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ABSTRACT

An experimental technique for conducting fluidized
bed differential thermal analysis (DTA) was tested and
shown to be suitable for quantitative determination of
the kinetic parameters of certain chemical reactiéns of
solids. Essential features of the fluidized bed DTA appa-
ratus include a fluidized bed heat bath, fluidized DTA
cells and a standard DTA unit for temperature programming
and measurement. A number of DTA curves for the dehydra-
tion of calcium oxalate monohydrate were obtained with
the equipment. In these experiments nitrogen was used to
fluidize mixtures of the reactant oxalate and inert alu-
minum oxide. Individual DTA runs were made with initial
oxalate concentrations from 5.00 to 15.00 weight per cent

and heating rates from 4.67 to 11.85 °C/min.

A method, suitable for computep application, was
developed whereby the activation energy, frequency factor
and reaction order can all be determined from a single DTA
curve, Theoretical basis for the method, which assumes
uniform temperature and gas-solid temperature equilibrium
in the fluidized DTA cells, is more fundamental than other
widely accepted theories of DTA for solid reactions. Sig-
nificant differences between kinetic parameters determined

by fluid bed DTA and data obtained by other investigators
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with more conventional methods were observed., The fluid
bed DTA equations were integrated numerically to generate
theoretical DTA curves. These theoretical curves agreed
well with the corresponding experimental curves, thus veri-
fying important aspects of the theoretical approach
employed in this study} Applicability of'the fluidized

bed DTA method to reactions more complex than the simple
sort of decomposition typified by the oxalate dehydration

is also briefly discussed,
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CHAPTER 1
INTRODUCTION

Differential thermal analysis (DTA) is an experi-
mental technique for observing the physical or chemical
transitions that a substance undergoes on heating or
cooling. Specific designs of DTA equipment vary widely
depending on the particular application, but generél
features of the method are briefly summarized as follows.:
The reactive material to be studied is placed in a san-
ple cell, and an inert material is placed in a reference
cell, The inert material is chosen so that its heat
capacity and thermal conductivity approximate those of
the reactive material. Both cells are imﬁersed in a heat
bath, Heat is then supplied to the bath so that the
temperature in the reference cell, TR’ increases linearly
with time, In the absence of reaction the sample temper-
ature, TS, will also increase linearly with tiﬁe and
equal TR. Wnen reaction commences in the sample cell,
the heat liberated or absorbed causes the sample temper-
ature to differ from the reference temperature., This
difference, AT = TS - TR, is recorded by means of a
differential thermocouple. The actual reference temper-
ature, TR’ is simulténeously recorded. The result of the
DTA experiment is then a graph of AT vs. time, t, as

shown in Figure 1l.1.
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Figure 1.1, DTA Curve for a Simple Reaction




Applications of DTA are so numerous that a recent
survey of the literature by Smothers and Chiang (17)
produced a bibliography of over four thousand publica-
tions. DTA is extensively used for qualitative and
guantitative characterization of various materials such
as minerals, coais, catalysts, oils, and polymers,
Specific problems to which DTA has been applied include
the determination of fusion temperatures, heat capaci-
ties, thermal conductivities, and heats of reaction.
Examples of DTA applications at temperatures as high as
3000°C and pressures to 12,000 psia might be cited from
the literature to further illustrate the versatility of

the method.

Most recently several methods have been suggested
for using DTA to determine quantitatively the kinetic
parameters for certain types of reactions (5, 6, 12, 21).
The most fundamental approach is that of Borchardt and
Daniels (6). These investigators applied DTA to study
simple homogenous liquid-phase reactions and were thus
able to employ an all-liquid system with stirred heat
bath and stirred sample and reference cells. With such
a sysﬁem the temperatures of reference, sample, and héat
bath are almost uniform. This permits the system to be
described in terms of very elementary heat balances.

For the case of a single irreversible reaction, of order



n with respect to only one component, Borchardt and
Daniels developed a straightforward vrocedure whereby
the activation energy, frequency factor and order of

the reaction are all computed from a single DTA curve,

Primarily because of its fundamental nature, the
theory of Borchardt and Daniels is readily adantable to
a variety of reaction systems, and later investigators
have proposed various modifications and extensions of
this theory. Blumberg (5) modified the Borchardt and
Daniels method to study the kinetics of a heterogenous
system, vitreous silica and hydrofluoric acid. Reed
et al. (16) developed additional aspects of the Borchardt
and Daniels theory and also carfied out an experimentzal
study which verified the essential features predicted
by this theory. Lliore fecently Yaramoto (22) has inves-
tigated the applicability of the Borchardt and Dzniels
rnethod to more complex systems of simultaneous, concur-

rent, and consecutive reactions.

DTA has also been used to study simple solid decom-

positions of the type
A(s0lid)—®=EB(s0lid) + C(gas)

For such reactions there is no fundamental theory of DTA

which parallels that of Borchardt and Daniels for liquid
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systems. In DTA investigations involving solid materials
it is usual to employ packed sample and reference cells
so that a temperature gradient develops between the cell
walls and the center where the temperatures are measured.
To avoid the mathematical difficulties inherent in accur-
ately accounting for these complex temperature gradients,
Kissinger (12) argued that the maximum reaction rate must
occur at the peak of the DTA curve., Under this condition,
a simple procedure was proposed whereby data from several
DTA curves obtained at different heating rates are used

to compute the activation energy for the reaction.

Kissinger's approach is attractive because of its
simplicity, but the theoretical basis for the method is
very fragile. Reed et al, (16) have shown that Kissinger's
assumption that the maximum reaction rate coincides with
the peak of the DTA curve is incorrect. Furtherméfe, it
was demonstirated very clearly that the method can result
in large errors in computed kinetic parameters, even

though the reaction rate may occur very close to the peak

of the DTA curve,

Other investigators, for lack of a more fundamental
approach than Kissinger's method, have completely neglected
the complex temperature gradients which develop in stagnant

sample and reference material., Wendlandt (21), for example,



has applied the Borchardt and Daniels method to DTA

curves obtained with packed sample and reference., How-
ever, such a simplification is not justified, With the
usual sample size and heating rates employed in conven-
tional DTA, gross temperature differences of 20°C or |

more can develop in the DTA cells (18),

Thus, while there are many interesting problems in the
kinetics of noncatalytic heterogeneous reactions wherein
quantitative DTA would prove to be an extremely useful
experimental tool, the need still exists for a correct and
practical theory of DTA for such reaction systems. The results
of many experimental studies(i,lo,lh) show that, even under
very severe ‘conditions of heating or cooling, a gas-fluidized
bed of so0lid particles can be characterized by essentially
uniform temperatures throughout. In a further study Eichhorn
and White(7) employed dielectric heating to generate heat
continuously in a system of gas-fluidized plastic particles.
Their experiments show that, for solid particles 1¢ss than
250 micron in size, the temperature of solid and fluidizing
gas are essentially identical throughout the entire bed, Uni-
formity of temperature and gas-solid temperature egquilibrium
are properties of the fluidized state which can be used to
good advantage in DTA stud}es involving so0lid materials.

When the stagnant sample and reference materials employed



in conventional DTA are replaced by fluidized beds, it is
possible to extend the fundamental analysis of Borchardt
and Daniels to reactions of solids. Basden (2,3) also rec-
ognized the benefits of a fluidized system in DTA and
attempted to qualitatively characterize various types of
coals by a fluid bed DTA method. However, Basden's appa-
ratus was not suitable for quantitative analysis, and no

conclusive results were ever reported,

The object of this work is to investigate the feasi-
bility of using fluid bed DTA to study quantitatively
certain reactions of solids. A fluid bed system suitable
for quantitative DTA is used to obtain a number of DTA
thermograms for a simple solid decoﬁpcsition reaction,
Kinetic parameters for the reaction are computed from the
experimental curves by means of a theory which assumes
temperature uniformity and gas-solid temperature éduili-
brium in the fluidized DTA cells, Important features pre-
dicted by this theory are verified by detailed examination
of the experimental DTA curves., Since accurate mathematical
description of the fluid bed DTA system is relatively
straightforward, it will be evident that the theory and
methods of analysis developed for a simple decomposition

are readily extended to more complex reactions such as that

between a gas and a solid.



CHAPTER II
THEORY AND BASIC EQUATIONS
FOR FLUID BED DTA

Theoretical considerations and basic equations
for obtaining kinetic data by a fluidized bed DTA tech-
nique will be developed in this chapter. This develop-
ment will be carried out specifically for the case of a

simple irreversible reaction of the form
A(s0lid)——» B(so0lid) + C(gas)

However, extension of the theoretical results obtained
here to more complex reactipn systems does not appear

too difficult and is briefly discussed in Chapter V.

The experimental scheme referred to in the develop-
ment which follows consists of two identical flui@ized
bed DTA cells which replace the sample holderé used in
conventional DTA. The reference Qell, R, contains only
an inert fluidizing solid. The sample cell, S, contains
the inert material plus a small amount of the reacting
substance to be studied such that the total heat capaci-
ties of the material in the sample and reference cells
are approximately equal. -Both cells are immersed'ih a
heat bath at a uniform temperature, Tg. The solids in

"the cells are fluidized by an inert gas which enters each



cell with flow rate Mg and temperaturé Tg. Heat is
supplied to the bath so that Ty, Ty, Tg, and Tk, all
increase with time. During the course of the experiment,
the actual temperature in the reference cell and the tem-
perature difference,AT = Tg ~ TR, due to reaction in the

sample cell are simultaneously recorded.

When a solid reaction, which consumes or evolves
gaseous components, takes place 1in a fluid bed the solids
concentration will be uniform due to solids mixing. The
concentrations of the various gaseous components may vary
in a complicated manner with position in the bed, depend-
ing on gas flow rate, bed height, bed diameter, and other
fluidization parameters. However, for the case of a
simple irreversible decomposition, the gas phase concen-
trations will not influence the reaction rate. Thus, if
the temperature is uniform throughout the bed: the reac-
tion rate will also be uniform. With the additional
assumption of temperature equilibrium between solid par-

ticles and fluidizing gas, theoretical description of

the DTA curve then becomes relatively straightforward.

