = 2.31 M Bath = 24. 0°c
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 20.06
2 0.299 27.12
3 0.598 30.55
4 0.897 35.53
S 1.196 39.00
6 1.496 43.14
7 1.795 47.11
8 2.094 49.06
9 2,393 47.63
10 2.692 45.79
11 2.992 42.88
12 3.291 39.62
13 3.590 37.08

Time = 11 sec

Data plotted in Figure 6.1
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TABLE C.61J PARAMETRIC SENSITIVITY EXPERIMENT Ql
Flow = 380 ml/min [Na2$03]°= 0.88 M [H202]°= 2.31 4 Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c

Inlet - 19.06
1 0.0 20.36
2 0.299 26.93
3 0.598 30.55
4 0.897 35.53
B 5 1.196 38.81
6 1.496 42.96
7 1.795 47.47
8 2.094 49.78
9 2.393 48.17
10 2.692 46.16
11 2.992 43.25

12 3.291 39.80 )
13 3.590 37.08

Time = 13 sec

Data plotted in Figure 6.1
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TABLE C.61K PARAMETRIC SENSITIVITY EXPERIMENT Ql
Flow = 380 ml/min ([Na,SO.] = 0.88 M [H0,] = 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 | 20.06
B 2 0.299 26.93
3 0. 598 30.55
4 0.897 35.35
5 1.196 38.45
6 1.496 42.24
7 1.795 46.57
8 2.094 48.69
9 2.393 47.27
10 2.692 45.43
11 2.992 43.43
12 3.291 39.98
13 3.590 37.26

Time = 14 sec

Data plotted in Figure 6.1

276



TABLE C.61L PARAMETRIC SENSITIVITY EXPERIMENT Q1
Fiow = 380 ml/min ([Na,SO,] = 0.88 M [H,0,] = 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
i 0.0 20.06
2 0.299 26.75
3 0.598 30.55
4 0.897 35.53
S 1.196 38.63
6 1.496 42.24
7 1.795 46.57
8 2.094 48.69
9 2.393 47.27
10 2.692 45.97
11 2.992 43.25
12 3.291 40. 16
13 3.590 37.44

Time = 16 sec

Data plotted in Figure 6.1
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TABLE C.61M PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml/min [NaZSO3]O’= 0.88 M [H202]o= 2.31 M Bath = 24.0°%
Thermocouple Number Position (m) Temperature °c
Inlet - 19.06
1 0.0 19.88
2 0.299 26.93
3 0.598 30.55
4 0.897 35.89
S 1.196 39. 18
6 1.496 43.33
7 1.795 47. 47
8 2.094 49.42
9 2.393 47.45
10 2.692 45.79
11 2.992 43.06
12 3.291 40.16
13 3.590 37.44

Time = 17 sec

Data plotted in Figure 6.1
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TABLE C.61N PARAMETRIC SENSITIVITY EXPERIMENT Q1
Flow = 380 ml1/min [Na2503l°= 0.88 M [H202]°= 2.31 M Bath = 24.0°C
Thermocouple Number Position (m) Temperature °c
._E;& o - 15.06
- g 0.0 20.06
B 2 0.299 26.75
‘P-“
' 3 0.598 30.28
4 0.897 35.53
S 1.196 39.00
6 1.496 43.14
7 | 1.795 47.29
8 2.094 49.06
9 2.393 47.45
10 2.692 45.79
11 2.992 43.06
12 3.291 39.80
13 3.590 37.26

Time = 19 sec

Data plotted in Figure 6.1
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APPENDIX D

1) ODPH Model - Computer Program

The ODPH model for the case of no reaction is giver by equatlon S.1.
Ordinarily, this equation can be solved analytically. However, in this
instance, in order to account for the change 1in reactor

characteristics at the tublng tees, a éifferent procedure was used.

A standard 4th order Runge-Kuttz routine was employed, with the
integration broken into segments. Each segment was characterized by
the value of the overall heat transfer coefficlent for that particular
segment. This value of U was dependent upon the position 1in the
reactor as it was a function of the internal and external diameter of
the tubing. The different segments of the reactor are listed 1n>Tab1e
D.1. "~ is evident from the table, there were only three different
types of segment. Thus, only 3 different values of U had to be

calculated.

The computer program developed 1s given at the end of this section. In
the program, the inlet conditions, as well as the value for the
outside (i.e., the bath side) heat transfer coefficlent were initially
obtained. Then, the three different valuex of U were determined, using
the reactor dimensions given in Table D.1 and the outside heat

transfer coeffi<is  Following this, the differential equation was
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TABLE D.1 o
Reactor Segments for Integration using the CDPH Model
Segment. Type |Reactor Position‘Tinner Diameter |Outer Diameter
1 A 0.00 -0.0096 m| 0.00223 m 0.00711 m
2 B 0.0096 - 0.0216 m| 0.00175 m 0.0111 m
3 Cc 0.0216 - 0.2776 m| 0.0017S m 0.00318 m
4 ’?_HYB 0.2776 - 0.2896 m| 0.00175 = 0.0111 m
5 A 0.2896 - 0.2992 m] 0.00223 m 0.00711 m

Segments #1 thru #5 represent one complete section of tubing. The
remaining eleven sections each consist of these S5 segments in the
order given above (i.e., 0.0096 m of type A, followed by 0.012 m of

type B, 0.256 m of type C, etc. ). The total length of the reactor 1is
3.59 n.

integrated from z=0 tc the end of the reactor, with the appropriate

value of U being used for each sectlon.

It is important to note that the value of U determined here was based

on the inside area (i.e., UIB. The correlation used for determining

the value of the inside heat transfer coefficient was:

3

Nu = 0.116- (ReZ 173

- 125)-Pr (D.1)

This correlation was valid for the turbulent transition region (i.e.,

2100 < Re < 10 000).

It should be noted that the computer program was written so as to
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simplify the extractlon of h from U (eq 5.6 or 5.7). This was done by
specifying ho as an input parameter. From this value of ho’ a value
for U1 was determined (using 5.6) and used in the simulation. Thus,
every simulated temperature profile had a characteristic U1 assoclated
with it that was already based on a ho wvalue. Thus, when the optimal
U1 value was found, the optimal h° was automatically known as well.

The second computer program attached at the end of this section was
used for the actual comparison with the experimental data. It differs
in the fact that experimental data is required input. This data is
displayed, along with the value of the sum of the squares cof *he

temperature differences.
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PROGRAM SULFITE2

SIMULATES ODPH MODEL FOR A TUBULAR REACTOR

PROGRAM TAKES INTO ACCOUNT CHANGES IN HEAT TRANSFER
AT THE TEES

DEFINE VARIABLES

REAL X1,Kk2,K3,K4,L1,L2,L3, L4, TW,PI,CB, DH, HO QR, UAVG
REAL CAO0,CBO,T,CA,Q,D,PT,V,CP,K0, A,EA,R, MU, F,KS, 2,D2
INTEGER 1,J,RP

REAL DIA, DOA, DIB, DOB, DIC, DOC, UA, UB, UC, REA, REB, REC

PI = 3.14159

SET PHYSICAL CONSTANTS

DIA = 0.00223
0.00711

DOA

DIB = 0.00175
DOB = 0.0111
DIC = 0.00175
DOC = 0.003175
CP = 4180

RO = 1000

MU = C.001

KF = 0.637

R = 8.314

KS = 16.27

DH = 372230

A = 3.56%10"*7.0
EA = 64268

INPUT OUTSIDE HEAT TRANSFER COEFFICIENT AND FLOWRATE

WRITE(6, ®) ’ INPUT OUTSIDE HEAT TRANSFER COEFFICIENT’
READ(S,*) QR

WRITE(6,*) "H OUTSIDE = ',QR

WRITE(6,*) ' INPUT FLOWRATE’

READ(S,*) Q

WRITE(6,*) ’'FLOWRATE = ’,Q*60000," L/MIN’

CALCULATE OVERALL HEAT TRANSFER COEFFICIENT FOR EACH SEGMENT TYPE

D = DIA

PT = (DOA-DIA)/2.0

WRITE(6,®) *®%%ss FOR SECTION A ®e***’
U = HEAT(Q,RO, D, MU, CP,KF,KS, PT,QR)
UA=U

D = DIB

PT = DOB-DIB

PT = PT/2.0

WRIYE(6,®) '*%®*** FOR SECTION B *****’
U = HEAT(Q,RO.D, MU, CP,KF,KS, PT, QR)

283



aaa

222

300

aaoon Qa0

oNeoNg!

UB = U

D = DIC
PT = DOC-DIC
PT = PT/2.0

WRITE(6,®) '**#%* FOR SECTION C *****’

U = HEAT(Q, RO, D, MU, CP,KF,KS, PT, QR)

uc =U

WRITE(6,*) 'UA = ',UA,’ UB = ',UB,” UC = ’,UC

UAVG=(0. 0192*0. 00223*UA)+(0. 256*0. 00175*UC) +(0. 024*0. 00175*UB)
UAVG = 12*UAVG/0. 00639

WRITE(6,*) 'U ~vG = ', UAVG

INPUT INTIAL CONDITIONS

CONTINUE
WRITE(6,*) 'INPUT INITIAL CONCENTRATIONS CAO & CBO’
READ(S, *) CAO,CBO
WRITE(6, 300) CA0/1000.,CB0/1000.
FORMAT(1X,'CAO = ’,F5.2," CBO = ',F5.2)
CA = CAO
WRITE(6,*) ' INPUT INITIAL TEMPERATURE’
READ(S,*) T
WRITE(6,*) ' INITIAL TEMPERATURE = ', T
WRITE(6,*) ' INPUT BATH TEMPERATURE’
READ(S,*) TW
WRITE(6,*) 'BATH TEMPERATURE = ’,TW

PRINT HEADER

WRITE(6,%) ' 2Z T c’
2=0

CB = CBO

WRITE(6, 100) Z,T-273,CA

PERFORM INTEGRATION

DO 10 I=1,12

wRITE(s. .) I RSUSRCESHEDEERERERD BN SRR AL NEN AR RRERRRREBEREREES

DO 20 J=i,12
DETERMINE REGION AND SET U,D,DZ VALUES ACCORDINGLY

IF(J.EQ.1) THEN
U=UA

D = DIA

DZ = 0.0096
ELSE

IF(J.EQ.2) THEN
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U =1UB

D = DIB

DZ = 0.012

ELSE

IF(J.EQ.11) THEN

U=UB

D = DIB

DZ = 0.012

ELSE

IF(J.EQ.12) THEN

U=UA

D = DIA

DZ = 0.0096

ELSE

U =1UC

D = DIC

Dz = 0.032

END IF

END IF

END IF

END IF

K1 = D2*DT2(T,CA,CB,D, A,EA, R, CP,RO, Q, TW, DH, U)

L1 = DZ*DCZ(T,CA,CB, D A,EA,R,CP,RO,Q, TW, DH)

K2 = DZ*DTZ(T+K1/2.0,CA+L1/2.0,CB, %, A, EA, R, CP, RO, Q, TW, DH, U)
L2 = DZ*DCZ(T+K1/2.0,CA+L1/2.0,CB, D, A, EA,R, CP, RO, Q, TW, DH)
K3 = D2*DTZ(T+K2/2.0,CA+L2/2.0,CB, D, 4, EA,R,CP, R0, Q, TW, DH, U)
L3 = D2*DCZ(T+K2/2.0,CA+L2/2.0,CB, D, A, EA, R, CP, RO, Q, TW, DH)
K4 = DZ*DTZ(T+K3, CA+L3,CB,D, A, EA,R, CP, RO, ¢, TW, DH, U)

L4 = DZ*DCZ(T+K3, CA+L3,CB,D, A, EA, R, CP, RO, Q, TW, DH)

T =T + (K1+2.0*K2+2.0%K3+K4)/6.0
CA = CA + (L1+2.0%L2+2.0*L3+L4)/6.0

Z2=2 +DZ

CB = CBLC + CA - CAO

IF(I.EQ.1) THEN

WRITE(6, 100) Z,T-273,CA

END IF

IF(J.EQ.12) THEN

WRITE(6, 100) Z,T-273,CA

END IF

FORMAT (1X, F7. 4, 2X,F15. 3, 2X,F15. 3)
CONTINUE

CONTINUE

"RITE(6 .) 'I...‘.l..ﬁ'.l..ll..ll"....lllﬁIi‘..‘!lﬂ.lll!‘!il'