Under the conditions noted above, a heat balance on

the material in the reference cell gives

[ (1-¢€) e, +ef’3cP?]5 V, _il_%_ _

Mg%q(To =Ts) =Ks(Ts=Tp) + 1 (-aH,)



where
€ = fraction of voids in fluidized cell
p(b:: heat capacity per unit volume of solid
material in the cell, cal/cm3 ©°C
F3<;ﬁ = heat capacity per unit volume of fluide-
izing gas in the cell, cal/cm3 °C
\45 = volume of fluidized bed in the sample
cell, cm3
}<S== heat transfer coefficient for the sam-~
ple cell, cal/min ©°C
A H,= heat of reaction, cal/mole
Y:=-—dN/Ht = rate of disappearance of reac-

tant, moles/min

The term in brackets to the left of Equation (2) can

be written in the form

R &)

For values of bed voidage normally encountered in dense

phase fluidization, € will have a value near 0.5. Also,

at ordinary pressures ’OCP >7/Oj C’P g so that

(l_é> %;,,)<< Q)

and the heat capacity of the gas in the fluidized bed can

10
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be neglected. Equation (1) can then ge written simply as
(M CP)S ?j%—: WaCpq (To=Ts) = Ks(Ts ‘TB) (2)
| 7L 7A(c’43}£p>

A similar heat balance on the reference cell, where no

reaction occurs, results in
(MCP>R _C_i_g:_@_:’fﬂad?a('ro“m)"i(k(rk""@) (3)
t

The heat transfer coefficients, Kg and Kg, will
depend primarily on the area of the cell walls, the
film coefficients at the inner and outer surfaces of the
walls, and possibly the material of construction and
thickness of the cell walls., If the cells are immersed
in a uniform bath, then for identical fluidizatiopncondi-
tions within each cell, one would expect that Kg = Kg = K.
Moreover, the inert material can be chosen so that its
heat capacity is nearly equal to that of the reacting
substance and solid products of the reaction. Then, if
relatively small amounts of reactant are used, the total
heat capacities of the material in each cell will be ap-
proximately equal, e (Mcp)r==(NMcy)g = Mcp. With these
simplifications Equation (3) can be subtracted from

Equation (2) to give

V-(-aHy)= Mep _2’?7“.. T (KHHgepg) AT ()
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where AT = Tg — Tr, the temperature difference due to
reaction in the sample cell. Equation (4) is then the
differential equation proposed to describe the observed

DTA curves,

From an experimental viewpoint, exact matéhing of
the DTA cells may not always be necessary to obtain use-
ful thermograms. For example; if the total heat capaci-
ties within each cell are not exactly equal, Equation (4)

will become

7"( AH4)+[(MCP>> ("¢ep)r [ CTK_)

(Mep)s 5’_{’— + (}<+ M4 lpa) AT
where again AT' = Tg — TR, but now includes the temper-
ature difference due to reaction plus that due to thermal
imbalance between the cells, Assuming a linear tempera-
ture rise in the reference cell, no reaction‘iﬁ'%he

sample cell, and the initial conditions that AT' = 0 at

t = 0, Equation (5) has the solution

ar'= [ marysd (41 - == ]

L= (Kt mqdpq)
(Mep)s
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Thus, AT' will reach a constant value given by

AT = [(M)s = (Mep)e] (a(Ta> 6)
[:Fi + rMq C;;%jj | dt

Letting AT = AT' — ATy and substituting Equation (6)

into Equat;on (5) yields again Equation (4). Hence, in

lieu of exact matching of the cells, ATs can be taken

as the baseline as shown in Figure 2.1,

In any case, Equation (4) will be the basic rela-
tionship used to analyze the DTA curve., The parameter K
can be eliminated by further ménipulation of Equation (&),

which if K, AnHr, ¢ are all constant, can be

p’ ®pg
written as

where t = 0 is the time at which the first observable
temperature deflection occurs, Performing the integra-

tion and noting that N, = AT, = 0, one obtains

AT = (—AHYX No | (7)
(K-i"/?ﬂg ij)



AT - Differentigl Temperature

t - Time

Figure 2.1. DTA Curve When Cells are not Matched

w1
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where Aq is the total area under the DTA curve. Sub-

stitution of Equation (7) into (4) results in

— L [dNY\ = AT AT
m(:u) 6 LT + LT ©

T
where

S = M C;S
)y

The parameter § must be determined from the DTA

curve as well as the kinetic parameters involved in the
rate expression. When substantially all of the reactant
is consumed, dN/dt 2= 0 and Equation (8) can be integrated
between some point on the'cooling' portion of the curve

and t = o0 to yield

Ar

(I*At>=§z>'r (9)

where A T and Ay are any temperature deflection énd
cumulative peak area sufficiently beyond the high tem-
perature inflection point so that dN/dt &= 0. Equation (8)
predicts that a plot of various values of (1-Ay/Aq)
against AT taken from the cooling portion of the curve

should have a linear portion the slope of which determines

5.

Up to this point nothing has ‘been said of the
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particular form of the rate expressioﬁ, r, or kinetic
parameters involved., Unfortunately, no single, compre-
hensive theory describes the behavior of solid decompo-
sitions of the type solid—-»so0lid + gas. Theoretical
and experimental results of numerous studies of solid
decomposition mechanisms are summarized by Garner (9).
The main theories are founded on the notion that solid
decomposition begins at positions of strain on the sur-
face. These nuclel or active sites grow in number and
size in a manner dependent on the microscopic structure
of the solid. The manner of nucleation then leads to
any one of numerous specific rate laws. As an example,
in one study (23) no less than four distinct rate expres-
sions were required to precisely describe experimental
results obtained for the pyrolisis of magnesium oxalate
over the entire range of temperatures and conversions

examined,

Wen (19) points out that, regardless of the detailed
mechanism, the kinetics of many heterogenous solid reac-
tions can be adequately described by simple n th order
rate laws., For a simple decomposition reaction such as

that considered here an appropriate rate law is

Ry
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where n is an empirical resction order and k is assumed
to have the usval Arrhenius temperature dependence:

~E
A= 2.2 BT (11)

where E and Z are the activation energy and frequency

factor, respectively. 1In view of the exploratory nature
ol this‘work, it will now be assumed that an n th order
rate law such as Equation (10) is sufficient to describe

the decomposition kinetics.

The problem of determining the parameters E, Z, and n
can then be formulated in general terms without, at this
point, going into the details of the numerical procedure.
The reaction rate at any time can be computed using in-
formation easily obtained from the DTA curve by means of
Equation (8). Moreover, Equation (8) can be integrated
between the limits t = 0 and any time, t, during the ex-

periment. The result is

*'f‘z;)ﬂ-(ézrr-t-%) (12)

Thus, the normalized concentration, N/No, while not con-
veniently measured during the experiment, can also be in-
ferred from the DTA curve., The actual temperature in the

sample cell is computed from the recorded temperature
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deflection and reference cell temperatdre. Thus, reaction
rates at various times during the DTA experiment can be

be tabulated together with the corresponding sample temp-
eratures and reactant concentrations. A suitable parameter

estimation method will then determine E, Z, and n.

In summary, Equations (8), (9), and (12) are the basic
relationships whereby the kinetic parameters can be com-
puted from a single DTA curve. These relationships were
all obtained from Equation (4) which, in turn, depends on
the validity of the simple heat balances, Equations (2) and

(3). Obviously, the preceding analysis constitutes the

simplest a2pproach that still maintains the essential features

of the the problem. The limitations and and difficulties
in application of these results will be reviewed after some
experimentation involving a simple reaction system.



CHAPTER III
EXPERIMENTAL EQUIPMENT AND METHODS

The experimental work summarized in this thesis

was conducted with two primary objectives:

l. To explore the experimental difficulties
which might arise in application of the
proposed fluidized bed DTA technique.

2. To obtain sufficient data to test the
validity of the theory given in Chapter II
and allow comparison of the kinetic

results with those obtained by other methods.

The reaction selected for quantitative study was
the thermal decomposition of calcium oxalate monohydrate.
Decomposition of the hydrate becomes appreciable above

100°C and occurs according to the equation

CaCZOM'HZO (s0l1id) —o» Caczou(solid) + HZO(gas)

This particular reaction was chosen over others mainly
because it occurs at low enough temperature so that the
difficulties in constructing and operating higher tem-

perature equipment could be avoided. Moreover, the
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kinetics of the reaction have been determined by Freeman
and Carroll (8), who used a thermogravimetric analysis
technique, and also by Wendlandt (21), who used a conven-
tional DTA method. Hence, the results obtained with the
fluidized bed technique could be directly compared with

results obtained by more conventional methods.

Thermograms could be easily generated by numerical
solution®* of the basic heat balance, Equation (4). Pre-
liminary computations of this type were carried out using
the kinetic parameters reported by Freeman and Carroll
and estimates of the heat of reaction and the cell heat
transfer coefficient. The results of these computations
predicted that, with'reasonable initial reactant concen-
trations, heating rates of 2 to 10°C/min would produce
fluidized bed DTA peaks suitable for‘quantitative study.
Moreover, theory predicted that these peaks would occur
within the temperature range of 100 to 200°c, This infor-
mation was then used to design the experimental apparatus

described in the following section.,

¥See Appendix D for details of the numerical method,
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A, Description of Experimental Equipment

For purposes of discussion the experimental equip-

ment can be divided into three sections:

1, Two 0,80 inch I.D. nitrogen fluidized beds
which served as the DTA cells,

2, A 7-inch diameter alir fluidized bed which
served as the heat bath for the DTA cells.

3. An R. L. Stone Model 202 Differential Thermal
Analysis System to perform temperature ‘pro~

gramming and recording functions.
DTA Cells and Heat Bath

The construction of the fluid bed DTA cells is
illustrated in Figure 3.1. Each of the cells was
fabricated from nominal 3/4 inch +type 304 stainless
steel pipe fitted with a porous stainless steel bed
support. After the bed supports were welded in place,
the entire assembly was machined to remove excess metal
and reduce the wall thickness of the cells to 0,05
inches., Actual and differential +temperatures were
measured with 32 gauge chromel-alumel thermocouples,
These thermocouples were of the stainless steel sheathed

type with an outer diameter of 0,063 inches, Each of
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the cells was fitted with two such thermocouples, verti-
cally inserted into the cells, so that the bare measuring
junctions were immersed directly in the fluid bed portion

of the cells as shown in Figure 3.1.

Figure 3.2 shows the air fluidized heat batﬁ and phy-
sical arrangement of the DTA cells in the bath, together
with some pertinent dimensions. The heat bath consisted
of aﬁ insulated vessel with an inside diameter of 7 inches
and a height of 15 inches., The conical inlet section Was
filled with 1/32 inch diameter steel shot to promote good
air distribution. Heat was supplied to. the bath by means
of two symmetrically positioned, U-shaped tubular heating
elements, The two elements together had a maximum power
rating of 1.5 KW at 120 VAC. Before entering the cells,
the nitrogen to each cell was heated to the bath tempera-
ture by flowing through a five-foot lengtﬁ of l/é‘inch
diameter, standard weight stainless steel tubing shaped
into a 2,5 inch diameter coil. Two of these coils, one
for each cell, were symmetrically located in the heat bath
as shown in Figure 3.2. The DTA cells, heating elements,
and nitrogen heating coils were mounted on the heat bath
cover so that the entire assembly could be easily inserted

into and removed from the bath.,

Figure 3.3 is a schematic flow and equipment diagram.
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Nitrogen was delivered from a compressed gas cylinder
equipped with a two-stage regulator adjusted so that
delivery pressure into the system was 125 psig. After
leaving the cylinder the nitrogen passed through a 1.5
inch diameter, 1 foot high bed of 1-16 mesh, grade 05
silica gel dessicant. The nitrogen was then split into
two streams metered with two Fisher and Porter flow me-
ters calibrated for a maximum flow of 1400 cc/min
nitrogen at 75°F and 14,7 psia. The nitrogen then
flowed through the heating coils immersed in the bath
and into the DTA cells. After passing through the cells

nitrogen was simply vented to the room.

Local compressed air, available at 100 psig, was
used to fluidize the heat bath. The air was metered with
a Fisher and Porter flowmeter with a maximum flow rating
of 6,00 cu ft/min of air at 70°F and 14.7 psia. The air
entered the bath at room temperature, passed through a

dust filter, and was then vented to the room,
Model 202 DTA System

The Model 202 Differential Thermal Analysis System
is a standard item manufactured by Tracor, Inc. (Austin,
Texas)., However, the unit used in this study included

-several modifications which should.be noted, since later
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references to this egquipment may apply only to the mod-
ified version of the standard apparatus, All modifica-

tions were made by the manufacturer on request,

The standard Model 202 comes equipped with an X-Y
recorder so that the differential temperature can be
recorded directly against either sample temperature or
reference temperature. This procedure is common pfactice
in conventional, qualitative DTA, although it can lead to
serious errors in interpretation of the DTA peaks if small
irregularities in the heating rate occur. A much sounder
pfocedure is to record the differential temperature di-
rectly against time, while independently recording the
reference temperature. For this reason, and simply
because the DTA curves are then more conveniently analyzed
in terms of the theory given in Chapter II, the X-f recorder
was replaced with a 10 millivolt strip-chart recorder. The
unit was then equipped with a temperature readout module
to visually indicate the reference cell temperature and
simultaneously activate an event marker which would record
the reference temperature on the same chart as the differ-

ential temperature.

At comparable heating rates, the heat load required

for the fluid bed DTA experiment is greater than requiréd for



28

conventional DTA. Therefore, the Model 202 used in this
study was equipped with an auxilliary silicon controlled
rectifier power unit which increased the maximum programmed

power output to 2KW.

The modifications noted above were the only changes
required to adapt the Model 202 to the fluid bed DTA exper-
iment, The unit can now be described in more detail.,

Ma jor components of the system and their functions are:

l. A DC amplifer and strip chart recorder to record
the differential temperature.

2, A temperature readout unit to record the actual
reference cell temperature.

3. A temperature programming circuit to control the
power input to the heaters immersed in the bath
so that the reference cell temperature increases

at a constant rate.

The simplified block diagram shown in Figure 3.4 illustrates
how the individual components of the Model 202 DTA System

enter into the overall experimental scheme,

The differential temperature signal is obtained .from
two opposed thermocouples, one located in each cell. This
signal is then transmitted to a DC amplifier with a maxitum

gain of 10 millivolt output for a 5 microvolt input. The
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amplified differential signal is then recorded by the

10 millivolt strip-chart recorder.

One of the two thermocouples located in the reference
cell provides the reference temperature signal which is
transmitted to the temperature readout module and recorded,
This same thermocouple also serves as the sensing element
for the temperature programming circuit. The programming
circuit is basically an anologue circuit which simulates
a physical system in which the temperature increases
linearly with time. The input to the programming circuit
is the desired heating rate. The selected heating rate
then determines the rate at which a motor-driven potenti-
ometer linearly iﬁcreases a reference voltage. For a‘given
heating rate, this reference voltage is equivalent to the
desired reference cell temperature at any time., This
temperature equivalent voltage is then transmitteé to an
emf generator capable of reproducing +the non-linear tem-
perature-emf.relationship of a standard chromel-alumel
thermocouples The output of the emf generafor is then
compared with the actual emf of the reference couple im-
mersed in the reference cell. Whenever the emf of the
reference couple falls below the generated emf, the
resulting positive error signal is amplified and transmitted

to the SCR power control, The SCR unit then supplies power
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to the heaters immersed in the bath in proportion to the
magnitude of the error sigral., Fower is supplied until

the actual reference cell temperature apprdaches the
regquired reference temperature and the error signal to the
SCR unit diminishes. The control system, operating contin-
uously in this manﬁer, then provides a linear temperéture

rise in the reference cell,

The lodel 202 DTA System also comes equipped with
sample holder, furnace, and furnace platform for éonduc-
ting standard DTA analyses. These compornients are used to
analyze stagnant samples in the conventional marner and

need not be described here.

B. Calibration of Equipﬁent

Reference Thermocouvle-~As pointed out previously, the refer-

ence courle was used to measure the actual temperature in the
reference cell and also as a sensing device for the temper-
ature programming circuit. One of nine previously prepared
chromel-alumel thermocouples wzs selected and its emf, with
respect to a reference at 0 ©c, was determined at each of four

standard calibration temperatures. Emf's were measured with a



model X-2, NSL Digital Voltmeter, read to the nearest
0,01 millivolt. The temperature—émf relationship of this
couple, shown in Figure B.l in Appendix B, deviates by
less than 10C from that of the standard® chromel-alumel
thermocouple over the temperature range 0-327°C. During
these tests, the calibration of the Model 202 temperature
readout module was also checked by directly inputting the
emf of the reference couple at each of the test tempera-
tures. Again, within 1°C, no correction to the manufac-

turer's calibration was required,

Differentisl Thermocouples--Since the maximum expected

differential temperatures were only about 3 or 4°C, it
was considered essential that the differential couples
be well matched in the sense that, when both are at the
same température, the emf output of the differential
circuit be negligibly small, To find a suitable pair

of thermocouples, each of the remaining eight couples,
in turn, was connected in a differential circuit with
the reference couple. The test and reference couple
were then allowed to come to equilibrium with boiling
water. At equilibrium, the differential emf of the cir-

cuit was measured using the DC amplifier and recorder

*Temperature-Millivolt Reference Tables for Thermocou-
ples, Honeywell Bulletin 16735526-001
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supplied with the Model 202 DTA System., This procedure

was then repeated with each of the thermocouples at the
boiling point of analine. These measurements, shown in
Table B.l in Appendix B, indicated that the thermocouples
labeled *2' and *4° when used in the differential temper-
ature measuring circuit, would give a matching error of

less than 1 microvolt. These two thermocouples were

used throughout, and the matching error given above,
equivalent to less than 0.025°C, is a reasonable estimate of
greatest error expected in measuring the differential

temperature.:

Flovmetersg--Calibration curves for the nitrogen flow

meters are shown in Figure B-2 in the Appendix. Calibra-
tion was performed by water displacement after the meters
were installed in the system. The actual air flow to the
heat bath did not have to be accurately known, and thus the

manufacturer's calibration was used without correction,
C. Materials

Chromatographic grade aluminum oxide, purchased from
J. T. Baker Chemical Company, served as the inert solid
fluidized in the DTA cells., Nitrogen to fluidize the
DTA cells was purchased from Union Carbide, Linde Division.
This grade of nitrogen was oil free and had & maximum speci-

fied moisture content of less than 25.5 parts per million.
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Reagent grade calcium oxalate monohydrate was ob-
tained from the Matheson Chemical Company. This material
was avallable only in a finely powdered form which could
not be fluidized with the alumira without excessive loss
from the cell., After some experimentation, a procedure
was found which would produce large conglomerated oxalate
crystals suitable for fluidization. Approximately 19
grams of the purchased oxalate was dissolved in 1.0 N
boiling HCL to produce a saturated solution. This satu-
rated solution was then allowed to cool slowly fo room
temperature, The oxalate crystals which formed over a
period of several days were then collected, washed several
times with water, and then a2ir dried for 24 hours at room

temperature,

Standard DTA anaiyses were made to compare the pur-
chased powder and crystallized form of the oxalate,
These thermograms, shown in Figures 3.5 and 3.6 were ob-
tained with the aluminum dish sample holders supplied with
the DTA unit. The first peak at 185°C is due to the endo-
thermic dehvdration reaction. The second peak near 450°C

corresponds to the net exothermic reaction

1
CaCZOu(s) +-§-02~—4>CaC03(s) + COZ(g)
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As is readily apparent, there is little difference in the

DTA patterns obtained from the two forms of the oxalate.

During the course of the experimental work, three
batches of oxalate crystals were prepared in the manner
previously described, As a further check on the purity
of this material, weight loss determinations were made on
the first and last batch. Weighed samples from these
batches were first maintained at 200°C for one hour, and
the weight loss due to removal of water was determined.
The dehydrated samples were then maintained at 500°C for
one hour and the weight loss due to the oxalate decompo-
sition was determined., For the two batches, the weight
loss due to dehydration was 12,12 and 13.05 per cent;
whereas, the theoretical weight loss is 12.33 per cent.
For the high temperature oxalate decomposition,_weight
losses were found to be 32,24 and 32.12 per cent, thch
compares favorably with the theoretical weight loss of

31.50 per cent.
D. Preliminary Experiments and Final Operating Conditions

Before any quantitative results could be obtained
some' preliminary work was required to insure proper per-
formance of the equipment and arrive at a suitable set of

operating conditions, Reasonable values had to be selected
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Tor such Qariables as nitrogen flow rate to the DTA cells,
air flow rate to the heat bath, and weight of solids used
in the DTA cells. All of these variables directly affect
fluidization performance and a reasonable amount of care

was necessary in fixing them,

Leve (14) discusses the numerous factors which affect
fluidization performance. Good heat transfer and temper-
ature uniformity are generally attributed to the excellent
so0lids circulation which can be attained at proper fluid-
ization conditions. Based on Leva's detailed discugsion,
some gualitative guidelines for achieving good fluidizaticon

performance can be listed:

1. The gas Tlow rate should be at leaét 2 to 3
times the minimum fluidization velocity.

2, The solid should possess a wide range of
particle sizes,

3. The expanded bed height should be less than

twice the bed diameter,

Fluidization characteristics of the aluminum oxide
were studied in a 0,80 inch diameter Plexiglass bed sim-
ilar in construction to the DTA cells, so that fluidization
could be visually observed. The purchased alumina had a

very narrow particle size distribution with about 60 per cent
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of the material in the range 53 to 74 microns and 10

per cent less than 37 microns. At flow rates high enéugh
to give adequate solids circulation, the fine material
was continuously lost from the bed. Therefore the frac-
tion less than 37 microns was removed completely. With
this modification, the alumina could be fluidized at gas
rates as high as 1200 cc/min for 30 minutes with less

than 1 per cent loss of material,

Following the suggestions of Leva, some experimen-
tation with particle size distribution was done. The
particle size distribution of the alumina was made more
uniform by reducing the large fraction in the range 53-74
microns, At the same nitrogen flow rate this adjusted
material gave noticeably more uniform fluidization with
less slugging and more vigorous solids circulation than
the unmodified alumina. Thus, enough material to last
throughout the tests was prepared with the following par-

ricle size distribution

Paf;%gigng%ze pZiifggt
37-53 23.1
53-7h 30,7
74-105 . 23,1

105-125 15.4

125-1k49 77
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1 of this material is 69 microns

2

The average particle size
while the minimum fluidization gas rate® is approximately

250 cc/min.,

The total weight of material used in the DTA cells
also affects fluidization performance, since this weight
will directly determine the expénded bed height. Using
the plexiglass bed with a nitrogen flow of 950 cc/ﬁin, a
series of experiments was conducted in which alumina was
slowly added’to the cells in increments of 1.0 gram and
the affect on fluidization noted. Up to a total weight
of 4 to 5 grams, which corresponds to an expanded bed
height of about 1 inch, fluidization remained fairly uni-
form. With 6 or more grams of material, slugging tended
to become excessive, and particle circulation in the

bottom of the bed was noticeably restricted.