DETERMINE IF MORE SIMULATIONS ARE NEEDED

WRITE(6,*) ' ANOTHER SIMULATION ? (O=YES)’
READ(S,*) RP

285



aoon

ao0Oo0

s NeNy]

aaa

oo

IF(RP.EQ.0) GOTO 222
STOP
END

FUNCTION TO CALCULATE THE OVERALL HEAT-TRANSFER COEFFICIENT

FUNCTION HEAT(Q, RO, D, MU, CP,KF,KS, PT,QR)
REAL HEAT,V,RE,PR,H, HO, PI,MU,KF,KS, DL, PC
PI = 3.14159

DL = 2*PY/1.0G((D+2*PT)/D)

WRITE(6,") 'LOG MEAN DIAMETER = ’,DL

RE = (4.0*Q*RO)/(PI*D*MU)

WRITE(6,*) "KE # = ’,RE

PR = CP*MU/KF

USE CORRELATION FOR TRANSITION REGION

H = 0.116*(RE**(0.667)-125.0)*PR** (0. 333)*KF/D
WRITE(6,®) 'H = ",H
PC = (KS*DL)/(PT*(D))
WRITE(6,*) 'PIPE CONTROL = ',PC
HO=QR
WRITE(6,*) "HO = ’,HO

CALCULATE U SUB 1

HEAT = 1.0/(1.0/H + 1.0/PC + (D/HO/(D+2.0*PT)))
RETURN
END

FUNCTION DT/DZ

FUNCTION DTZ(T,CA,CB,D, A, EA,R, CP,RO0,Q, TW, DH, U)

REAL PI

PI = 3.14159

DTZ = DH*CA®(CB)*PI1*L*D*A*EXP(-1.0*EA/R/T)/(CP*R0O*Q*4.0)
DTZ = DTZ - U*PI*(D)*(T-TW)/(CP*RO*Q)

RETURN

END

FUNCTION DC/D2

FUNCTION DCZ(T,CA,CB,D, A, EA, R, CP, R0, Q, TW, DH)

REAL PI

PI = 3.14159

DCZ = -1.0*PI*D*D*CA*(CB)*A®EXP(-1.0*EA/R/T)/(4.0%Q)
RETURN

END
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PROGRAM SULFITE3

SIMULATES ODPH REACTOR MODEL

PROGRAM TAKES INTO ACCOUNT CHANGES IN HEAT TRANSFER
AT THE TEES

PROGRAM ALLOWS FOR COMPARISON WITH EXPERIMENTAL DATA

'DEFINE VARIABLES

REAL K1,K2,K3,K4,L1,L2,L3,L4, TW, PI, CB, DH, HO, QR

REAL CA0,CBO,T,CA,Q,D,PT,V,CP,RO, A,EA,R,MU,KF,KS, 2,D2
INTEGER I,J

REAL DIA, DOA, DIB, DOB, DIC, DOC, UA, UB, UC, REA, REB, REC
REAL TEX(13),SUM

PI = 3.14159

SET PHYSICAL CONSTANTS

DIA
DOA
DIB
DOB
DIC
DoC
Ccp
RO
MU
KF
R

0.00223
0.00711
0.0017S
0.0111
0.0017S
0.003175
4180

1000

0.001

0.637

8.314

KS = 16.27

DH = 372230

A = 3.97*10**7.0
EA = 64450

INPUT INTIAL CONDITIONS, FLOW, AND PIPE SIZE

WRITE(6,*) * INPUT INITIAL CONCENTRATIONS CAO & CBO’
READ(5, *) CAO0, CBO

WRITE(6,300) CAO/1000. ,CB0/1000.

FORMAT (1X, ' CAO = *,F5.2,° CBO = ’,F5.2)

CA = CAO

WRITE{6,®) * INPUT FLOWRATE’

READ(S5,*) Q .

WRITE(6,*) *FLOWRATE = ’,Q*60000,’ L/MIN’
WRITE(6,®) * INPUT INITIAL TEMPERATURE'

READ(S,*) T

WRITE(6,*) ' INITIAL TEMPERATURE = ', T

WRITE(6,*) * INPUT BATH TEMPERATURE'

READ(S,*) TV

WRITE(6,*) *BATH TEMPERATURE = ’,TW

WRITE(6,*) * INPUT OUTSIDE HEAT TRANSFER COEFFICIENT’
READ(S,*) QR
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WRITE(6,*) 'H OUTSIDE = ’,QR
c READ IN EXPERIMENTAL TEMPERATURES

WRITE(6,®) ’® INPUT EXPERIMENTAL TEMPERATURES’
o 33 I=1,13
READ (5,®) TEX(I)
33 CONTINUE
C CALCULATE OVERALL HEAT TRANSFER COEFFICIENT FOR EACH SECTION
C
D = DIA
PT = (DOA-DIA)/2.0
WRITE(6,®) ’***** FOR SECTION A ®®##’
U = HEAT(Q, RO, D, MU, CP,KF,KS, PT,QR)
UA=U
D = DIB
PT = DOB-DIB
PT = PT/2.0
WRITE(6,*) '***c* FOR SECTION B *#***’
U = HEAT(Q, RO, D, MU, CP,KF,KS, PT,QR)
UB =U
D = DIC
PT = DOC-DIC
PT = PT/2.0
WRITE(6,®) '**%%* FOR SECTION C **a#*’
U= HEAT(Q.RO.D.MUn CPDKF!KSUPT!QB)
uc =1
WRITE(6,*) 'UA = ',UA,’ UB = ’,UB,’” UC = ’,UC
o FRINT HEADER

WRITE(6,*) ' 2 T c’
2=0 :
CB = CBO
WRITE(6, 100) 2,T-273,CA
WRITE(6,*) 'T EXP = ', TEX(1)
SUM = 0.0
c PERFORM INTEGRATION

DO 10 I=2,13
WRITE(G,®) 'SFosestnsssssassssssssssmsssassssssissnnssssrsy
DO 20 J=1,12

c DETERMINE REGION AND SET U,D,DZ VALUES ACCORDINGLY

IF(J.EQ.1) THEN
Us=UA

D = DIA

DZ = 0.0026
ELSE

IF(J.EQ.2) THEN
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ELSE
IF(J.£Q.12) THEN

U = UA

D = DIA

DZ = 0.0096

ELSE

U=1UC

D = DIC

DZ = 0.032

END IF

END IF

END IF

END IF

K1 = DZ*DTZ(T,CA,CB, D, A,EA, R, CP,RO, Q, TW, DH, U)

L1 = DZ*DCZ(T,CA,CB,D, A, EA,R,CP,RO,Q, TW, DH)

K2 = DZ*DTZ(T+K1/2.0,CA+L1/2.0,CB,D, A, EA,R,CP,RO,Q, TW, DH,U)
L2 = D2*DCZ(T+K1/2.0,CA+L1/2.0,CB, D, A, EA,R,CP,RO,Q, TW, DH)
K3 = DZ*DTZ(T+K2/2.0,CA+L2/2.0,CB, D, A, EA, R, CP,RO, Q, TW, DH, U)
L3 = DZ*DCZ(T+K2/2.0,CA+L2/2.0,CB,D, A, EA,R,CP,RO, Q, TW, DH}
K4 = D2*DTZ2(T+K3, CA+L3,CB,D, A, EA,R, CP, RO, Q, TW, DH, U)

L4 = DZ*DCZ(T+K3,CA+L3,CB,D, A, EA, R, CP,RO, Q, TW, DH)

T =T + (K1+42.0%K2+2, 0*K3+K4)/6.

CA = CA + (L1+2.0%L2+2.0%L3+L4)/6.0
2=2 +D2

CB = CBO + CA - CAO

IF(J.EQ.12) THEN

WRITE(6, 100) 2, T-273,CA

END IF
FORMAT(1X,F7. 4, 2X,F15. 3, 2X,F15. 3)
CONTINUE

FIND SUM OF DELTA T'S

WRITE(6,*) *TEXP = ', TEX(I)
IF(TEX(I).EQ.0.0) THEN

GOTO 578

END IF :

SUM = SUM + (ABS(TEX(I)-(T-273))**2.0)
CONTINUE

CONTINUE
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PRINTOUT SUM OF DELTA T'S

WRITE(6,®) *SUM = OF DELTA T S SQUARED = ’, SUM
WRITE(6,*) 'H OUTSIDE = ’,QR
STOP
END
FUNCTION TO CALCULATE THE OVERALL HEAT-TRANSFER COEFFICIENT

FUNCTION HEAT(Q, RO, D, MU, CP,KF,KS, PT, QR)
REAL HEAT,V,RE, PR, H, HO, PI, MU, KF,KS, DL, PC
PI = 3.14159
DL = 2*PT/LOG((D+2*PT)/D)
WRITE(6,*) °*LOG MEAN DIAMETER = ',DL
RE = (4.0*Q*RO)/(PI*D*MU)
WRITE(6,*) 'RE # = ’,RE
PR = CP"MU/KF
USE CORMELATION FOR TRANSITION REGION

H = 0.116*(RE**(0.667)-125.0)*PR** (0. 333)*KF/D
WRITE(6,®) '"H = ",H
PC = (KS®*DL)/(PT*(D))
WRITE(6,*) 'PIPE CONTROL = ’,PC
HO=QR
WRITE(6,®) "HO = ’,HO
CALCULATE U SUB 1

HEAT = 1.0/(1.0/H + 1.0/PC + (D/HO/(D+2.0*PT)))
RETURN

END

FUNCTION DT/D2

FUNCTION DTZ(T,CA,CB,D, A, EA,R, CP,RO,Q, TW, DH, U)

REAL PI

PI = 3.14159

DTZ = DH*CA® (CB)*PI*D*D*A*EXP(-1.0*EA/R/T)/(CP*RO*Q"*4.0)
DTZ = DTZ - U*PI*(D)*(T-TW)/(CP*RO*Q)

RETURN

END

FUNCTION DC/D2

FUNCTION DCZ(T,CA,CB,D, A, EA,R,CP, RO, Q, TW, DH)

REAL Pl

PI = 3.14159

DCZ = ~-1.0*PI*D*D*CA® (CB)*A®EXP(-1.0*EA/R/T)/(4.0%Q)
RETURN

END
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2) TDPH Model - Computer Program

The TDPH model, once simplified, 1s described by equation 5.5. As

mentioned in section 5.1, CA(z) = CAo in this case.

T 8°T 1 8T  w-oCp 8T
_— e — = = - —_— e — = 0 (5.5)
2 2
dz ar r ar kf 9z
The boundary conditions are :
aT
—_— =0 (5.5a)
ar r=0
aT
-kf-n-Di-;; = Uo-n-D°~(T-Tc) (5.5b)
r=01/2 r=D1/2
aT
- =0 (5.5¢)
8z 2=L
ar
u-pocp.(To—T) - -k ® (S.Sd)
2=0 oz 2=0
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Equations 5.5 through 5.5d can be solved numerically using a finite
difference method. If a forward difference formula is used for the
axlal first derivative and a central difference formula is used for
the remaining derivatives, an explicit difference equation can be

formulated. Thus,

aT TI.J+1 - Ti,J
—_ = (D.2)
8z Az
T T -2.T, +T
i, J"'l inj 10 J—l (D.3)
622 Az2
oT  Tiy,37” Tim1,y
—_— = (D.4)
ar Ar
2T T - 2T, (+T
1+1,) 1, 1-1.)
- (D.5)
8r2 Arz
8c C C

A AL, J+1 ~ TALJ

8z Az

where i; and J; refer to the radial and axial grid coordinates

respectively and Ar and Az are the step sizes
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The radial boundary conditions become

TZ.J = TO,J (for 5.5a) (D.6)
-kf'(TI+1,J - TI-I,J) = U-.?.-Ar-('l‘LJ - Tc) {for 5.5b) (D.7)
(if U is based on the outside area then the term DO/D1 appears on the

RHS of the equation)

The axial boundary conditions become
TI,J = Ti,J-l at j=J for all i (for 5.5c) (D.8)

u-p-Cp-(T° - 'l'1 1) = =k (T

, £ Ty o~ Ti.i)/Az (for S.5d) (D.9)

where I; and J; refer to the values of the final radial and axial grid

coordinates respectively

The program used to solve the resulting finite difference equations is
given at the end of the section. Due to the nature of boundary
condition 5.5d, the solution is an iterative one. That ls, an initlal
radial temperature profile must be assumed. After the integration is
complete, the inlet boundary condition is checked for compliance. If
the boundary condition is not met, then the procedure must be
repeated. After a few simulations, however, it was determined that
assuming a uniform radlal profile with T = To and ignoring the
iterations did not introduce any significant error into the solution.
Thus all simulations were based on an inlet temperature profile of

T(r) = 'I‘° for all r.
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The overall neat transfer coefficient used in thls program was based
on the outside area (f.e., Uo). Only one value for the overall heat
transfer coefficient was used throughout the integration. The effect
of the change in tubing dimensions at the tees was taken :ato account
by adjusting the Do/Di parameter in the boundary condition at the wall
(equation S5.5b). In addition, the amount of heat transferred through
the walls of the reactor, as well as the amount of energy entering and

leaving the reactor (in the fluid) was calculated.

The final feature of the program to be noted 1s the temperature
averaging at the tees. The program was designed so that, once the
fluid reached the position of the thermocouple 1n the tee, the radial
temperature (and concentration) profile became uniform (i.e., the
temperature at each radial position was set equal to the average
temperature). The was done because, as the fluid passes through tee,
it also passes through an abrupt 90° change in flow direction. In
addition, the fluid also flows through a restriction due to the
presence of the thermocouple. Because of this, it was felt that the
fluid would become mixed as it travelled through the tee. Thus, the

radial gradients would be lost and the profile would become uniform.
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PROGRAM URAD3. TEMP
SOLVES 2-D HOMOGENEOUS TUBULAR REACTOR MODEL
PROGRAM CALCULATES AXIAL AND RADIAL TEMPERATURE PROFILES FOR

A TUBULAR REACTOR ASSUMING NO AXIAL MIXING OR RADIAL MIXING OF MASS

PROGRAM INVOLVES TEMPERATURE AND CONCENTRATION AVERAGING AT TEES
AS WELL AS ACCOUNTING FOR CHANGE IN HEAT TRAHSFER AREA AT TEES
PROGRAM ALLOWS FOR INPUT OF EXPERIMENTAL DATA AND CALCULATES
THE SUM OF THE SQUARES OF THE TEMPERATURE DIFFERENCES BETWEEN
THE MODEL AND THE EXPERIMENTAL VALUES
PROGRAM ALSO CALCULATES THE ENERGY BALANCE FOR THE REACTOR

REFINE VARIABLES

REAL*S8 TO, TEMP1, TEMP2, TEMP3, TEMP4, TEMPS

REAL*8 T(37,2000),C(37,2000),KF,R0,CP,Q,D,DH, A,EA
REAL*8 CAC.CEG,12,DR,U,HW, TC,PI,R,RD, AR, FG(36)
REAL®*8 TFA% (51, TAV(2000), CAV(2000)

REAL™8 N¥i,"Z:, aRl, AR2

REAL*3 31,5042, SUM

INTEGER I,J,1X,JJ,K,KK

SET PHYSICAL PARAMETERS

Pl = 3.14159
R = 8.314

DR = 0.000025
HW = 3955

DH = -372230
RO = 1000

CP = 4180

D = 0.00175
EA = 64268

A = 3.56"10**7.0
KF = 0.637
RD = 0.000875
AR1 = 1.81
AR2 = 4.40
DZ1 = 0.002
D22 = 0.0012

INPUT INITIAL CONDTIIONS
WRITE(6,*) ' INPUT CAO,CBO,Q, 70, TC’
READ (5,*) CA0,CBO,Q, TO, TC

U = /(PI*D*D/4)

WRITE(6,*) ' COMPUTING’

READ EXPERIMENTAL TEMPERATURES

295



S0

aan

C:NO

10

anon

DO S0 I=1,12
READ(S, ®) TEXP(I)
CONTINUE

READ U AND INTIAL TEMPERATURE PROFILE

READ(S, *) HW
READ(S5.*) (FG(I),I=1,36)

SET TEMPERATURE AND CONCENTRATION PROFILES AT 2=0
DO 10 I=1,36

T(I,1) = TO+FG(I)

C(1,1) = CAO

CONTINUE

PERFORM INTEGRATION AT J=1 FOR 2ND LEVEL

DZ = DZ2
AR = AR2
J=1

TAV(J+1) = 0.0
CAV(J+1) = 0.0

DO 201 I=1,36

IF (I.EQ.1) THEN

T(I,J+1) = DH/KF*A®EXP(-EA/R/T(1,J))*C(I,J2*(C(I, J)+CBO-CAC)
TEMP1 = (2*T(2,J)-2*T(1,J))/DR/DR
TEMP2 = (2°*T(1,J)-2*T0)/D2/D2
TEMP3 = (1/D2/DZ - (U*RO®CP/KF/DZ))

T(I,J+1) = (T(I,J+1)-TEMP1+TEMPZ-(U*RO*CP/KF/D2*T(1,J)))/TEMP3
TAV(J+1) = T(I,J+1)®DR*(I-1)

GOTO 151

END IF

IF(I.EQ.36) THEN

TEMP1 = DH/KF*A®EXP(~-EA/R/T(I,J))*C(I,J)*(C(I, J)+CBO~CAOQ)

TEMP2 = (~2*HW*AR*DR/KF*(T(I,J)-TC))/(2*DR*RD)

TEMP3 = (2*T(I-1,J)-2*T(I,J)-2*HW*AR*DR/KF*(T(I, J)-TC))/DR/DR
TEMP4 = (2*T(I,J)-T0)/D2/D2

TEMPS = (1/D2/D2-(U*RO*CP/KF/DZ))

T(1, J+1)=(TEMP1-TEMP2-TEMP3+TEMP4~ (U*RO*CP*T (1, J)/KF/DZ) )/ TEMPS
TAV(J+1) = TAV(J+1) + T(I,J+1)*DR*(I-1)

GOTO 151

END IF

TEMP1 = DH*A/KF*EXP(-EA/R/T(I,J))*C(I,J)*(C(I,J)+CBO-CAO)

TEMP2 = (T(I+1,J)-T(1-1,J))/2/DR/((1~1)*DR)
TEMP3 = (T(I+1,J)-2*T(I,J)+T(I-1,J))/DR/DR
TEMP4 = (2°T(I, J)-T0)/D2/D2
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TEMPS = (1/D2/DZ2-(U*RO*CP/KF/DZ2))

T(1,J+1) = (TEMP1-TEMP2-TEMP3+TEMP4-(U*RO*CP*T(I,J)/K[/D2))/TEMPS

TAV(J+1)=TAV(J+1) + 2.0°*T(I,J+1)*DR*(I-1)
CONTINUE
C(I,J+1)= -A/U*EXP{-EA/R/T(I,J))*C(1,J)*(C(I,J)+CBO-CAO)*DZ

C(1I,J+1) = C(I,J+1) + C(1,J)

CAV(J+1) = CAV(J+1) + 2.0*C(I,J+1)*DR*(1-1)
CONTINUE

CAV(J+1) = CAV(J+1}) - C(36,J+1)*DR*35
CAV(J+1) = CAV(J+1)*DR/2.0%*2.0/0D/D*4.0

TAV(J+1)= TAV(J+1)*DR/2.C*2.0/D/D*4.0
PEFORM INTEGRATION FOR REST OF REACIOR

DO 100 J=2, 1967

K = INT((J+17)/164)
IF(ABS((K*164)-J).LE. 18) THEN
AR = AR2

DZ = DZ2

ELSE

AR = AR1

Dz = D21

END IF

IF(REAL(J/1£4).EQ. (J/164.0)) THEN
WRITE(6,*) 'TAV = ’,TAV(J)-273

DO 7 1I=1,36
T(I1,J) = TAV(J)
C(II1,J) = CAV(J)
CONTINUE

END IF

TAV(J+1) = 0.0
CAV(J+1) = 0.0
DO 200 I=1,36

IF (I.EQ.1) THEN

T(I,J+1) = DH/KF*A*EXP(-EA/R/T(I, J))*C(1, J)*(C(I,J)+CBO-CAO)
TEMP1 = (2*T(2,J)-2*T(1,J))/DR/DR
TEMP2 = (2°*T(1,J)-2*T(1,J-1))/D2/D2
TEMP3 = (1/D2/DZ - (U*RO*CP/KF/DZ))
T(I,J+1)=(T(I, J+1)-TEMP1+TEMP2~(U*RO*CP/KF/D2*T(1,J)))/TEMP3
TAV(J+1) = T(I,J+1)*DR*(I-1)

GOTO 150

END IF

IF(I.EQ.36) THEN
TEMP1 = DH/KF*A*EXP(-EA/R/T(1,J))*C(I,J)*(C(I,J)+CBO-CAO)
TEMP2 = (-2*HW*AR*DR/KF*(T(I, J)-TC))/(2*DR*RD)

TEMP3 = (2°*T(I-1,J)-2*T(I,J)-2*HW*AR*DR/KF*(T(I,J)-TC))/DR/DR
TEMP4 = (2*T(I,J)-T(I,J-1))/D2/D2
TEMPS = (1/D2/DZ-(U*RO*CP/KF/D2))
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T(1, J+1)=(TEMP1-TEMP2-TEMP3+TEMP4- (U*RO*CP*T(1, J)/KF/DZ) )/ TEMPS
TAV(J+1)=TAV(J+1) + T(I,J+1)*DR*(I-1)

GOTO 150

END IF

TEMP1 = DH®A/KF*EXP(-EA/R/T(I, J))*C(I, J)*(C(I J)+CBO-CAO)
TEMP2 = (T(I+1,J)-T(I-1,J))/2/DR/({1~1)*DR)

TEMP3 = (T(I+1,J)-2*T(I,J)+T(I-1,J))/DR/DR

TEMP4 = (2°*T(1,J)-T(1,J-1))/D2/D2

TEMPS = (1/D2/DZ-(U*RO*CP/KF/D2))

T(I, J+1)=(TEMP1-TEMP2-TEMP3+TEMP4- (U*RO®*CP*T(I, J)/KF/DZ) )/ TEMPS
TAV{J+1)=TAV(J+1) + 2.0°*T(I,J+1)*DR*(I-1)

CONTINUE

C(I,J+1)= -A/U*EXP (-EA/R/T(1,J))*C(I, J)*(C(I, J)+CBO-CAO)*DZ

C(I,J+1) = C(I,J+1) + C(I,J)

CAV(J+1) = CAV(J+1) + 2.0*C(I,J+1)*DR*(I-1)
CONTINUE

TAV(J+1) = TAV(J+1)*DR/2.0%2.0/D/D*4.0
CAV(J+1) = CAV(J+1) - C(36,J+1)*DR*35
CAV(J+1) = CAV(J+1)®DR/2.0%2.0/D/D*4.0
CONTINUE

CHECK ON INITIAL BOUNDARY CONDITION

DO 77 1=1,36

WRITE(6, 101)

FORMAT (1X)

WRITE(6,*) 'UROCP TERM °’,U*RO*CP*(TO-T(I,1))
WRITE(6,*) 'KDT/DZ TERM °’,-1.0°KF*(T(I,2)-T(I,1))/D2
CONTINUE

CALCULATE SUM OF THE SQUARES OF THE TEMP DIFFERENCES

SUM = 0

DO 300 I=1,12

T1 = TAV(I*164)-273.0

WRITE(6,*) 'T EXP ’,’ T MODEL’
WRITE{6,*) TEXP(I)," °',T1
WRITE(6,*) CAV(I*164)
IF(TFXP(I).NE.O) THEN

SUM = SUM + (ABS(TEXP(I)-TAV(I*164)+273)**2.0)
END IF

CONTINUE

WRITE(6,*) 'SUM OF DELTA T = ’,SUM

CALCULATE HEAT BALANCE

wesss REMEMBER TEMPERATURE MEASUREMENTS ARE NOT EQUALLY SPACED
wxaws AND HEAT TRANSFER AREA VARIES
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DO 410 II=Ki,K2