Initially, a fine silica sand was fluidized in the
bath.b Test runs made with this material, with no reac-
tant in the sample cell, resulted in an erratic, contin-
uously shifting baseline which would clearly be unaccept-

able for quantitative DTA. As shown in Chapter II, =z

1. Calculated using the method recommended by Leva, p.61

2. Calculated from the correlation given by Leva, p.bd4
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baseline at A T=0 is not necessary; however, it is essen-
tial that the baseline offset reach a constant value to
avoid errors in interpretation of the DTA patterns. This
difficulty was finally traced to the poor fluidization
characteristics' of the silica sand. The sand was replaced
with a silica-alumina catalyst® having the following par-

ticle size distribution:

gt e,
37 L,62
37-Lh 1.95
L -63 42,04
6374 | 37.08
744.-88 3.15
88-125 11.16

This catalyst was especially designed for use in fluid
bed cracking units, and its use in the heat bath resulted
in a dramatic improvement in the baseline as illustrated

in Figure 3.7. The solid line in the figure is an actual

* Obtained from Shell Chemical Company, Deer Park, Texas
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baseline obtained with the catalyst at a heating rate of
approximately 12°C per minute, air flow of 3.3 cu ft/min,
and approximately 4 grams of alumina in each cell. The
dashed line, shown for comparison, roughly indicates the
type of baseline obtained previously with the silica

sand at similar conditions. With the catalyst in the heat
bath, the lowest air rate which would yield a steady base-
line was about 3.0 cu ft/min., The lowest feasible air
rate is, of course, desirable to reduce solids loss from
the bath during a run and to minimize the load on the

heaters immersed in the bath.

" As illustrated in Figure 3.7, once tﬁe thermal inertia
of the system was overcome, the temperature programming cir-
cuit functioned satisfactorly. With an air flow of 3.3
cu ft/min, the maximum attainable heating rate was about
12°C per minute with less than 2 per cent deviation from
linearity up to a temperature of 220°C, At lower heating

rates temperature control was even more precise.

These preliminary experiments served to determine the
capabilities of the equipment and led to a feasible set of
operating conditions. Unless otherwise noted, all of the
results presented in the next chapter were taken at the

fixed conditions described here., Nitrogen flow to the DTA
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cells was 950 cc/min, or 3,8 times the minimum fluidi-
zation velocity., The thermocouples were positioned so
that the measuring junctions would be located in the
central portion of the bed, 1/2 inch above the bed sup-
port. Air flow to the heat bath was 3.3 cu ft/min,
which corresponds to 5.5 times the minimum fluidization 4

velocity.



CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION

Table 4.1 summarizes the experimental conditions
at which thermograms for the oxalate dehydration were
obtained, With the exception of Run 9, all runs were
made with a total mass of 4,000 gm in each cell and ox-
alate particle size between 44 and 88 micron. For Run
9 the total mass in éach cell was 5.000 gm, and reactant
particle size was 125-250 micron. Runs 1 through 5 were
made with varying amounts of initial reactant at approx-
imately the same heating rate. Runs 6, 7, and 8 were
made with the same initial reactant concentration but
different heating rates, Run 9 was made to test particle

size and diffusion effects.
A, Qualitative Comments - - .

Figures 4,1 and 4,2 show two actual thermograms ob-
tained with the fluid bed DTA technique. The small,
short-term oscillations superimposed on the DTA patterns
are due to slight non-uniformities caused by gaé bubbling
which cannot be entirely eliminated in fluidization.
Further experimentation with particle size distripution
and other fluidization parameters aimed at improving
fluidization efficiency might serve to reduce these osc-

illations., For the numerical computations, the original



Table 4,1, Fluid Bed DTA Experiments with
Calcium Oxalate Monohydrate

Run Heating Initial Reactant
e (O min, ) | (won por sene)
1 11.85 5.00

2 12,00 7450

3 11.50 ' 10.00

4 11,70 12.50

5 11.85 15,00

6 b,67 | 10. 00

? 9.07 10.00

8 11.85 | 10,00

9. 7.50 10,00

on
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thermograms‘were simply smoothed as illustrated in

Figures 4.1 and 4,2,

The two curves shown were obtained from Runs 3 and
8, and thus roughly indicate the sort of reproducibility
resulting in DTA patterns generated at similar condi-
tions of heating rate and initial reactant concentration.
Differences in the general shape of the two curves can
be attributed to the slightly different heating rate for
the two runs. More precise reproducibility in the actual
DTA curves is difficult to demonstrate, since heating
rates could not be dupiicated within limits better than
those indicated in Table 4.1l. Exact reproducibility in
the DTA patterns is not essential. It is more desirable
to have an adequate theory which accounts for the effect
of experimental variables such as heating rate, and thus
be able to demonstrate reproducibility in the final

kinetic constants.,
B. Numerical Analysis of DTA Curves

A brief description of the methods used to process
experimental DTA curves is given in this section. The
actual computations were programmed in Fortran IV for a
digital computer. A listing of the computer program,

together with some example output is given in Appendix C.
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The differential temperature and corresponding
sample temperature ét various times during the DTA
experiment constitute the basic information required
to analyze the DTA curves according to the theory devel-
oped in Chapter II. Peak heights were measured to the
nearest 0,01 inch directly from the thermograms at 2°C
intervals in reference temperature, Tr. Over the tem-
perature range lOO-200°C, the emf-temperature relation-
ship of the chromel-alumel thermocduple is sufficiently
linear so that an average emf of 40 micro-volts/°C can
be assumed with less that 3 per cent error. Measured
peak heights-were then converted to differential temper-
ature using this conversion factor together with the
known recording sensitivity:

AT = peak height sensitivity
(inches) >< (microvolts/inch)

L0 microvolts/°C

Sample temperatures were .computed as the sum of the
recorded reference temperature, the differential reaction

temperature, AT, and the constant baseline offset, ATC:

Corresponding values of Ai were determined by numer-
ical integration of the peak using Simpson's Rule. The

required derivatives, d AT/dt, were computed using the
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five point differentiation formulas recommended by

Walas(l).

The proposed theory assumes that all heat capaci-
ties are constant over the temperature range of interest.
In practice, all heat capacities were evaluated(z) at a
mean temperatﬁre of 140°C. 1In the temperature interval
100-200°C the heat capacity of aluminum oxide deviates
by less than 10 per cent from its value at 140°C; while

the same deviation for nitrogen is less than 1 per cent.

The actual calculation procedure begins with the
determination of the unknown parameter $. Pairs of points,
AT and Ay, are selected from the cooling portion of the
curve, beyond the high temperature inflection point, Sis
then estimated from a least squares approximation %o

Equation (9):
<I--A£>'—:6AT (9)
AT

The reaction rate and normalized reactant concentra-
tion at various points on the DTA curve are then computed

from Equations (8) and (12):

(1) S. M. Walas, “"Reaction Kinetics for Chemical Engineer's",

p. 301, McGraw-Hill Book Company, Inc., New York, 1959.

(2) J. H. Perry, "Chemical Engineers Handbook", 4th. ed.,
pp. 3-116, 3-119, McGraw-Hill Book Company, Inc., 1963,



1 (AN _ c(dar AT
No\ dt-] ™ g(ﬁ> + A (8)

(-’ﬁ@r-l*(gm* +_f_\.:e_3 (12)

These values are tabulated together with the correspond-
ing sample cell temperature, Tg. At this point, a non-
linear parameter estimation technique developed by
Marquardt (15) is used to determine the constants E, Z,

and n in the assumed rate equation

- E M
N [\ *ﬁs(m>
No t ' Wo

Marquardt's method is an iterative prccedure which,
starting with some initial estimate of the unknown con-
stants, produces successively better approximations to
the unknown parameters. Iteration stops when the current
values of the parameters result in deviations between
calculated and observed reaction rates which satisfy the
minimum sum of squares criterion. Additional details of
fhe method and 1ts application to the particular problem

of interest here are given in Appendix C.

To obtain some idea of the precision of the compu-

tations, the entire procedure was first applied to
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several theoretical DTA curves generated numerically with
known input parameters, Differential temperatures were
taken directly from plots of these theoretical thermograms.
The resulting calculated values of §, logyp 2, and n were
always within 10 per cent of the inout values; whereas,
the activation energy, E, could always be computed to
within 5 per cent of the input value. Differences between
the calculated and input values merely reflect the effect
of small errors in measuring peak heights and the limited
precision of the methods used to numerically integrate

and differentiate the DTA peaks. Since these computations
simulate ideal experiments, with a minimum of experimental
error, it should be guite clear that greater precision
than indicated above cannot be expected in any results

derived from actual experimental DTA curves.
C. Calculated Results

The method of analysis described 1in the previous
section was first applied to the thermograms obtained
from Runs 1 through 5. These thermograms are plotted
in Figure 4.3 against reference cell temperature, cor-
rected for the constant baseline offset. Clearly, even
a relatively small increase in initial reactant résults
in a pronounced increase in the magnitude of the peak

maximum, as well as a shift of the peak maximum to a
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higher reference temperature. Regardless of the dif-
ferences in shape and location of the peaks shown in
Figure 4,3, if the same rate equation applies in all
instances, a correct theory and numerical analysis must
produce very nearly the same kinetic constants ffom all

of the data.

Before presenting the final kinetic parameters com-
puted for Runs 1 through 5, further aspects of the pro-
posed theory and numerical analysis will be illustrated
with some typical intermediate results., Figure L.4 shows
the plot of (l-At/AT) against AT taken from the cooling
portion of the thermogram obtained in Run 3. As predicted
by Equation (9), the plot is linear with intercept through
the origin., A value of §= -0.055°C™1 was calculated

from the specific data shown in Figure 4.4,

Provided that AH,., K, and MgCho do not vary, Equa-
tion (7) predicts a linear relationship between Ap and N,
for a series of thermograms obtained with increasing ini-
tial reactant concentration. Figure 4.5 shows such a
plot of total peak area against initial moles of reactant
for Runs 1 to 5. The linear relation predicted by Equa-

tion (7) is in fact observed.

Since no obvious discrepancy between theory and

experiment has yet been uncovered, it seems appropriate to
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proceed to the determination of the kinetic parameters.
Practical considerations limit the portion of any DTA curve
which can yield useful data for the kinetic calculations,
All of the experimental thermograms exhibited the instabil-
ity near 100 °c illustrated by the curves shown in Figures
L,1 and 4,2, Presumably this initial disturbance was due to
desorption of surface water from the oxalate. Because of
the uvncerainty in measuring the differential temperature in
this region, the initial portion of the DTA curves was not
used to determine tﬁe kinetic constants., On the other hand,
according to Equation(12), the oxalate dehydration is egsen-
tially complete immediately after the maximum in the DTA
curve. Attempts to apply Equation (12) much beyond the max-
imum temperature deflection can result in small, negative
values for the reactant concentration due to small errors in
evaluating the individuval terms of the equation. Points used
to calculate the kinetic constants were therefore confined
to regions of the curves immediately after the initial dis-
turbance to just beyond the peak maximum. Thus, each curve

yielded from 20 to 30 points, spaced at 2 °¢ intervals in TR

The results of some intermedizte reaction rate calcu-

lations for Run 3 are shown in Table 4,2, The range of



59

normalized concentration and reaction rate illustrated in
the table is representative of the results obtained for
Runs 1 to 5. Marquardt's method applied to the data from
Run 3 gave final values of E = 22,6 kcal/mole, Z = l.58XlOll
min~l, and n = 0.486, It should be noted that only alter-
nate points actyally used in the determination of these éon—
stants are shown in the table, This editing was done merely
for convenience of presentation and does not alter the con-
clusions to be made., Corresponding rates predicted with

the derived constants are also shown in Table 4,2, The

last column in the table lists the percentage deviation
between observed and predicted rates at each temperature and
concentration., Over most of the course of dehydration, the
observed rates are within 10 per cent of the rates predicted
by the derived rate equation., However, the initial portion
of the reaction is poorly represented by the assumed n th
order rate law, Essentially the same precision of fit was
obtained for all the data in this set of runs. In view of
the empirical nature of such a simple rate law and the wide
range of conversion to which it has been applied, the
absence of a more precise fit to the data should not be too

surprising.

Table 4.3 summarizes the final results of interest
calculated for Runs 1 through 5. The values of O Hy. shown

in the table were calculated from the definition



.Table 4,2, Reaction Rate Data-Run 3

Tg N Reaction Rate, 1_ (gn Per Cent
'(OK) No Observed Preglctgg Deviation
394 ,1 10,936 0.062 0.045. 37.8
398.0 0.913 0.077 0.059 . 3045
401.9 0.883 0,092 0,076 21,0
405.8 0.848 0,106 0.098 8.1
409,7 0.806 0,130 0.124 4.8
413.6 0.760 0.153 0.156 -1.9
b17.4 0.699 - 0.183 0,194 ~5.7
421.2 0,630 0.220 0.235 , R
425,0 0.545 0.266 0.279 4,7
428,7 0,445 0,302 0.319 ~5.3
4324 0,332 04343 0.348 -1k
k36,2 0,206 ‘ 0.379 0,346 9.5
40,2 0,083 0.30U 0.282 | 7.8
Whi,8 0.012 0. 09k 0. 144 -34.8

09
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The individual cell heat transfer coefficients were then

computed from Equation (7), rearranged to read

K= _.I; Z&ptgl:iCD +- f»vL3<:Peyj}

The heats of reaction and heat-transfer coefficients
computed from the individual thermograms should be iden-
tical within reasonable limits of experimental error,
Discounting Run 2, the average heat of reaction computed
from the data in Table 4.3 is 5.93 kcal/mole, with a max-
imum deviation from this average of only 7.9 per cent. The
average cell heat transfer coefficient is 2,25 cal/min,
with a maximum deviation of 9.6 per cent. Considering
the differences in magnitude and general shape of the ori-
ginal thermograms shown in Figure 4,3, the reproducibility
with which the heat of reaction and heat transfer coeffi-
cients can be extracted from the individual thermograms
verifies that both the theory and numerical approach are

basically correct.

Table 4,3 also lists the activation energies, fre-
quency factors, and reaction orders calculated from each

of the thermograms from Runs 1 through 5. These runs were
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-1,06
-1.11
-0,055
-0,048
-0,036

Table 4.3 Calculated Results - Runs 1 to 5

AHy
(xcal/mole)

6,15
3.96
6404
5.l46
6.06

Average (without Run 2) 5.93

N

3
L
5

Average (without Runs 1 & 2 )

K E
(cal/min) (kcal/mole)
2.23 30.5
1.58 27.0
2.24 22,6
2.09 22.1
2.45 23.4
2.25
30{2
28.0
: 2245
§= -1.53x107"
N, 22,2
23.4
22,7

Z

(min~1

7.13x10%6

A.90x1013

1.58x10%1
7, 46x1010
3,18x10%1

4.51x10%5
1.64x10L%
1.32x10%1
9,00x10%0
3.12x1011

1.78x1011

00876
0.734
00486

0.371
0.40k4

0.849
0.867
0.L74
0.386
0.401

0.420

29
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made principally to determine if the same set of kinetic
constants could be calculated from the individual thermo-
grams. Such a demonstration of reproducibility alone

would verify that the equations developed in Chapter II
adequately describe the experimental fluid bed thermograms.,
However, comparison of the tabulated results will show that
the activation energies determined from Runs 1 and 2 are
significantly higher than calculated from Runs 3, &, and 5.
The frequency factor and reaction order show similar behav-
ior. 1In contrast, reproducibility is excellent for Ruhs

3, 4, and 5. For these experiments the variation beiween
individual runs is within the expected limits of precision

previously derived.,

The calculations were repeated in an attempt to bring
the kinetic constants from the individual runs into closer
agreement. The average heat of reaction indicated in
Table 4,3 together with the constant known total heat capac-
ity of the material in the sample cell can be used to arrive
at an average value for Mcp/(-ZkHr) of -1.53X10"% moles/°C.
Instead of using the cooling portions of the individual
thermograms, this average was used to calculate S for each
run from the equation

— ls3xio-

No

S =
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The resulting kinetic constants, again listed in Table 4.3,
are not very different from those calculated previously.

It appears that the kinetic parameters, in particular the
activation energy, are not overly sensitive to small errors
in the determination of S. The overall spread in kinetic
constants has been decreased slightly by using the aver-
aging procedure to determine E,{ but still the results for

Runs 1 and 2 differ significantly from the remaining values,

The exact reason for the apparently different kinetics
at the lower initial reactant concentration is not known,
However,Athe weaker heat effect asscciated with using smaller
amounts of reactant almost certainly results in thermograms
which are less suitable for reliable quantitative analysis.
This point is illustrated by comparison of the thermograms
shown in Figure 4.3, The DTA patterns for Runs 1 and 2
exhibit an erratic behavior which contrasts with the regular
transition of the thermograms for Runs 3, 4, and 5, The
weak thermograms from Runs 1 and 2 may have been too poorly

defined to yield reliable kinetic constants.

The data summarized in Table Q.B resulted from thérmo-
grams obtained at essentially identical heating rates bdbut
varying initial reactant concentration., Using input para-
meters derived from the eiperiments conducted at constant

heating rate, it is interesting to see how well theory
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predicts the effect of increasing heating rate on the
location and magnitude of the DTA curves., Disregarding
the results of Runs 1 and 2, the variance in kinetic para-
meters 1s sufficiently small so that values of E = 22,7

11 min_l, and n = 0,420 can be

kcal/mole, A = 1,78 X 10
computed by simply averaging the results of Runs 3, 4, and
5¢ These average kinetic parameters, together with the
average values for AH. and K indicated in Table 4.3, were
used to generate a series of theoretical thermograms cor-
responding to the resctant concentrat{on and heating rates
of Runs 6, 7, and 8., The appropriate theoretical thermo-
grams are compared with experiment in Figures 4.6, 4,7, and
L,8, Agreement between theory an@ experiment is quite good.
In all three cases theory predicts almost exactly the cor-
rect increase in magnitude of the peaks as well as the

shift of the DTA peaks to higher temperatures with increased

heating rate.

Table 4,4 lists the kinetic constants computed
directly from the thermograms of Runs 6, 7, and 8. The
results from these experiments at different heating rates
are in good agreement with the average constants from
Runs 3, 4, and 5 which were all made at a heating rate of
12 °C/min, but different initial oxalate concentrations,
For Runs 7 and 8 the calculated activation energies are

within 5 per cent of the average 22,7 kcal/mole obtained
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Table 4,4 Calculated Results - Runs 6 to 9

Al
(kcal/mole)

570
6.65

5455

575

E
(kcal/mole)

19.3
23.5
23.8

20,5

gmig‘lz
2,30x109
4.63x1011
6.89x1011

8.69x10°

0.356
0.458
0.“21

0,204

69



from Runs 3, h, and 5. The low heating rate employed in
Run 6 gave a weak, poorly defined thermogram; consequently,

agreement with the previous set of runs is less precise.

All of the data reported thus far were taken with the
oxalate particle size bétween Ll and 88 microns. For Run 9
the particle size was increased to the range 125-250
microns. Table 4.4 again summarizes the computed results
for this run. Increasing the partiqle size has not appre-
ciably affected the activation energy. The computed value
of 20.5 kcal/ﬁole is within 10 per cent of the average
22,7 kcal/mole obtained from Runs 3, 4, and 5. However,
as a result of the increased particle size, the reaction
order has been significantly reduced to 0.204 from the

average 0,420 previously determined from Runs 3, 4, and 5.

The observed decrease in reaction order with increasing
particle size is an interesting result which merits some
further discussion. Such an effect of particle size on
reaction order would be anticipated if diffusion of precd-
uct water vapor through the reacting particles has been a
controlling step in the rate of dehydration. Any effect,
such as an increase in particle size, which enhances the
importance of diffusion will lessen the rate dependence
on reactant concentration and thus result in a lower appar-

ent reaction order. The temperature dependence of the
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reaction is characterized by the activation energy
according to the Arrhenius equation, while the rate of
diffusion is relatively insensitive to changes in tem-
peature. Thus, if diffusion is a controlling step, an
increase in particle size will cause a decrease in the
apparent activation energy. However, when the reactant
particle size was increased for Run 9, the computed
activation energy was not significantly different from
the previous runs with the smaller particle size. It
is therefore unlikely that diffusion was a limiting
factor for the range of particle size used in this

StUdy .

Even if diffusion is not a controlling factor, the
reéction order is related to the shape of the reactant
particles, Berlin and Robinson (4) point out that the
decomposition of many hydrates and carbonates is é&?erned
by the progression of the interface between reactant and
product solids toward the center of the reacting particle.
For such a mechanism they developed a theoretical rate
model which is equivalent to the n th order rate expres-
sion adopted in this study. The order of reaction, n,

relates the surface area of the reactant-product inter-

face to the concentration of reactant by

S - N.)M‘
So ND (13)
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where S, is the initial surface area of the particles,
and S is the area at the reactant-product interface at

any time after decomposition begins.