SUM2 = SUM2 + 2.0*T(36,11) - 2.0*TC
CONTINUE

SUM2 = SUM2 - T(36,K1) - T(36,K2)
SUM2 = SUM2 + 2.0*TC

K1 = 164*(I-1)+147

K2 = 164*(1-1)+164

DO 411 1I1=K1,K2

SUM2 = SUM2 + 2.0*T(36,1II) - 2.0*TC
CONTINUE

SUM2 = SUM2 - T(36,K1) - T(36,K2)
SUM2 = SUM2 + 2.0*TC

K1 = 164*(I-1) + 19

K2 = 164%*(I-1) + ! 5

DO 412 II=K1,K2

SUML = SUM1 + 2.0*T(36,11) - 2.0*TC
CONTINUE

SUM1 = SUMt - T(36,K1) - T(36,K2)
SUM1 = SUM1 + 2.0*TC

CONTINUE

SUM1 = SUM1*DZ21/2.0
SUM2 = SUM2*D22/2.0
SUM1 = SUM1*HW*PI*AR1*D

SUM2 = SUM2*HW*PI®AR2*D

SUM = SUM1+SUM2

WRITE(6,*) 'HW =", HW

WRITE(6,*) ®HEAT TRANSFERRED OUT = ’,SUM
WRITE(6,*) ’HEAT IN =',Q*RO*CP*TO
WRITE(6, *) 'HEAT OUT =',Q*RO*CP*TAV(1967)
STOP

END
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3) ODPH and TDPH Model Simulations

In this section are presented the results obtained using the ODPH and
TDPH models. The computer programs discussed in the two previous
sections were used to obtain the simulated temperature profiles. These
profiles can be seen throughout section 5.1. Table D.2 is a summary of
all the results obtained, illustrating convergence on the optimal heat

transfer coefficient for each set of experimental data.
Figure D.1 1llustrates how well the ODPE model describes all the

experimental data. The simulations shown use the average value of the

experimentally determined bath side heat transfer coefficient.
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TABLE D.2

Experimental Data and Model Comparisons

Experiment Model u (W/(mz-K) Zi(T(model) - T(exp))2
2 TDPH 4 000 4.53
5 000 0.99
5 500 0.48
6 000 0.389
6 500 0.55
7 000 0.87
3 TDPH 2 000 5.39
2 500 1.703
2 750 1.87
3 600 2.68
4 000 8.34
1 TDPH 3 000 14.25
4 000 2.96
4 500 1.66
S 000 . 1.59
S 500 2f17 h
6 000 3.12
7 000 5.44
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TABLE D.2 CONTINUED

Experimental Data and Model Comparisons

Experiment | Model | h W/(a®K)| U W/ 2K |2, (T(model)-T(exp))?
2 ODPH 2 900 3 034 23.69
3 900 3 501 6.07
4 900 3 858 1.03
5 400 4 006 0.41
5 600 4 061 0.36
5 700 4 088 0.37
5 900 4 139 0.45
3 ODPH 2 400 2 741 2.59
2 600 2 864 1.78
2 700 2 923 1.66
2 800 2 979 1.70
2 900 3 034 1.86
3 400 3 284 3.94
3 900 3 501 7.15
1 ODPH 3 000 3 087 18.34
4 000 3 541 3.43
4 500 3 726 1.67
4 800 3 826 1.0
4 900 3 858 1.55
5 000 3 889 1.64
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APPENDIX E

1) ODPH and TDPH Models - Computer Programs

The programs use to simulate the ODPH and TDPH models for the case of
a reaction occurring were essentlally the same as those illustrated in
Appendix D. Thls is because the programs were initially designed to
handle the case of a reaction occurring. (If the initial concentration
of one of the reactants was set to 0, then the solution became the
same as that for no reaction occurring. Thus the same program could
handle both situations.) The program used for the ODPH model was the

same one described in Appendix D (SULFITE2).

The program for the TDPH model 1is given at the end of this section
(URAD4. TEMP). It differs from the program URAD3.TEMP 1listed 1in
Appendix D in that there is no energy balance calculatlon. In
addition, because there 1is reaction occurring, eq 5.4 no longer

simplifies to CA(z) = CAo' Rather, equation 5.4 now becomes:

(E.1)

>
c |>:U

Therefore, a finite difference expression must also be used for this
derivative. This is given by:

8C,  Cay,3+1 ~ Cat, 3

= (E.2)
oz Az
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Of course, the boundary conditlion is still

CA(2=O) = CAO (E.3)
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PROGRAM URAD4.TEMP

SOLVES 2-D HOMOGENEOUS TUBULAR REACTOR MODEL
PROGRAM CALCULATES AXIAL AND RADIAL TEMPERATURE PROFILES FOR
A TUBULAR REACTOR ASSUMING NO AXIAL MIXING OR RADIAL MIXING OF MASS

PROGRAM INVOLVES TEMPERATURE AND CONCENTRATION AVERAGING AT TEES
AS WELL AS ACCOUNTING FOR CHANGE IN HEAT TRANSFER AREA AT TEES
PROGRAM ALLOWS FOR INPUT OF EXPERIMENTAL DATA AND CALCULATES
THE SUM OF THE SQUARES OF THE TEMPERATURE DIFFERENCES BETWEEN
THE MODEL AND THE EXPERIMENTAL VALUES

DEFINE VARIABLES

REAL*S TO, TEMP1, TEMP2, TEMP3, TEMP4, TEMPS

REAL*8 T(37,2000),C(37,2000),KF,RO,CP,Q,D,DH, A, EA
REAL*8 CAO, CBO, DZ,DR, U, HW, TC,PI,R,RD, AR, FG(36)
REAL*S TEXP(20), TAV(2000), CAV(2000)

REAL*8 D21,DZ2, AR1, AR2

REAL®*8 SUM1, SUM2, SUM

INTEGER I,J,11,JJ.K,KK

SET PHYSICAL PARAMETERS

PI = 3.14159
R = 8.314

DR = 0.000025
HW = 3955

DH = -372230
RO = 1000

CP = 4180

D = 0.00175
EA = 64268

A = 3.56*10**7.0
KF = 0.637
RD = 0.00087S
AR1 = 1.81
AR2 = 4.40
D21 = 0.002
D22 = 0.0012

INPUT INITIAL CONDTIIONS

WRITE(6,*®) ' INPUT CA0,CBO,Q, TO, TC’
READ (S,*) CA0,CBO,Q,TO,TC

U = /(PI*D*D/4)

WRITE(6,*) 'TO = ’,TO

WRITE(6,*) 'T BATH = *,TC
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WRITE(6, ®*) *COMPUTING’

READ EXPERIMENTAL TEMPERATURES

DO 50 I=1,12

READ(S, *) TEXP(I)

CONTINUE

READ U AND INTIAL TEMPERATURE PROFILE
READ(S, *) HW

WRITE(6,*) 'U = ' ,HW

READ(S,*) (FG(I),I=1,36)

SET TEMPERATURE AND CONCENTRATION PROFILES AT 2=0
DO 10 I=1,36

T(I,1) = TO+FG(I)

C(I,1) = CAO

CONTINUE

PERFORM INTEGRATION AT J=1 FOR 2ND LEVEL

DZ = DZ2

AR = AR2

J=1

TAV(J+1) = 0.0
CAV(J+1) = 0.0

DO 201 I=1,36

IF (I.EQ.1) THEN

T(I,J+1) = DH/KF*A*EXP(-EA/R/T(I,J))*C(I,J)*(C(I, J)+CBO-CAQ)
TEMP1 = (2*T(2,J)-2*T(1,J))/DR/DR
TEMP2 = (2*T(1,.J)-2%T0)/DZ/D2
TEMP3 = (1/D2/DZ -- (U*RO*CP/KF/D2))
T(I,J+1) = (T(I,J+1)-TEMP1+TEMP2-(U*RO*CP/KF/DZ*T(1,J)))/TEMP3
TAV(J+1) = T(I,J+1)*DR*(I-1)

GOTO 151

END IF

IF(I.EQ.36) THEN
TEMP1 = DH/KF*A®EXP(-EA/R/T{I,J))*C(I,J)*(C(I, J)+CBO-CAO)
TEMP2 = (-2*HW*AR*DR/Kt (T(I,J)-TC))/(2*DR*RD)
TEMP3 = (2°*T(I-1,J)-2*T(I, J)-2*HW*AR*DR/KF*(T(I,J)-TC))/DR/DR
TEMP4 = (2*T(I, J)-T0)/D2/D2
TEMPS = (1/D2/DZ-(U*RO*CP/KF/DZ))
T(I, J+1)=(TEMP1~TEMP2~TEMP3+TEMP4~ (U*RO*CP*T(I, J)/KF/DZ) ) /TEMPS
TAV(J+1) = TAV(J+1) + T(I,J+1)*DR*{I-1)
GOTO 151
END IF
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201

TEMP1 = DH®*A/KF*EXP(-EA/R/T(T, J))*C(I,J)*(C(I,J)+CBO-CAO)
TEMP2 = (T(I+1,J)-T(I-1,J))/2/DR/((1-1)*DR)

TEMP3 = (T(I+1,J)-2*T(1,J)+T(I-1,J))/DR/DR

TEMP4 = (2*T(1,J)-T0)/DZ/D2

TEMPS = (1/D2/DZ-(U*RO*CP/KF/DZ))

T(I,J+1) = (TEMP1-TEMP2-TEMP3+TEMP4~- (U*RO®CP*T (1, J)/KF/D2) )/TEMPS

TAV(J+1)=TAV(J+1) + 2.0*T(I,J+1)*DR*(I-1)

CONTINUE

C(I,J+1)= -A/USEXP(-EA/R/T(I, J))*C(1,J)*(C(I, J}+CBO-CAQ)*LZ
C(1,J+1) = C(I,J+1) + C(I,J)

CAV(J+1) = CAV(J+1) + 2.0%C(I,J+1)*DR*(I-1)

CONTINUE

CAV(J+1) = CAV(J+1) - C(36,J+1)*DR*35

CAV(J+1) = CAV(J+1)*DR/2.0%2.0/D/D*4.0

TAV(J+1)= TAV(J+1)*DR/2.0%2.0/D/D*4.0

PEFORM INTEGRATION FOR REST OF REACTOR

DO 100 J=2, 1967
K = INT((J+17)/164)

IF(ABS((K*164)-J).LE. 18) THEN
AR = AR2

DZ = DZ2
ELSE
AR = AR1

D2 = DZ1
END IF

IF(REAL(J/164).EQ. (J/164.0)) THEN
WRITE(6,*) 'TAV = *,TAV(J)-273

DO 7 II=1,36

T(11,J) = TAV(J)

C(I1,J) = CAV(J)

CONTINUE

END IF

TAV(J+1) = 0.C

CAV(J+1) = 0.0

DO 200 I=1, 36

IF (I.EQ.1) THEN

T(I,J+41) = DH/KF*A®EXP(-EA/R/T(I, J))*C(1,J)*(C(I, J)+CBO~CAO)
TEMP1 = (2*T(2,J)-2*T(1,J))/DR/DR

TEMP2 = (2°*T(1,J)-2*T(1,J-1))/D2/D2

TEMP3 = (1/D2/DZ ~ (U®RO*CP/KF/DZ))

T(I,J+1)=(T(I, J+1)~TEMP1+TEMP2-(U*RO*CP/KF/DZ*T(1, J)))/TEMP3
TAV(J+1) = T(I,J+1)*DR*(I-1)

GOTO 150

END IF

IF(I.EQ.36) THEN

TEMP1 = DH/KF*A®EXP(-EA/R/T(1,J))*C(I,J)*(C(I, J)+CBO-CAO)
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TEMP2 = (-2*HW*AR*DR/KF*(T(1I,J)-TC))/(2*DR*RD)

TEMP3 = (2*T(I-1,J)-2*T(I, J)-2*HW*AR*DR/KF*(T(I, J)-TC))/DR/DR
TEMP4 = (2*T(I1,J)-T(I,J-1))/D2/D2

TEMPS = (1/D2/D2-(U*RO®CP/KF/DZ))

T(I, J+1)=(TEMP1-TEMP2-TEMP3+TEMP4-(U*RO*CP*T(I, J)/KF/D2) )/TEMPS
TAV(J+1)=TAV(J+1) + T(I,J+1)*DR*(I-1)

GOTO 150

END IF

TEMP1 = DH*A/KF*EXP({-EA/R/T(I,J))*C(I,J)*(C(I, J)+CBO-CAQ)

TEMP2 = (T(I+1,J)-T(I-1,J))/2/DR/((1-1)*DR)
TEMP3 = (T(I+1,J)-2*T(I,J)+T(I-1,J))/DR/DR
TEMP4 = (2*T(I,J)-T(1,J-1))/D2/D2
TEMPS = (1/D2/D2-(U*RC*CP/KF/D2))

T(I, J+1)=(TEMP1-TEMP2-TEMP3+TEMP4-(U*RO®*CP*T(I, J)/KF/DZ) )/TEMPS
TAV(J+1)=TAV(J+1) + 2.0*T(I,J+1)*DR"(I-1)

CONTINUE

C(I, . +1)= -A/U*EXP(-EA/R/T(I, J))*C(I, J)*(C(I, J)+CBO~CAO)*DZ

C(1,.+1) = C(1,J+1) + C(I,J)

CAV(J+1) = CAV(J+1) + 2.0°C(I,J+1)*DR*{I-1)
CONTINUE

TAV(J+1) = TAV(J+1)*DR/2.0%2.0/C/D*4.0
CAV(J+1) = CAV(J+1) - C(36,J+1)*DR*35
CAV(J+1) = CAV(J+1)*DR/2.0%2.0/D/D*4.0
CONTINUE

CALCULATE SUM OF THE SQUARES OF THE TEMP DIFFERENCES

SUM =0

DO 300 I=1,i2

T1 = TAV(I*164)-273.0

WRITE(6,*) 'T EXP '," T MODEL'
WRITE(S, *) TEXP(I),’ ’,T1
WRITE(6,®) "CA = *,CAV(I*164)
IF(TEXP(1).NE.O) THEN

SUM = SUM + (ABS(TEXP(I)-TAV(I*164)+273)**2.0)
END IF

CONTINUE

WRITE(6,®) "SUM OF DELTA T = ’,SUM
STOP

END
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2) ODPH and TDPH Model Simulations

The results of the simulations are 1illustrated in figure form

throughout chapter 7.

310



3) Evaluation of the "fine-tuned" Arrhenius Parameters

From Figure 7.22 the error sum of squares can be calculated. This can
be compared to the error sum of squares obtained from the linear

regression of figure A.2.

Error Sum of Squares (ESS) = EI(Q-Y)Z (E.4)
A
where Y 1s the predicted value

and Y 1s the measured (or actual) value

From Figure 7.22, ESS = 0.785

From Figure A.2, ESS = 0.428

If the ratio of these two numbers is within the value of the F
distribution (for the number of degrees of Ireedom used 1in the
regression and at a 95 % confidence level), then the “fine-tuned”
parameters can be said to be statistically valid. This is because the
line drawn through the data using the "fine-tuned" parameters, is
within the 95 % confidence level of the ‘“proper" regression as

1llustrated in figure A.2.

Therefore, the ratlio = 0.785/0.428 = 1.83. The corresponding F value
for (33,33) degrees of freedom at a 95 % confldence level is 1.77.
Thus, the ratio indicates that the new parameters are not strictly

speaking statistically valid. However, for practical purposes, they
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can be considered as being statistically valid.
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APPENDIX F

1) Extraction of Critical Data =--

Tables F.1 through F.14 are a 1list of the maximum temperature vs inlet
temperature (or bath temperature or inlet concentration) data. Each
set of data was fit to a third order polynomial. This was carried out
using the statistical package MINITAB (a program listing 1s attached
at the end of this sectlon). The results obtained and the critical

conditions extracted are shown as well.

TABLE F.1 Bath Temperature = 19°¢ [Na2503] = 0.88 M
Maximum Temperature (°c) Inlet Temperature (°c)
32.55 10.99
35.14 18.29
40.57 24.56
45. 43 30.59
50. 89 33.96
66.73 40.75
80.08 45.70
93.76 47.71
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TABLE F.2 Bath Temperature = 24°C [Na,S0,] = 0.88 M

Maximum 'Temperature (°c) Inlet Temperature °c)
47.51 10.99
48.5 18.29
52.85 24.56
58.95 30.59
68. 47 33.96
83.83 40.75
89.97 45.70
95.06 47.71
TABLE F.2 Bath Temperature = 29°C [Na,SO4] = 0.88 4
Maximum Temperature (°c) . Inlet Temperature (°c)
53.45 10.99
57.69 18.29
58.19 24.56
65.13 30.59
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TABLE F.4 Bath Temperature = 34°%c

[Na2503] = 0.88 M

Maximum Temperature °c) Inlet Temperature (“c)
67.55 10.99
67.18 18.29
70.25 24.56
80.46 30.59
80.69 33.96
92.13 40.75
100. 46 45.70

TABLE F.5 Bath Température = 44°C [Na2803] = 0.88 M
Maximum Tempefature (°c) Inlet Temperature (°c)
76.54 10.99
77.4 18.29
80.92 24.56
85.82 30.59
87.93 33.96
98,77 40.75
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TABLE F.6 Inlet Temperature = 10.99°C [Na,SO,] = 0.88 M

Maximum Temperature (°c) Bath Temperature °c)
32.55 19.0
47.51 24.0
53.52 29.0
67.55 34.0
76.54 44.0
80. 26 49.0

TABLE F.7 Inlet Temperature = 18.29°C [Na,S0,] = 0.88 M
Maximum Temperature (°c) Bath Temperature (°c)
35.14 19.0
48.50 24.0
57.69 29.0
67.18 342.0
77.4 44.0
82.22 49.0
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TABLE F.8 Inlet Temperature = 24.56°C  [Na,S0,) = 0.88 M
Maximum Temperature (°c) Bath Temperature °c)
40.57 19.0
52.85 24.0
58.19 29.0
70.25 34.0
80.92 44.0
87.37 49.0

TABLE F.9 Inlet Temperature = 30.59°C [Na,S0,] = 0.88 M
Maximum Temperature (°c) Bath Temperature (°cy
45.43 19.0
58.95 24.0
65.13 29.0
80. 46 34.0
85.82 44.0
86.70 49.0

TABLE F.10 Inlet Temperature = 33.96°C [Na2503] = 0.8 M

Maximum Temperature (°c) Bath Temperature (°c)
50.89 19.0
68. 47 24.0
80. 69 34.0
57. 93 44.0
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TABLE F.11 Inlet Temperature = 40.75°C [Na,S0,] = 0.88 M

Maximum Temperature (°c) Bath Temperature (°c)
66.73 19.0
83.83 24.0
92.13 34.0
98.77 43.0

TABLE F.12 Inlet Temperature = 39°c Bath Temperature = 44°c

Maximum Temperature (°c) [Na2503]o (M)
98.77 0.88
87.38 0.78
75.52 0.68
68.59 C.58
62.41 0.48

TABLE F.13 Inlet Temperature = 48°c Bath Temperature = 24°¢

Maximum Temperature (°c) [Na2503]° (M)
95.06 0.88
86.68 0.78
69.22 0.68
59.75 0.58
54.13 C.48
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TABLE F.14 Inlet Temperature = 46°C Bath Temperature = 34°C
Maximum Temperature (°c) [Na2803]o (M)
100. 46 0.88
88.85 0.78
75.62 ‘ 0.68
66.83 0.58
58.90 0.48

The regression results are as follows :

Bath Temperature = 19.0°C; [Na,SO,] =0.88 M

T =19.5 + 1.82:T, -0.0767-T, %
n in

+ 0.00147-T, 3
max i in

o
T1n1et critical 28.19 C

Bath Temperature = 24.0°C; [Na,SO,] = 0.88 M
- - . . 3

T . = 48.5 - 0.228-T, + 0.000665-T,

T = 24.81 °C

inlet critical

Bath Temperature = 34.0°C; [Na,SO,) = 0.88 M

- 2 _ . 3
Tmax = 30.7 - 2.05 Tln + 0.0834 T1n 0.000641 Tin

o
Tinlet critical = 26.20 °C
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Bath Temperature = 44.0°C; [Na,SO,] = 0.88 M

- L] - . 2 . 3
T . =76.1+0.011-Ty - 0.0025-T, © + 0.000387-T,

31.42 °c

T1n1et critical

Bath Temperature = 29.0°C; [Na,SO,] = 0.88 M

T =52.3 + 0.107-T,  + 0.000317-%T 3
max in in

- o
Tynlet critical - 20-%% C

Inlet Temperature = 10.99°C; [Na,SO,1 = 0.88 M

3

T = -34.0 + 4,28'T h

max bath

- [o]
Tpath critical - 41-21 °C

- 0.0398-'1'bat

Inlet Temperature = 18.29°C; [Na2503]o =0.88 M

o= = . - o 3
Tmax = -15.2 + 2.82 Tbath 0. 000351 Tbath

(o]
Tpath critical - 31-57 C

Inlet Temperature = 24.56°C; [Na,SO,] =0.88 M

3

T = =-0.41 + 2.26°T Tbath

max bath - 0.000201 -

0
Tyath critical = 374 C
Inlet Temperature = 30.59°C; [Nazsoalo = 0.88 M
T = -12.6 + 3.23°T - 0.000502- 3

max bath Tbath

[o]
Twath critical = 38-48 C
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Inlet Temperature = 33.96°C; [Na,S0,] = 0.88M

3

- 0.000628-'1'bath

max bath

_ o
Tbath critical 3.3 °C

T = -6.6 + 3.35'T

Inlet Temperature = 40.75°C; [Na,80,] = 0.88 M

- . - L] 3
T .y = 17.6 + 2.91-T ., - 0.000557-T, .

- (o]
Toath critical = 33-81 C

For the following regressions, the inlet concentration was adjusted to

* *
C = 89-CAoso that the critical condition was defined by dTm/dC = 1.0

Inlet Temperature = 39°C; Bath Temperature = 44°C

» )
T = 63.3 - 0.604-C + 0.0135-C
max

cAo critical = 0.667 M

Inlet Temperature = 48°C; Bath Temperature = 24°C

L 0
T = 41.7 - 0.25-C + 0.0122-C
max

CAo critical = 0.576 M

Inlet Temperature = 46°C; Bath Temperature = 34°¢

* )
T = 43.9 - 0.107-C + 0.0106-C
max

Cro critical = 0-587 M
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NOTE

NOTE DETERMINING CRITICAL CONDITIONS
NOTE

NAME C1 'IN TEMP’

READ INTO C1

18.29

24.55

30.39

33.96

40.75

READ INTO C2

77.4

80.92

85.82

87.93

98.77

NAME C2 ’'MAX TEMP’

NAME CS 'IN SQ’

NAME Cé6 ’IN CUB’

LET C5 = C1*C1

LET C6 = C1*Ci1*C1

REGRESS C2 ON 3 C1 C5 C6 AND STORE ST.RESIDUALS IN C10 AND PRED Y
IN C11

PRINT C1 C5 Cé6 C2 Cl11 C10

REGRESS C2 ON 2 C1 C5 AND STORE ST.RESIDUALS IN C12 AND PRED IN Ci3
PRINT C1 C5 C2 C13 Ci12

STOP
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2) Evaluation of the Criterion of Barkelew {(1959)

Barkelew developed a sensitivity diagram based the followling

groupings.
4-U-R-T§
N/S = (F. 1)
D-AH-CAO-CBO-A-exp(-EA(R-Tc))-EA
AH-C, *E
s = 2o L (F.2)
Cp~p-R-Tc

The sensitivity dlagrams were given in terms of N/S and S with « and

T, as parameters. These parameters are:

C [Na,.S0.1]
x = M . 230 (F. 3)
cBo iﬂzozlo
EA-(TO-TC)
= > (F.4)
R-T
C

The only usable stability diagrams were for T, = 0, thus the only
conditions that could be studied were those where the inlet
temperature was equal to the bath temperature. There were five such
conditions (T = 19, 24, 29, 34 and 44°C). A sample calculation

follows. A summary of the results is given in Table F.1S.
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Sample Calculation

For Tlnlet =

o« = 0.88/2.31 = 0.38

T =0

o
N/S = 1.31

s =7.07

Toath

= 19°C and [Na,SO

310

~ 0.88 M ([HZOZIO = 2.31 M)

From the sensitivity diagram, the critical S value for N/S = 1.31 is S

= 15. Therefore, the prediction is that the system will be
insensitive.
TABLE F. 15 SUMMARY OF BARKELEW CRITERION ANALYSIS
Inlet Conditlons Barkelew’'s Observed
(To = Tc) N/S S Prediction Figure 8.12
T = 19% [Na2503l° = 0.88 M| 1.31| 7.07| Insensitive |Insensitive
T = 24°C [Na,S0,] = 0.88 M| 0.87| 6.84| Sensitive |Insensitive
T = 29°C (Na,S0;1 = 0.88 M| 0.59| 6.61| Sensitive | Sensitive
T = 38°% [Na2s03]° = 0.88 M| 0.39{ 6.40] Sensitive Sensitlve
T = 44°C [NaZSO3]° = 0.88 M| 0.19]| 6.00| Sensitive Sensitive

2a)

Barkelew’s Criterion with TotTc using the diagram of Butt (1960)

The parameter groupings remain the same, only the areas of sensitivity

and insensitivity on the stability plots change. Also,

an average

value of the peroxide concentration must be used as the stability plot
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is only valid for first order reactions.