Berlin and Robinson were not immediately concerned
with the reaction order., However, probable values of n
can be inferred from the geometry of the reacting parti-
cles. According to Equation (13), reaction of spherical
or cubical particles should result in n =2/3., Long,
needle-like particles would give n=1/2, Thin, flat par-
ticles for which the surface area is nearly independent
of conversion should yield a reaction order n = 0, Pre-
sumably, more complicated shapes would result in inter-
mediate values for the reaction order., Grinding a sample
of coarse, irregularly shaped particles has the general
effect of causing the particles to assume a more nearly
spherical or cubical shape. As a result, tﬁe finéf‘
material should yield a higher reaction order which is
nearer the value of 2/3 predicted for spherical or cubi-
cal particles. Such an effect of particle size on reac-
tion order is precisely the result obtained experimentally

in this study.
D. Comparison of Results with Literature Values

Freeman and Carroll (8) employed a thermogravimetric

analysis (TGA) technique to study the kinetics of simple
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so0lid decomposition reactions. Their method has gained
wide acceptance because it is easy to carry out experi-
mentally. The test material is heated at a known and
constant rate, while the weight loss due to reaction‘is
simultaneously recorded., Freeman and Carroll assumed
that the samplg temperature remains uniform during heat-
ing and that an n th order rate law applies. Appropri-
ate manipulation of the rate equation then resulted in

the relation

_ElalsF A [A’QM %(Zz"t) | (1)

R AM(N PN ,Qm(l}}};)

The differences indicated in Equation (14) are taken
directly from the weight-temperature curve obtained in the
TGA experiment., Freeman and Carroll concluded that a

plot of the bracketed terms in Equation (14) should give

a straight line such that the slope determines the acti-
vation energy, and the intercept yields the reaction

order.

Wendlandt (21) has proposed that the theory of
Borchardt and Daniels is also applicable to the study of
solid decomposition reactions by conventional DTA Qhere
stagnant sample and reference materials are used, Wendlandt

assumed that n = 1, and further simplified the basic equation
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of Borchardt and Daniels to

A= (15)

"At)

Equation (15), together with the required data from a
DTA curve, can then be used to construct an Arrhenius
plot which determines the activation energy and frequency

factor.

Freeman and Carroll and also Wendlandt applied
their respective methods to the dehydration of calcium
oxalate monohydrate. In Table 4.5 a comparison is made
between the kinetic parameters reported by these inves-
tigators and the results obtained in this study vy
fluid bed DTA. For the comparison, only the average

constants for Runs 3, 4, and 5 are given in the table,

The activation energy determined by fluid bed DTA
is in good agreement with that obtained by the TGA
method of Freeman and Carroll, It is evident that the
conventional DTA method of Wendlandt gives an activation
energy about 20 per cent higher than either fluid bed
DTA or TGA. Both the methods of Freeman and Carro}l
and that of Wendlandt neglect the temperature gradients
which develop in the sample due to heating and reaction.

A 10°C/min heating rate was used in both studies., However,



Table 4,5, Comparison of Results with Literature Values

‘Method Source (kcalﬁ%ole) 'mi?x"l n_

Fluid Bed DTA This work 22,7 1.78x10%2 0,12

TGA Freeman and Carroll (8) 22,0 . - - 1.0
Conventional DTA Wendlandt (21) | 27.0 1.52x1012 1.0 (assumed)

Gl
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from Wendlandt's description of his DTA apparatus, it
appears that he used much larger amounts of material than
did Freeman and Carroll. Perhaps the higher activation
energy obtained by Wendlandt reflects the effect of tem-
perature gradients which were more pronounced ih his

experiments because of the larger amounts of material used.

The reaction order determined by fluid bed DTA is
clearly different from the TGA value reported by Freeman
and Carroll. The exact reason for %his disagreement is
not known; however, Reed, et. al. (16) found experimental
scatter can be so large when data is plotted according to
the method of- Freeman and Carroll that several TGA curves
must be used to obtain a reliable value of n. Since
Freeman and Carroll analyzed only one TGA curve, 1t is
difficult to be overly confident in the resulting value of
n. Certainly, on the basis of the foregoing coﬁﬁéfison,
there is no reason to suspect that the reaction order deter-

mined by fluid bed DTA is grossly in error.

No direct determination of the heat of reaction for the
oxalate dehydration could be found in the literature. How-
ever, standard heat of formation data* at 25°C can be used
to compute a heat of reaction of 9,1 kcal/mole for the
reaction

CaCp0u*Hp0(s) ——CaCy0y(s) + Ho0(g)

*Handbook of Chemistry and Physics, L48th ed., Published by
Chemical Rubber Co., pp. D-38 to D-51,
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The average heat of reaction computed from the experiments
summariéed in Table 4.3 was 5,93 kcal/mole. It appears
then that the heat of reacticen obtained by fluid bed DTA
is much to00 low., It is unlikely that significantly better
agreement could be obtained by correcting the DTA value to

the 25°C reference temperature.

»

In deriving the basic heat balance equation it was
assumed that the rate of heat loss from the material in the
cells could be expressed in terms of an overall conductance,
K, and the total temperature difference between the cell and
heat bath. For unsteady state heat transfer, such a formu-
lation is only an approximation. The cell wall itself may
absorb a significant portion of the heat transferred between
the heat bath and cell, so that the rate of heat transfer is
not simply proportional to the overall temperature difference.
The somewhat more detailed development which follows will
illustrate exactly how the heat absorbed by the cell wall

causes the heat of reaction determined by DTA to be low.

If the thermal resistance of the cell wall is small, its
temperature can be assumed uniform at Ty. The rate of heat
loss from the material in the reference cell, g, can then be

expressed by the two equations

%: /?t,,:’ Q. CTZ - Tw ) (16)

and

%:”{ofc{ﬁu'—.//g) T %5« (17)



where
hj,hy = film coefficients at inner and outer
surface of cell wall, cal/min cm? OC
ajrag = inner and outer heat transfer areas of
the cell wall, cm?

q, = rate at which heat is accumulated by
cell wall, cal/min.,

»

Equations (16) and (17) can be combined to give

= K(Tx-Tg) + - (18)
FTRORTTe) T3 e

where

K= :
Zj:zf;iwé t /4315Lc>;]

If the inner and outer heat transfer coefficients are

nearly equal and the cell wall is not too thick, then

et = Lia

and therefore

K ~ |
/Jioa,o'“/z

Equation (18) for the rate of heat loss then becomes

@_: K.(TK - TB) + 72.. %‘db (19)

78
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The rate at which heat is accumulated by the cell

wall is approximately

= M c{h/
o Mwerw S

where My and Coy are the mass and heat capacity of the
cell walls, respectively. The wall temperature will be

very nearly the average of Tgp and Ty so that

_%a,‘-: Z_ chpw [%@— '}‘%Z;Z’—]

Equation (19) for the rate of heat loss from the cell

then becomes

%{"‘ K{TR‘TB) F %/ M Cp s _’_?[7_-—? a JTBJ (20)

Using Equation (20) to reformulate the total heét balance

for the reference cell results in

[t 2 /4o ] £ =2 54(5),,

—K(7& ~T8) = })Mw Gpw _%Z__f

The same procedure repeated for the sample cell gives

pﬂp 'r/'///w /D/uj 49/5 143 e (7; ,)

—K(7s ’“7}) “%f/i’hy C;;W%& f%(—.,_ﬁ;/&)

(22)
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Subtracting Equation (21) from Equation (22) to obtain

the differential egquation which describes the DTA curve

./L('AH,L) = (/VICP + Vi /’/\»«/C‘pw)%“%
+(’Q+’M/9’03>A7’ (23)

gives

Equation (23) has the same form as Equation (4)
which was used to analyze the éxperimental DTA curves.
The importanﬁ difference is that Equation (23) also
includes a term involving the heat capacity of the cell
wall., This equation suggests that, to account for the
heat absorbed or released by the cell wall, the parameter

5 should be redefined as

' é: = [j /@?Ck; + }é} /%7H/ CJDI&’:]
(?’lﬁ’%au> )/0

The reason for the apparent error in the heats of reaction

determined by fluid bed DTA is now obvious. S is deter-
mined directly from an experimental DTA curve, and its
value does not depend on how it is defined. However, the
value of AH,. computed from the definition of & will
always be low unless the wall heat capacity is taken into

account.

Because of the simplifications made -in the above
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derivation, the modified definition of § probably does

not represent the cell wall effect well enough to permit
accurate determinations of the heat of reaction. Reliable
values of the heat of reaction might be obtained if the
cells are constructed so that the mass of the cell walls

is completely negligible compared to the mass of solids
contained in the cells. This was not the case in the pres-
ent experiments. For 4,00 gm of aluminum oxide at 140°c,
Mc,. = 1.00 cal/°C., Based on a 1.0 in. fluid bed height

Y

and an 0,05 in. cell wall thickness, Myc = 1,20 cal/°c.

oW
Using these values in the modified definition of §-, the
average heat of reaction becomes 7.7 kcal/mole., This
value is still 2bout 15 per cent lower than that computed
from heat of formation data, but it is important to note
that correction fér the wall effect has resulted in a

heat of reaction considerably higher than the 5.93 kcal/mole

which was obtained previously.

The heat of reaction need not be known to carry out
a kinetic study by DTA. However, with some additional
experiments it may be possible to determine an accurate
value for this parameter, A series of DTA thermograms can
be obtained with varying amounts of some standard material
for which the heat of reaction is well known. Theée data,
plotted in the form of Equation (7), can then be used to

determine the cell heat transfer coefficient. The data
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from another series of thermograms made with the material
for which the heat of reaction is unknown can again be
plotted according to Equation-(7). This plot, together
with the known heat transfer coefficient, can then be used
to determine the unknown heat of reaction. Borchardt and
Daniels used a similar procedure with apparent success.
Since the heat of reaction and heat transfer coefficient
will be somewhat temperature dependent, correct application
of the above méthod will require the availability of a
standard material which decomposes over very nearly the
same temperature interval as does the test material,
Especially at higher temperatures,‘where the fluid bed DTA
method is likely to prove most useful, such a standard

material may not always be available.



CHAPTER V
-CONCLUSIONS AND RECOMMENDATIONS

From a practical standpoint it is possible to
obtain fluid bed DTA thermograms which are suitable
for quantitative analysis. The experimental scheme
which was successfully employed in this study consisted
of a fluid bed heat bath, fluid bed DTA cells, and a
standard DTA unit to perform temperature programming
and recording functions. Provided that good fluidiza-
tion performance is maintained in the heat bath, the
fluid bed technique is no more difficult to carry out

experimentally than standard DTA.