Thus the value of CB to be used for calculation = VCBO-CBf

ve2.31:(2.31-0.38)

1.82 M

This value will of course change depending on the inlet sulfite

concentratlon.

The results obtained are illustrated in Table F. 16
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TABLE F. 16 SUMMARY OF BARKELEW CRITERION WITH Tcﬂ'°
Inlet Bath INa2803]° s Observed
°c) °c) (M) S Prediction Figure 8.12
24.56 19.0 0.88 1.66{ 7.07| Insensitive | Insensitive
30.59 19.0 0.88 1.66} 7.07| Sensitlve Sensitive f
18.29 24.0 0.88 1.10| 6.84| Sensitive Insensitive
30.59 24.0 0.88 1.10] 6.84| Sensitive Sensitive
33.96 24.0 0.88 1.10} 6.84] Sensitive Sensitie
24,25 29.0 0.88 0.75] 6.61| Sensitive Insensitive
30.59 34.0 0.88 0.50] 6.40]| Sensitlve Sanéitive
40.75 34.0 0.88 0.50| 6.40| Sensitlve Sensitive
45.70 34.0 0.88 0.50] 6.40| Sensitive Sensitive
40.7S 44.0 0.88 0.24| 6.00| Senslitlve Sensitive
46.0 34.0 0.58 0.70] 4.21]| Sensitive Insensitive
46.0 34.0 0.68 0.62| 4.94| Sensitive Sensitive
39.0 44.0 0.58 0.34| 3.95| Sensitive Insensitive
39.0 44.0 0.68 0.3 | 4.63| Sensitive Sensitiv:
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3) Evaluation of the Criteria of Van Welsenaere and Froment (1970)

A method was developed by Van Welsenaere and Froment to determine the
maximum allowable inlet concentration (for insensitivity) for a given
set of operating conditlons. Thlis method was only applicable for the
case of To = Tc' In addition, this method was based on
pseudo-first-order-kinetics. Slince the conditions of the sulflte
reaction were not pseudo-first-order, the concentration of the
peroxide was assumed to be constant (at a value equal to the geometric

mean of 1ts initial and final values) for calculation purposes. A

sample calculation and a summary of the results follows.

Sample Calculation

Value of C_, to be used for calculation

B YCho OB

v2.31-(2.31-0.88)

= 1.82 M
Defined groupings are
A= CBo (F.S)
B = (AH-CBO)/(Cp-p) (F.6)
C = (2-U)/(Cp+p‘r) (F.7)
a= -EA/R (F.8)
b = 1n(A) (F.9)
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Maximum allowable C\o is the geometric mean of the following

T T, A
(c, ), = + —(T_-T) (F. 10)
Ao’l  ,.B.exp(-asT_+b) B F €
cr
, ) -f-(r -7 )-[(Aexpt-asT__+b)705 + 1 2 (F.11)
Ao'u g cr ¢ ¢ %P cr :
where TCr = 0.5-(a - Va-(a-4Tc5) (F.12)

For T_ = 292 (19°C)

Tcr = 304 X (from F.12)

(Cho)y

(CAo)u

698 mol/m3 (from F.10)

1248 mol/m3 (from F.11)

Therefore, maximum allowable CAo = (698'1248)0'5 = 933 mol/m3
This then means that an inlet concentration of 0.88 M (880 mol/m3)

would be insensitive

TABLE F.17 SUMMARY OF VAN WELSENAERE AND FROMENT CRITERION ANALYSIS
Inlet Conditions Maximumn cAo Prediction Observed
To = Tc VanWelsenare | for CA=0.88 M| From Flg 8.12
T = 19°% 0.93 M Insensitive | Insensitive
T = 24°% 0.71 M Sensitive Insensitive
T = 29°%C 0.56 M Sensitive Sensitive
T = 34°% 0.45 M Sensitive Sensitive
T = 4°% 0.34 M Sensitive Sensitive
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3a) Criterion of Van Welsenaere and Froment as appllied to any kinetlcs

and any set of inlet/bath temperatures

As defined by Van Welsenaere and Froment (1970), the critical
trajectory is that which intersects the maxima curve at its maximum.

Therefore, the maximum of the maxima curve must be found.

The equation describing the experimental plug flow reactor (based on

the ODPH Model) is

dT

—- B-C, - (Cg -C, +C,) *€xp(-E,/(R-T) + D-(T_-T) (F. 13)
where

B = (n-nf-An-A)/(4-o-p-Cp3 (F.14)
and

D= (U'H-Di)/(Q'p'Cp) (F.15)

Thus, the maxima curve 1s defined by those points where
dT

—_—=0

dz

or, from F.13

D- (Tc-Tm) = ~B-C, - (CBO—CAo-l-CAm) -exp(-EA/(R-Tm)) (F.16)
Solving for cAm ylelds

(c, € ) [(C. ~C, )2-4-D-(T T )-exp(-E,/(R-T ))/B)1%"3
C = Do "o, Bo Ao c m " A m
Am 2 2

(F.17)
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The maximum of this curve occurs at dCAm/dTm = 0, therefore from F.17
the following 1s obtained:

T = [a~vara-1-a-T _ 1/2 (F.18)
where a = -EA/R as before

This is the same results as F.12.

The critical inlet c¢oncentration can be determined by assuming an

adiabatic trajectory from the inlet of the reactor to the hot-spot.

The adiabatic relationship 1is given by

AH°(CAO-CAm)/(Cp'p) = (Tcr-To) (F.19)

CAm can be substituted for using F.17 with Tszcr’ Upon substitution

and rearranging of F.19, an explicit equation for CAo(critical) is

obtained:
2 *2
CBo -K "= 4-D'(Tc-Tcr)-exp(-EA/(R°Tcr))/B
C,,(critical) = - (F.20)
° 2:C, - 2K
Bo

-

where K = 2-Cp-p-(Tcr-To) - CBo (F.21)

Thus, for any glven operating condition defincd by
{TO.TC.CBQ}.equations F.18, F.20 and F.21 can be used to find

CAo(crltical).

Sample Calculation

For Tc = 297 K, To = 300 K, CBo = 2,31 M

Tcr = 309 K froa F.18



From F.20 and F.21, CAo(critlcal) = 0.41 M
A 1list of the results obtained for all the experimental operating

conditions can be found in Table F.18.
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TABLE F.18 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT
CRITERION AS APPLIED TO ALL EXPEREIMENTAL OPERATING CONDITIONS

Inlet Bath Critical CAo Prediction Observed
(°c) (°c) (M) for C,=0.88 M| Figure 8.12
10.99 19.0 0.72 Sensitive Insensitive
18.29 1%.0 0.61 Sensitive Insensitlve
24.56 19.0 0.53 Sensitive Insensitive
30.59 19.0 0.45 Sensitive Sensitive
33.96 19.0 0.40 Sensitlve Sensitive
40.75 19.0 0.31 Sensitive “wnsitive
45.70 19.0 0.25 Sensitlve Sensitive
47.71 19.0 0.22 Sensitive Sensitive
10.99 24.0 0.62 Sensitive Insensitive
18.29 24.0 0.53 Sensitive Insensitive
24.56 24.0 0.45 Sensitlive Insensitive
30.59 24.0 6.27 Sensitiv;. Sensitive
33.96 24.0 0.33 w Sensitiv;. Sensitive
40.75 24.0 0.24 Sensitive Sensitive
45.70 24.0 0.18 Sensitive Sensitive
47.71 24.0 0.15 Sensitive Sensitlve
11.08 29.0 0.57 Sensitive Insensitlive
17.4 29.0 0.5 Sensitivs insensitive
24.25 29.0 0.41 Sensitive Insensitlive
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TABLE F.18 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT
CRITERION  (CONTINUED)

Inlet Bath Critical CAo Prediction Observed
(°c) °c) (M) for C,=0.88 M| Figure 8.12
29.96 29.0 0.35 Sensitive Sensitlve
10.99 34.0 0.57 Sensitive Insensitive
18.29 34.0 0.48 Sen:sitive Insensitive
24.56 34.0 0.41 Sensitive Insensitive
30.59 34.0 0.34 Sensitive Sensitive
33.96 34.0 0.29 Sensitive Sensitive
40.75 34.0 0.21 Sensitive Sensitive
45.70 34.0 0.15 Sensitive Sensitive
10.99 44.0 0.62 Sensitive Insensitive
18.29 44.0 0.53 Sensitive Insensitive
24.56 44.0 0.46 Sensitive Insensitive
30.59 44.0 0.39 Sensitive Sensitive
33.96 44.0 0.35 Sensitive Sensitive
40.75 44.0 0.27 Sensitive Sensitive
12.33 49.0 0.64 Sensitive Insensigrve
18.19 49.0 0.57 Sensitive Insensitlve
25.35 49.0 0.49 Sensitive Sensitive
30.59 49.0 0.43 Sensitive Sensitive
48.4 24.0 0.14 Sensitive Sensitive
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TABLE F.18 SUMMARY OF RESULTS USING VAN WELSENAERE AND FROMENT
CRITERION  (CONTINUED)

Inlet Bath Critical cAo Prediction Observed
(°c) (°c) (M) for C,=0.88 M| Figure 8.12

46.0 34.0 0.15 Sensitive Sensitive

39.08 44.0 0.29 Sensitive Sensitive
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4) Evaluation of the Criterion of Oroskar and Stern (1979)

The criterla developed by Oroskar and Stern was illustrated in the
from of a sensitivity dlagram. The parameter groupings were similar to
those of Barkelew. However, the criteria was only valid for a 1st
order reaction with T°=Tc. Thus, a suitable value for the
concentration of peroxide was needed for calculation purposes and,
only those experiments with T°=Tc could b examined. A sample

calculation and summary of results follows.

Sample Calculation

Using the approximation applied previously

Cg = constant = (2.31-1.43)0'5 =1.82 M

Since CBo does not appear explicitly in the parameter groupings, it
will be factored in with the pre-exponential factor.

Defined groupings are

AH-C, ‘E
o= — Ao A (F.22)
Cp-p-R-T2
[+
4-u
B = (F.23)

Cp-p-D-A-exp(-EA/(R-Tc))
For the case of T =T_ = 292 K (19°C)

a = 7.07 (from eq F.22)

B = 11.79 (from eq F.23)
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from sensitivity d’agram,

Thus, these conditions are¢ insensitive.

critical « value for B8 =

11.79 is 9.34.