Since standard DTA equipment can be adapted for
use in the fluid bed method, any laboratory equipped
with a good DTA unit can conauct fluid bed DTA experi-
ments with little additional cost and effort. Wendlandt
(20) has developed an inexpensive temperature program-
ming system for use in standard DTA. If a standard
DTA unit is not available, it may be possible to adapt
Wendlandt's system for temperature control of a fluid
bed heat bath, In this case, the only additional equip—
ment required for fluid bed DTA would be a good ampli-

fier and recorder,

A serious limitation on the usefulness of fluid bed



DTA arises from the requirement that the particle size

of the solid reactant be suitable for fluidization, Many
materials of interest occur only as fine powders, and at

gas rates high enough to promote good solids circulation,
such materials cannot be retained in the fluidized DTA cells
without significant loss during the experiment. In the case
of calcium oxalate monohydrate, it was possible to increase
the particle size by recrystallizing the material from an
acid solution. This procedure will not always be applicable,
but other techniques for rendering the material suitable

for fluidization suggest themselves, For example, some fine
powders are conveniently pelletized. The pellets might then
be crushed to obtain particles having the size required for
fluidization., In other cases it will be feasible to impreg-
nate a fluidizing, inert solid with a solution of the reactant
to be studied, much in the same way that certain catal&sts
are prepared. In any case, when working with very fine
materials, some method for physically keeping the reactant
in the DTA cell must be found before fluid bed DTA can be

considered for a kinetic study.

Experimental DTA curves 2re accurately described by a
simple theory which assumes gas-solid temperature equilib-
rium and temperature uniformity in the fluid bed DTA cells.,
Important features predicted by this theory were verified

by detailed examination of a number of thermograms
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for the dehydration of calcium oxalate monohydrate. Fur-
thermore, meaningful kinetic parameters can be computed
from the experimental curves by suitable numerical anal-
ysis. Activation energles determined by fluid bed DTA
were found to be in very good agreement with the activa-
tion energy obtained by the TGA method of Freeman and
Carroll. Maximum reproducibility and reliability of the
fluid bed method is achieved by employing high initial

reactant concentrations and high heating rates.

The walls of the DTA cells contribute an interfering
heat effect which makes it difficult to reliably compute
the heat of reaction from a single DTA curve., The trermal
capacitance of thes cell wall and solids contained in the
cells are approximately additive so that the wall efrect
can be minimized by constructing the cells of thin-walled
tubing. The heat of reaction is not needed to compute
kineﬁic parameters from the experimental DTA curves. How-
ever, if a very accurate value for the heat of reaction is

desired, the calibration procedure of Borchardt and Daniels

should be used.

The experimental work with the oxalate dehydratioh
was sufficient to demonstrate the feasibility of using
fluid bed DTA to study the kinetics of simple decomposition

reactions. However, it should not be too difficult to apply
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the method to certain other reaction systems which have

the general form
A(solid) + B(gas)——s gaseous and/or solid products

These reactions are of great industrial importance and
include such varied processes as the combustion of solid
fuels, the roasting and smelting of ores, the regeneration
of catalysts, and the chemisorption of gases on solid

adsorbents,

Despite the importance of gas-so0lid reactions, there
have been relatively few conclusive experimental studies
involving such heterogenous noncatalytic systems. Partily,
this is due to the difficulty of isolating such purely
physical effects as diffusion and gas-solid heat transfer
from the chemical kinetics. However, becaucse pf the small
particle size and efficient convective heat and mass trans-
fer encountered in fluidization, these physical limitations

will often be eliminated in a kinetic study by fluid bed DTA.

Many investigators, for example Gilliland (10) and
Handlos (11), have studied gas mixing in fluidized beds,
Their experiments show that the gas flow pattern approaches
that of perfect mixing as the solid particle size and fluid
bed height to diameter ratio decrease, This is, of course,

an important result as concerns the application of fluid
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bed DTA to the study of gas-solid reactions. Under the
conditions of perfect mixing and uniform temperature, the
rate of a gas-solid reaction will also be uniform throughout
the DTA cell, As a result, all e¢f the equations previously
derived for a simple decomposition reaction are also valid
for the case of a gas-so0lid reaction. No doubt, many prob-
lems will arise in such an application of fluid bed DTA.

If successful, however it would prove to be an interesting

and extremely useful extension of the DTA method.
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APPENDIX A
NOMENCLATURE

area under the DTA curve

heat transfer area of the DTA cell

constant pressure heat capacity

activation energy

film heat transfer coefficient for the DTA cell
heat of reaction

overall heat transfer coefficient for.the DTA cell
reaction rate constant

mass of solids in the DTA cell

flow rate of fluidizing gas

moles of solid reactant

reaction order

rate of heat loss from the DTA cell

ideal gas constant

rate of reaction

total surface area of the reactant-product interface
temperature

time

differential temperature
volume of the DTA cell
frequency factor

parameter defined by Equation (8)
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€ fraction of voids in the fluidized DTA cell
P density

Subscripts:

B heat bath

c constant value reached after large time interval
g -gas

0 gas entering DTA cell

o initial value

R reference cell

S sample cell

t function of time

T total area under DTA curve

W cell wall

o0

value computed after large time interval
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Table B,1 Differential Thermocouple Calibration

emf with respect to Reference Thermocouple
( o) ~

TC Tpatnh=100.0 °C Trogtn=184 4 ©C
Nno.

). -32 =32

2 -2 + 1

3 -13 -70

b -1 + 2

5 -1 -1
6 -10 -12

v + 2 + L

8 +12 +20

96
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APPENDIX C

MARQUARDT'S METHOD

Briefly, the general parameter estimation problem
consists of fitting some mathematical model which contains
the unknown parameters to a set of measured data. In matrix

notation® this model can be written as

4= 55, 4)

where_fis the vector of independent variables such as temper-
ature, concentration or pressure, andf{is a k x 1 vector of
the parameters to be estimated. The usual criterion used

when adjustinglgvso that the model will give a‘good represent-
ation of the observed data is to choose the parameter values

which minimize the sum of residuals

@(ﬁ): g }:4?;__ {(f}é)jz (c-1)

where Yu is the value of y measured for the u th experiment,
and is the total number of measurements taken., To find the
least squares estimates of_fi Equation (C-1) can be differen-
tiated with respect to each étand the derivatives set equal

to zero, If the assumed model is linear in each of the para-

*Variables underlined with a single bar are vectors, Variables
underlined with a doulle bar are matrices.
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meters, the result is a system of k linear equations which
are easily solved for the unknown parzmeters. However, if
the model is not linear, taking the derivatives of @(ﬁ)
will generate a system of non-linear eqations which, in
general, must be solved by some iterative technique. Thus,
the numerical aspects of non-linear parameter estimation
theory are primarily concerned with developing efficient
schenes for finding the minimum of the least squares

function, Q (é ).

One accepted solution to the problem involves making a
Taylor series expansion of the assumed model atout a set of
parameter values, If only the linear terms in the expansion
are retained, this procedure will generate a system of linear
equations which, given an initial estimate of‘é, are solved
iteratively to give sucéesively better apnroximatiors to the
parameters., This linearization method converges rapidly if
the initial parameter estimates are near the minimum of@(é);

otherwise, the method diverges.

An entirely different approach to finding the parameter
values which will minimize @K;g) can be visualized by consider-
ing the sum of squares function to bve a surface in a space
where the parameters are variable., The minimum of @k;%) is then
found by some form of the gradient search method, wherein

corrections to the parameters are always made in the direction
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of steepest descent on the sum of squares surface. In theory
this method converges for all problems, regardless of the ini-
tial parameter estimates., Convergence is extremely slow, how-

ever, as the minimum of @(é) is approached.

A non-linear parameter estimation method developed by
Marquardt(1l5) combines the best features of the liﬁearization
method and the steepest descent method but avoids the chief
limitations of both. According to Marquardt's algorithm,
successively better approximations to the parameters are

computed from the relation.
-1
Y= g0 (X 222 (X2 o

where X is an m x k matrix of the derivatives

aﬂ_&)ﬁ)] L
_ A?ﬁn)

AL =/ ;1/)71)

}KAL DA

) o P

and Z is an m x 1 vector whose general element is computed

e [ £(Le,8)] (x1m)

At each step in the iterative procedure fis chosen in

prescribed fashion as follows
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Let V21

Let iéﬂq)denote the value of A from the previous itera-

ion (Marquardt suggests 2#0 =10"2).

Compute & (7~('H)) and ¢ (1“%)
1. 1% A 28 101222007,
2. If § (;!"'%)7@*), and & (7\(””)5@“3 let ;&(
3. If @ (lh.%)‘/’ @M), and (251-1) )7 @(?) increase A by
successive multiplication by ¥ until for some smallest

ta-l) W

wo B @2 5™ men 1ot A% AV

|
RN

According to the foregoing strategy; A decreases if the
calculations are converging, i.e. if a? is decreasing., For
small}lEquation (C-2) reduces to the linearization method, and
thus rapid convergence is assured near the minimum of the least
squares surface. On the other hand, if the iterative process
is diverging,gis automatically increased., Since Ki' Z is the
vector of steepest descent on the least squares surface,
Equation (C-2) reduces to the gradient search method for
large A, and thus convergence is assured even if the initial

guess of parameters is beyond the range of convergence of the

linearization technique.

The calculations required to derive kinetic parameters
from DTA curves were programmed in Feortran IV for an SDS
Sigma 7 computer. Program listings are included in this

section, together with some computed results for Run 4,
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The main program receives the necessary input data and cal-
culates reaction rates as outlined in Chapter IV. Numeri-
cal integration and differentiation of the DTA peaks are
done by subroutines INT and DER. The rate data is then
passed to subroutine BSOLVE¥* where Marquardt's method is
used to compute the activaticn energy, frequency factor
and reaction order., Subroutine DERIV computes elements of

the X matrix as requested by BSOLVE. For the rate equation
- £

_ 2% /N \™
2=he "5 ()

. the required derivatives are computed as follows:

' _'_"_.E_.. N "
A — RT; (.~
XMI - TA‘% = £ i No J o

i

AP I N
Kz ~ =5 —A_ _e Risy _[!_;)

d € _ } l}u /UD_AL
= ;)}LAb 1%51 L/
)(Aua3 9 AL A 2 “ No/ 40 ey

Subroutine FUNC returns functional values

n,= Ao RTW (7&7'),,4,

#This subprogram was adapted from a program written by
Dr, W. E. Ball, Washington University, St. Louis, Missouri.
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used in computing elements of the Z vector and the least

squares function, @.