TABLE F.17 SUMMARY OF OROSKAR AND STERN CRITERION ANALYSIS

Inlet Conditions Observed

(To = Tc) « B Prediction Figure 8.12
T = 19°C [Na2503]o = 0.88 M| 7.07| 11.8| Insensitive |Insensitive
T = 24% [NaZSO3]o = 0.88 M| 6.84| 7.56| Insensitive |Insensitive
T = 29°C [Na2503]° = 0.88 M| 6.61] 4.93] Sensitive Sensitive
T = 34°C [Na,SOj] = 0.88 M| 6.40| 3.25] Sensitlve Sensitive
T = 44°C [NaZSO3]° = 0.88 M| 6.00( 1.47| Sensitive Sensitive
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S) Evaluation of the Criterion of Morbidelli ard Varma {(1982)

Morbidelli and Varma developed sensitivity diagrams with essentlally
the same parameter groupings as Oroskar and Stern. However, Morbidelli
and Varma developed diagrams for various reaction orders, activation
energies and dimensionless inlet temperatures. Unfortunately, the only
diagrams avallable were for T°=Tc, so once agalin the comparisons were
limited to the experimental conditions where T°=Tc. A sample

calculation and a summary of the results follow.

Sample Calculation

Defined groupings are

AH-C, -E

a=_—_Hho A (F.24)
Cp~p-R-Tz
c
4.U
B = = (F.25)
Cp+p-D-A-exp(~E,/(R-T_))-C,~
= . F.26
r EA/(R Tc) ( )
= (T~ . F.27
v = (T Tc)/(Tc 7) ( )
However, the rate law is defined in the following way.
n
= k- . (1~ F.28
RA k CAo (1-X) ( )

where X = conversion of A
For the sulfite reaction the rate law is given by

R, = k-C, -Cg - (1-X)* (1-KX) (F.29)
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vwhere K = CAo/CBo (F.30)
Therefore, an "average" reaction order must be used for calculation
purposes. This can be found in the following fashion.

Set (1-X)-(1-KX) = (1-X)™ and solve for n for various values of X.

For K=0.38 X n

.38
.35
.32
.28
.22
.10

ccooo0
VOO NO
T T .

Therefore, an average reaction order is

(1.38)+(1.35)+(1.32)+(1.28)+(1.22)+(1.10)
6

1.28

- O
For To-Tc- 292 K (197°C)

¥ = 26.36 (from eq F.26)
a =7.07 (from eq F.24)
B =1.77 (from eq F.25)

Unfortunately, diagrams only exist for =20 and y=w. Thus, we must
interpolate between diagrams.

From the diagram, the critical « = 6 for =20 and the critical ¢« = 5.5
for ¥=100.

Therefore, for 7=26.4, the prediction 1is that system will be

sensitive.
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TABLE F.18 SUMMARY OF MUPZIDELLI AND VARMA CRITERION ANALYSIS

Lewialeet

|8

Inlet Conditions Observed

T, =T, v | « | B | Predictlon | oo Fig 812
T=19°C [Na2503]°=0.88 26.4| 7.07| 1.77| Sensitive | Insensitlve
T=24°C [Na2503]°=0.88 25.9} 6.84| 1.13| Sensitive | Insensitive
T=29°C [Na2503]°=0.88 25.4] 6.61} 0.74| Sensi- e Sensitive
T=34°C [Na2503]°=0.88 25.1} 6.40| 0.48]| Sensitive Sensitive
T=44°C [Na2803]°=0.88 24.3| 6.00; 0.22| Sensitlve Sensitive
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6) Evaluation of the Criterion of Akella and Lee (1983)

Akella and Lee developed a method of analyzing parametric sensitlvity
in a reactor with the coolant flowing counter-currently (as in a tube
and shell heat exchanger). This method, referred to as a "phase-plane
analysis", involves constructing a dliagram (inlet reactor temperature
vs inlet coolant temperature) where the regions of insensitivity and
sensitivity are marked out. The construction of such a diagram for the

system under study is as follows.

Akella and Lee defined the following parameters

m-p%-L
a, = ———— (F.31)
4-Q:C,
M.D%-L-AH
a, = (F.32)
4:p-Cp-Q
a3 = LT (F.33)
Q-p:Cp
a = J0D:L-U (F.34)
¢ q.pcC
C pc pc

For the experimental conditlons (with CAo = 0.88 M; CBo = 1.82 M
(1.e., assuming an average value for pseudo-first-order
approximation)) these become

a = 1.61-10"2 (from eq F.31)

a, = 0.125 (from eq F.32)
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a 3.12 (from eq F.33)

3

a, = 0 (from eq F.34) because coolant is isothermal

Construction of diagram consists of four lines
i) Feed Quench Line

11) Coolant Quench Line

iii) Lateral Ignition Line

iv) Upper Ignition Line

i) Feed Quench Line

This is an arbitrarily set value. Here it will be set at 0°C which is
the minimum feed temperature (in order for the feed to still be

liquid) possible.

Therefore To =273 K

i11) Coolant Quench Line

The equation of this line is given by

Tp = To-exp(-a3) + Tc-(l-exp(-as)) (F.35)
where ’I‘f is such that

al-CAo-CBo-A-exp(-EA/(R-Tf)) = 0.01 (F.36)
from eq F.36, T, = 260.5

f
Therefore from eq F.35 Tc = 272.3- 0.046 'l'° K

iii) Lateral Ignition Line

This is given by
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- L g
Tc =T = [az/as-A~CAo-CBG=exp(-EA/(R-T ))]

such that
ch
ﬁzo
dT

therefore, from eq F.37

dT

—¢ =1 - dla,/a,-A-C, -C

L o
p= 273, A Bo-exp(-E /AB~? ))1/4T

so, combining F.38 and F.39

2

» L
A-C, C ~exp(-EA/(R-T ))-EA/T = a,/a

Ao Bo 3 2
*
trial and error solution of F.40 yields T = 299

therefore, from F.37

T = 286.9 K _‘j
c

iv) Upper Ignition Line

This is defined by the set of points (Tc,TO) such that

dT

thus, for the system

az-A-CAO-CBO-exp(-EA/(R-To)) - a3-(T°~Tc) >0 from eq F.41

and

(F.37)

(F.38)

(F.39)

(F. 40)

(F.41)

(F.42)

(F.43)



az-d[A-CAO-CBo-exp(-EA/(R-TO))]/dz - a3—dTo/dz > 0 from eq F.42 (F.44)
upon simplification and substitution these become

5.75-10'%-exp(~7698/T ) - 3.12-(T_-T) > 0 (F.43a)
{a. 43-1016/T§-exp(—7698/1'°) - 3.12}-dT_/dz > 0 (F. 44a)
Equations F.43a and F.44a can be solved by assuming a value for 'l'c and
finding the minimum value of To that satisfies both equations.

By trial and error, for Tc = 265, To = 317 K. Similarly

for T 280 T =310
[+ Q

for T 286.8 T _ = 300
c o

and for T =258 T_ = 319
c o

Upper Ignition Line Defined By
(Tc,To) = { (258,319), (265,317), (280,310), (286.8,390) }
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APPENDIX G

Computer Programs for Data Acquisition

The programs used for the data acquisition (both parametric

sensitivity experiments and adiabatic batch reactor experiments) are

listed in this section.
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PROGRAM TEMP3.FTN

PROGRAM USED FOR DATA ACQUISITIUw

DURING PARAMETRIC SENSITIVITY EXPERIMENTS

TIME INTERVAL OF SAMPLING IS APPROX 30 SECONDS

aaqaaa

FIN7X
$FILES(4, 4)
PROGRAM TEMP3
INTEGER TrimLen
INTEGER CNVRTERR
INTEGER DATA(32)
INTEGER CHANIN(2)
INTEGER 1I0S
INTEGER*4 TimeNow
LOGICAL IFBRK
REAL TP
REAL TC(22,10)
REAL FG(22)
CHARACTER®1Z Out
CHARACTER*100 IN2
CHARACTER*22 TimeBuff
CHARACTER*100 In
CHARACTER®*84 IN1
CHARACTER®*4 CHANREADING
INTEGER®2 OutBuf(6), InBuff (40),0ptoLu
EQUIVALENCE (OutBuf(1),0ut), (InBuff(1), In)
EQUIVALENCE (CHANIN(1), CHANREADING)

FG(1) = -0.16
FG(2) = 0.00
FG(3) = 0.18
FG(4) = 0.08
FG(5) = -0.08
FG(6) = 0.26
FG(7) = 0.00
FG(8) = 0.00
FG(9) = 1.30
FG(10) = 0.37
FG(11) = 0.18
FG(12) = 0.00
FG(13) = 0.00
FG(14) = 0.55
FG(15) = 0.18
FG(16) = 1.00
FG(17) = 1.00
FG(18) = 0.00
FG(19) = 0.78
FG(20) = 0.37

OPEN(6, FILE="0PT1’)
OPEN(7, FILE="OPT3’ )
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1

aoaoaonoan

00

77

177

277

Optolu = 23

OPEN(S, FILE=’ OPTODATA’ )

Cut = °'>FEA’

CALL CheckSum(Cut, 4,0ut)

Len = TrimLen(Out)

CALL DayTime(TimeNow(), TimeBuff )

CALL EXEC(2,Optolu + 100B, OutBuf, -Len)
CALL EXEC(2,1 + 100B,OutBuf, -Len)
WRITE(1, ®*)Out

FORMAT (A6)

READ(OptoLu, * (A80)’, iostat=I0S,ERR=77) In

WRITE(1,100) In
IF(I0OS .NE. 0) WRITE(1,*) ’Error ’,los
Len = TrimLen(In)
IF(Len .GT. 2) Len = Len - 2
IF(len .EQ. 1) THEN
WRITE(1,%*) In,’ ’',TimeBuff
ELSE
WRITE(1,*)In(2:Len),’ ', TimeBuff
ENDIF
CALL WAIT(15,1, lerr)
OUT = '>FFA’
CALL CHECKSUM(OUT, 4, OUT)
LEN = TRIMLEN(OUT)
CALL EXEC(2,0PTOLU + 100B, QUTBUF, -LEN)

READ(OPTOLU, ’ (AS0)’, 1ostat=ios,err=177) IN

WRITE(1,100) IN
IF(I0S .NE. 0) WRITE(1,*) 'Error ’,los
CALL WAIT(1S,1, IERR)
OUT = ' >FFHFFFF'
CALL CHECKSUM(OUT, 8,0UT)
LEN = TRIMLEN(OUT)
CALL DAYTIME(TIMENOW(), TIMEBUFF)
CALL EXEC(2,0PTOLU + 100B, OUTBUF, -LEN)
READ(OPTOLU, ’ (A80)’, lostat=ios, err=277)
LEN = TRIMLEN(IN)
IF(I0S .NE. 0) WRITE(1,*) ’Error ’,los
IF(LEN.GT.2) LEN = LEN -~ 2
IF(LEN.EQ.1) THEN
WRITE(1,*) IN,' °,TIMEBUFF
ELSE
WRITE(1,*) IN(2:LEN),’ °,TIMEBUFF
END IF
CALL WAIT(1S,1, IERR)
Out = °’>FEHFFFF’ _
CALL CheckSum(Out, 8,0ut)
Len = TrimLen(Out)
CALL DayTime(TimeNow(), TimeBuff)
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CALL EXEC(2,0ptoLu + 100B,OutBuf, ~Len)
CALL EXEC(2,1 + 100B,OutBuf,-Len)
WaTTE(1, *)0ut
meAl (OptoLuy, ’ (A80)°, lostat=io0s, err=377) In
377 L@ty ¢ TrimLen(In)
FFUWS (NE. 0) WRITE(1,®) 'Error ', los
iF(Len .GT. 2) Len = Len - 2
IF(len .EQ. 1) THEN
WRITE(1,*®) In,’ ’,TimeBuff
ELSE
WRITE(1,*)In(2:Len),’ ’, TimeBuff
ENDIF
CALL WAIT(15,1, lerr)
WRITE(6, 301)
301 FORMAT (1X, ® THERMOCOUPLES 1-11’)
302 FORMAT(1X, ' THERMOCOUPLES 12-22’)
WRITE(7, 302)
DO 10 J=1,360
CALL WAIT(S, 2, IERR)
IF(IFBRK()) GOTO 200
Out = °’>FELFFFF’
CALL CheckSum(Qut, 4,0ut)
Len = TrimLen(Out)
CALL DayTime(TimeNow(), TimeBuff)
CALL EXEC(2,0ptoLu + 100B,OutBuf, -Len)
CALL EXEC(2,1 + 100B,OutBuf,-Len)
D WRITE(1, *)Out
READ(OptoLu, ’ (A80)’, 1ostat=io0s, err=477) In
477 Len = TrimLen(In)
IF(IOS .NE. 0) WRITE(1,*) ’'Error ', ios
LEN = LEN -~ 2
CLOSE(S)
OUT= ’ >FFLOO3F’
CALL CHECKSUM(OUT, 4, QUT)
LEN1=TRIMLEN(OUT)
CALL EXEC(2,OPTOLU+100B, GUTBUF, -LEN1)
READ(OPTOLU, * (A80)’, 1lostat=lo0s, err=577) IN1
577 LEN1 = TRIMLEN(IN1)
IF(I0S .NE. 0) WRITE(1,*) 'Error ’, los
LEN1 = LEN1 - 2
IN2 = IN1(42:65) // IN(2:65)
WRITE(1,?*)
WRITE(1,*) TIMEBUFF
DO 99 1 = 1,88,4
CHANREADING = IN2(I:I+3)
IF (CHANREADING(1:1).EQ.’1’) THEN
CHANREADING(1:1) = '0°
CALL HEXI(CHANIN, DATA((I/4)+1), 4,CNVRTERR)

347



END IF
TP = REAL(DATA((1/4)+1))
IF(TP.GT.3901) THEN
TP = (TP-3901)/194.%30. + 670.1
ELSE IF(TP.GT.3743) THEN
TP = (TP-3743)/59.%25 + 645.17
ELSE IF(TP.GT.3464) THEN
TP = (TP-3464)/279.%45. + 600.2
ELSE IF(TP.GT.3191) THEN
TP = (TP-3191)/272.%45. + 555.1
ELSE IF(TP.GT.2895) THEN
TP = (TP-2895)/296.*50. + S05.1
ELSE IF(TP.GT.2546) THEN
TP = (TP-2546)/349.%60. + 445.05
IF(TP.GT. 1766) THEN
(TP-1766)/780. *135. + 310.
IF(TP.GT.867) THEN
(TP-867)/899. *155 + 155.1
IF(TP.GT.S551) THEN
{TP-551)/316. %55 + 100.15
IF (TP.GT. 354) THEN
(TP-354)/197.%35. + 65.1
IF(TP.GT. 161) THEN
(TP-161)/193.435. + 30.19
IF(TP.GT.0) THEN
TP = TP/161%*30. + 0.1
ELSE TP = (TP-104)/140.%20. + 20.15

b kTRTEThTh

ENDIF
NT = 23 - ((1/4)+1)
TC(NT,8) = TP + FG(NT)
99 CONTINUE
DO 50 II = 1,22
WRITE(1,500) II, (TC(I1,JJ) , JJ=8,%,-1)
500 FORMAT(1X,'TC ’,12,' °',8F7.2)
S0 CONTINUE
DO S5 II = 1,22
DO S6 JJ = 1,7
TC(11,JJ) = TC(II,JJ+1)
56 CONTINUE
55 CONTINUE
WRITE(6,300) (TC(JJ,8) , JJ=1,11)
300 FORMAT(1X,11F7.2)
WRITE(7,300) (TC(JJ,8) , JJ=i2,22)
RIN = ((305.0°*TC(17,8))+(75.0%7C(16,8)))/380.0
WRITE(1,*®) 'BATH TEMP= ', TC(18,8)," AVG INLET = ’,RIN
10 CONTINUE
200 CLOSE(6)
CLOSE(7)
END
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%OOOO
>

PROGRAM TEMP4. FIN

PROGRAM USED FOR DATA ACQUISITION

DURING ADIABATIC BATCH REACTOR EXPERIMENTS
SAMPLING INTERVAL IS ONE SECOND

$FILES(4,4)

PROGRAM TEMP4

INTEGER Trimlen

INTEGER CNVRTERR

INTEGER DATA(32)

INTEGER CHANIN(2)

INTEGER I0S

integer iyear

integer itimes(S)

INTEGER*4 TimeNow

LOGICAL IFBRK

REAL TP

REAL TC(22, 10)

REAL FG(22)

CHARACTER*12 Out

CHARACTER*100 IN2

CHARACTER®"28 TimeBuff
CHARACTER*100 In

CHARACTER®84 IN1

CHARACTER®4 CHANREADING

INTEGER®2 OutBuf(6), InBuff (40),0OptoLu
EQUIVALENCE (OutBuf(1),0ut), (InBuff (1), In)
EQUIVALENCE (CHANIN(1),CHANREADING)

FG(1) = -0.16
FG(2) = 0.00
FG(3) = 0.18
FG(4) = 0.08
FG(S) = -0.08
FG(6) = 0.26
FG(7) = 0.00
FG(8) = 0.00
FG(9) = 1.30
FG(10) = 0.37
FG(11) = 0.18
FG(12) = 0.00
FG(13) = 0.00
FG(14) = 0.55
FG(15) = 0.18
FG(16) = 1.00
FG(17) = 1.00
FG(18) = 0.00
FG(19) = 0.78
FG(20) = 0.37
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OPEN(6, FILE=’ OPT1’ )
OPEN(7, FILE="OPT3’)
UptoLu = 23
o OPEN(S, FILE=" OPTODATA' )
Out = '>FE&’
CALL CheckSum{Out, 4,0ut)
Len = TrimlLen(CGut)
(o CALL DayTime (TimeNow(), TimeBuff)
CALL EXEC(2,0p.oLu + 100B,OutBuf, -Len)
D CALL EXEC(2,1 + 100B,OutBuf,-Len)
D WRITE(1, *)Out
100 FORMAT(A6)
READ(OptoLu, ' (A80)’, iostat=I0S,ERR=77) In
77 WRITE{1,10C In
IF(10S .N5.. 0) WRITE(1,*) 'Error ’,los
CALL WAIT{15,1,Ierr)
oUT = >FFA’
CALl CHECKSUM(OUT, 4, OUT)
LEN = TRIMLEN(OUT)
CALL EXEC(2,0PTOLU + 100B, OUTBUF, -LEN)
READ (OPTOLU, ' (A80)', lostat=los,err=177) IN
177 WRITE(1,100) IN
IF(I0OS .NE. 0) WRI1TE(1,*) ’'Error ’,los
CALL WAIT(15,1, IERR)
OUT = '>FFHFFFF’
CALL CHECKSUM(OUT, 8, OUT)
LEN = TRIMLEN(OUT)
CALL DAYTIME(TIMENOW(), TIMEBUFF)
CALL EXEC(2,0PTOLU + 100B, OUTBUF, ~LEN)
READ(OPTOLVU, ’ (A80)’, lostat=ios,err=277) IN
277 LEN = TRIMLEN(IN)
IF(1I0S .NE. 0) WRITE(1,®*) ’Error ', ios
IF(LEN.GT.2) LEN = LEN ~ 2
IF(LEN.EQ. 1) THEN
WRITE(1,*) IN,® ', TIMEBUFF
ELSE
WRITE(1,*) IN(2:LEN),’ ', TIMEBUFF
END IF
CALL WAIT(15,1, IERR)
Oout = °’>FEHFFFF’
CALL CheckSum(Out,8,0ut)
Len = TrimlLen(Cut)
CALL DayTime(TimeNow(), TimeBuff)
CALL EXEC(2,0OptoLu + 100B,OutBuf,-Len)
D CALL EXEC(2,1 + 100B,OutBuf,-Len)
D WRITE(1, *)Out
READ(OptolLu, ’ (A80)’, 1ostat=los, err=377) In
377 Len = TrimLen(In)
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301
302

910

477

577

IF(1I0S .NE. 0 WRITE(1,*®) 'Error ', ios
IF(Len .GT. 2) Len = Len - 2

. IF(len .EQ. 1) THEN

WRITE(1,*) In,’ ’,TineBuff
ELSE

WRITE(1, *)In(2:Len),’ ', TimeBuff
ENDIF
CALL WAIT(15,1, Ierr)
WRITE(6, 301)
FORMAT (1X, * THERMOCOUPLES 1-11')
FORMAT (1X, - THERMOCOUPLES 12-22')
WRITE(7, 3132)
DO 10 j=1, 3600
call exec(11, itimes, iyear)
write(6,910) iyear, (itimes(nn),nn=§,1, ~1)
forwnt(® Time °,14,°’:',13,3(':’,12),’.’,12)
CA'., WAIT(500, 1, IERR)
I+ {IFBRK()) GOTO 200
‘.at = '>FELFFFF’
CALL CheckSum(Qut, 4,0ut)
Len = TrimLen(Out)
CALL DayTime(TimeNow(), TimeBuff)
CALL EXEC(2,0ptoLu + 100B,OutBuf, ~Len)
CALL EXEC(2,1 + 100B,OutBuf,-Len)
WRITE(1, *)Out
READ(OptoLu, ' (AB0)’, 1ostat=1o0s, err=477) In
Len = TrimLen(In)
IF(I0OS .NE. 0) WRITE(1,*) ’Error ’,ios
LEN = LEN - 2
CLOSE(S)
OUT= ' >FFLOO3F’
CALL CHECKSUM(OUT, 4, OUT)
LENi=TRIMLEN(OUT)
CALL EXEC(2,0PTOLU+100B, OUTBUF, -LEN1)
READ(OPTOLU, * (A80)’, lostat=10s, err=577) IN1
LEN1 = TRIMLEN(IN1)
IF(I0S .NE. 0) WRITE(1,*) ’Error ’,los
LEN]1 = LEN1 - 2
IN2 = IN1(42:65) // IN(2:65)
DO99 I =1,88,4

CHANREADING = IN2(I:I+3)

IF (CHANREADING(1:1).EQ.’1°’) THEN

CHANREADING(1:1) = '0Q’

CALL HEXI (CHANIN,DATA((I/4)+1), 4, CNVRTERR)
END IF
TP = REAL(DATA((I/4)+1))
IF(TP.GT.3901) THEN

TP = (TP-3901)/194.%*30. + 670.1
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ELSE IF(TP.GT.3743) THEN
TP = (TP-3743)/5%.%23 + 645.17
ELSE IF(TP.GT.24%4) “HEN
TP = (TP-3464).-27¢.%45. + 603.2
ELSE IF(TP.GT.3191) THEN
TP = (TP-3191)/272. %485, + 555.1
ELSE IF(TP.GT.2895) THEN
TP = (TP-2895)/296.%*50. + 505.1
ELSE IF(TP.3T.2546) THEN
TP = (TP-2546)/349.%6G. + 445.05
ELSE IF(TP.GT.1766) THEN
TP = (TP-1766)/780.%*135. + 310.
ELSE IF(TP.GT.867) THEN
TP = (TP-867)/899.*155 + 155.1
ELSE IF(TP.GT.551) THEN
TP = (TP-551)/316.*55 + 100.15
ELSE IF(TP.GT.354) THEN
TP = (TP-354)/197.%35. + 65.1
ELSE IF(TP.GT.161) THEN
TP = (TP-161)/193.*35. + 30.19
ELSE IF(TP.GT.0) THEN
TP = TP/161%30. + 0.1
ELSE TP = (TP-104)/140.%20. + 20.15
ENDIF
NT = 23 = ((I/4)+1)
TC(NT,8) = TP + FG(NT)
99 CONTINUE
GOTO 51
DO S0 II = 1,22
WRITE(1,500) II,(TC(II,JJ) , JJ=8,1,-1)
500 FORMAT(1X,’TC ', 12, °',8F7.2)
50 CONTINUE
51 CONTINUE
DO 55 11 = 1,22
DO 56 JJ = 1,7
TC(I1,JJ) = TC(I1,JJ+1)
56 CONTINUE
55 CONTINUE
WRITE(6,300) (TC(JJ,8) , JJ=1,11)
300 FORMAT(1X, 11F7.2)
WRITE(7,300) (TC(JJ,8) , JJ=12,22)
RIN = ((305.0*TC(17,8))+(75.0%TC(16,8)))/380.0
Cc WRITE(1,*) *BATH TEMP= ’,TC(18,8)," AVG INLET = ’,RIN
WRITE(1,*} TC(13,8)
10 CONTINUE
200 CLOSE(6)
CLOSE(7)
END
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