IMPLICIT REAL*8(A=HJB=Z) 03
EXTERNAL FUNC,DERIV,ARCES

DIMENSION D(100),TS(100)sTR(100),DT(100) ZAREA(L100),DID(103),
TTTIRK (1001, X(100) Y (100) s NREACT(S) JNINERT(2)4NGAS ()
DIMENSION 8(10),2(100),0UMYY1(100)20UMMY2(100),1BCADE(10),

1BMIN(10),BMAX(10)

R ANEREA KRR MR AR R L KNk READ INPUT DATA *i**i*i*****fi*****l*******

C.
C

Re
100

500____

501

502

_ READ(5,500) (VIMhRT 1)s1=1,9)

___READ(5.:5C1) NJNRIJNR2,NC1,NC2

_ _READ(5,502) SMsGMJRNB,PHI,TM

READ(5,5C0) (NREACT(1)s125149)

READ(5,500) (NGAS(I),151,9)
FORMAT(IA4)
READ(5:501) NRUN

FORMAT(5110C) :
READ(S5.502) H,SF,T8,TINC,DTC
FORMAT(5D153)

READ(5,5021 SMw, &Mas GMA, 6D
READ(5,502) (DT(1),1=1,N)

. DT(1)=SFxDT(1)

_DTC=5F*DTC

IR R A E SR TR AR PR EE RS RS RRE ZE FE R R Ry R A X 2 R R S R R S S S AR

D(1)=0.000D+C0

TR{1)=Tu+DTC
PB_9 _1324N
D(T)zD(I=1)+H
OT(I)=sF*DY(I)
TROIV=TR(I~1V+TINC
_ CBNTINUE

anktnxxex e ¥ x¥iy PRINT INPUT DATA ¥ ¥ ¥ ¥Rt apu ¥k ¥ A e R XXX ¥ X R X X E RN S %

. 9._
C
C..
C

601  FORMAT(1H1,1X) "INPUT DATA-=RUN NBe '215/7/)

602

WRITE(62601) NRUN -

WRITE(6,602) (NREACT(1),1=1,9)
FBRWAT(lOX;'REACTING SUBSTANCE= ';9A#:/)
_ WRITE(5,603) (NINERT(1),1=21,9)
T FORMAT (10X, ' INERT REFERENCE SUBSTANZE=',9A4,/)
WRITE(6,604) (NGAS(1),I121,9)

CFORMAT(10X, "FLUIDIZING GAS=';9A42///)
NR=(NRZ=NR1) +1 S
ARITE(£,605) NINILINR2/NC1ANC2 _ B o
FORMAT(10xs'NOe BF DATA PBINTS = 1,15,/,10x2'FIRST DATA PBINT UStp

T 7178 CALCUCATE KINETIC FARAMETERS= 1215,7,10Xs 1LAST DATA POBINT USED
279 CALCULATE KINgTIC PARAMETERSS 1415,7/,10Xs!) FIRST DATA PSINT Usg

”33TS“CAECUEKTE‘CELE_HEAT"TRANDFEm COEFFICIENT= 'oIo‘/alox:'LAST "DAT

_4A POINT USED T8 CALCULATE CeLL HEAT TRANSFER COEFFICIENTZ 1,]154/7)

WRITE(6,6068) SMIRNIIGM)PHINTM
FORIMAT(1CX, "wEIGHT 8F INERT REFERENZE= 1,D1245,! GRAMS!,/,10X,

LVINITIAL WTe OF REACTANT= 1,D12+5," GRAMS',/,10Xe 1GAS FLOW RATE= 1!

6C7

608

© TM3TM+273,160+20

2:,D012+5, ' STD LC/uIN',/;lOX;'HEATIﬂgmﬁéjg-':Dla 5,! DEG C /MIN'y
"3 /,1ox,'~EAV TEMPERATURE = '4Di2e5s YV DEG CYa///}
[TE(645607) .
FdRMAT(1H1,9Y)'DATA POINTS TAKEN FRBM DTA CURVEST,//128X,'TIME",
217X 'DT,18Xs " TR 2/ 28%5 P (MIN)1, 14X, "(DEG €)1, 13Xs Y (DEG C) ', //)
ARITE(E,603) (D(1) DT(I)STR(T ) s1=12N\)
FAIMAT(15X,3020.7)

DB 8 I=1,N




TTTR{IY=TR(11+4273416D+00
8 CBNTINUE 104
SMsSM/SMwW
GM=2GD/GMw*GM
TTRNSERNG/RMu

c R . -
TC T Twwxwxxaswx CALCULATE HEAT CAPACITIES AT MEAN TEMPERATURE *xsxx*xxx
C
- C
 _CPS=2+208D+01+8+971D-03%TM=52235.0D+02/TMx*2
CPG=61457D+00+143890-03%TM=04053D=06%TF*22
@
T 4 - N . . ]
C CALCULATE AND PRINT SAMPLE TEMPERATJRES, AREAS, AND DERIVATIVES
C
e
DO 10 I=1,N
st =TR(IN+DTI()
1 CONTINUE

CALL INT(DT,AREA,H,N)

T CALL DER(DT,DTPsHsNY

o _WRITE(6,6039) _ .

€39 FBRMAT(IHI:EJXI'TI“L 218X, DT 4 18Xs TS, 16X2 VAREA 3 17Xe'DICY /7 7))
WRITE(6,610) (D(I);DT(I):TS(I);AREA(I)&DTD(I): [=1,N)

610 TTFBRMAT(IOX, 5028 7T

C T E R RS E LR SR AR SE RZESE R TXEE ST RS S TEL LR S FESFEEEIISE S EE EFRRRIR B & 33N

¢ I [
C DETERMINE DELTA FRBM CBOLING PS5RTISN 8F CURVE

C

NC3INC2=NC1+1
D8 &J 1=1,NC
___NN=NC2-1+1
TUX{TYsDT{RNY ‘ ,
B Y(1)21.00D+0C=AREA(NN)/AREA(N)
80 CanTINUE
CALL LS3R1(X2Y2DELTAZNG)
. TARITE(6,6187 DELTA )
618 FOIMAT(1H1,9X, 'DELTA= ',D15+5,//)
— THRE=(SM*CPSTZ(DELTA*RNE)
WRITE(62616) HR
616 FORMAT(IOX: "HEAT OF REACTIONE 1015¢72 ' CAL/GM=MBLE'e¢//)
_ HK==+R*RNB/AREA(N)=GM*LPG
WRITE(é,,15)HK )
615 FBRVAT(10X:'CELL HEAT TRANSFER CBEFTICIENTs 1,D1547,' CAL/MIN DEG

T e /7))

c

C CHECK FIT T8 CIBLING PYRTTEN OF CURVE
C

WRITF(6;619)

619 FARMAT(//217%X0 "DT!y5Xs ' (1eA(T)/AT) 45X (1 =A(T)I/AT)Y 4 1EX2'DEV 2/ /)
132x:'EXP':11X:’CKEC'I/5
§UM=0+CQD+C0
pe 30 I=1,"C

i YC=DELTA=*X(1)
DEV=Y{I)»YC
SUM=SUM+DEVRDEV .

T UWARITE(6,623Y XTIy YUTIYSYC,0EV
620 FORMAT(3X,4D1545) .
39 CANTINLE .

_ SUM=DRSERT(SUM)/FLBAT (NC)

] WRITE(6,621) SUM

621  FBRMAT(//,10X;'RMS DEV = 1,D15,:5,/)




C

C CALCULATE REACTISN RATES_AND REACTANT CONCENTRATIONS 105 .
c
_ NRs=0

D8 40 1sNR1JNRZ

NR=NR+1

T Y(INRYSCELTA*OTC(II+DT(1)/7AREA(N)
_ DUMMY1(NR)=11337D+00%TS(1]) e .

DUMMYZ2(NR)=1¢00D+00= (DELTA*DT (1) +ARZA(T) /AREA(N))
40 CONTINUE

_ INITIALIZE PARAMETERS FBR MARQUARDT'S METHSD

nznn::

__ K= 3

INOEX=0Q
<P1l=4

FNU=0C0D+00
__FLAMDA=0:00D+00

TAU=0400D+00
__ _EPSILN=0+000+00

PHIMIN=0.0CD+00
R{1)=1:00D+16

B(2)=2:500C+4%
~B(31=1.0000+00

08 50 I=1,X
IBCOBDE(I)==1

BMIN{11=0+000+00

i c

50 CONTINU
BMAX (11=1+000+20 7

1.000+C5

ks

nhl [T a2 u

BMAX(2)
BMAX (3

—— —

5.000+C0

"APPLY MARQUAR 0TS [TERATTON UNTIL CSNVERGENCE

C
C
C
6

0 CONTINLE _

CALL BS3LVE (KsB,NR,Z,Y,SUMSG,FNU,F_AMDA, TAU,EPSILN,PHIMIN,
IINDFX;(dﬁE,DUW“Y1fDUMMY2;IBCGDr:EMIV:BWAX:KPI:FU\C:DERXV:AnuﬂS’
IF(KODE«GT.0) G5B T8 60

CWRITE(6,622) INDEX :
622 FBRMAT(1H1,9X,'N9 8F [TERATIONS FBR CONVERGENCE= ',15,//)

WRITE(6,623) (B([Yelz12K)
623 FBQWA7(//)10XJ'Z"1010!411110X:'E='101004:/110X1'N='IDIOoQ1//)

T UWRITE(6,624) T 4 ] , _
624 FORMAT(//s18%Xs ' TS 49X, ' (N/NB) 37X, 'EXP RATE'26Xs 'CALC RATE',/)

TWRITE(6E,625) (CUMMYL (1Y, DUMMY2 (1) Y(1)Y22Z(1)s1=21sNR)
€25 FARMAT(5X,»4D15+5)

G8 TO 100
END
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L QU“RGUTIKE IA T(Y)Z H:N)
IMPLICIT REAL*3(a=Hs8-2)"
. DIMENSIS®N Y(100),Z{100) _
C THIS SU3RBUTINL CALCULATES THE INTEGRAL 8F A TABULATED FUNCTIBN
BETwWEEN THE INITIAL VALUE AND EACH TABULATED VALUE BY REPEATED

TAPPLICATIBN BF SIMPS3BN'S RULE

H=INTERVAL 6F TASULATION

2=INTEGRAL AT THE FUNCTION VALUE, Y
211730:066D+00
Z(2)=0450D+0C*H*(Y(1)+Y(2))

C

C

C Y=FUNCTIOBN VALUE
G

C

NNzN=2
DB 10 I=1sNNe2
Z(1*2)='333333333333333D*OO*H*(Y(I)+“cCD*OO*Y(1+1)+Y(I+2))*Z(I’
10 CONT INUE
NNzEN=3
D3 20 [=2,NNs2

Z(I+27=+3333333333333330+00*H*(Y(I)+410D+00*Y (I1+1)+Y(1+2))+2(1)
20 _CBNTINUE

RETURN
END

SUBRIBUTINE DER(Y,Z,H,N) _
TIMPLICIT REAL*3(A-H,8-2)
) DIMENSION Y(108),2(100)
C 7 THIS SUBRGBUTINE CALCULATES THE DERIVATIVE BF A TAthAT;D FUNCTION

_ USING FIVE=PUINT DIFFERENCE FBRMULAS

~ Y=FUNCTIEN VALUE

TTZ=0ERIVATIVE AT FUNCTION VALUE,Y
XX31e/(120%H)

C
c
C H=INTERVAL B8F TABULATIGN
C

ZTI)?XX*(réST?Y(f)+UBT?YT§3—36.*Y(3)+16.fY(4)-3.*Y(5))
Z(2)sXX*{=3e*Y(1)=10e%Y(2)+18oxY(3)ebe*Y(4)+Y(5))
TNNEN-2 T

DB 10 ]=3,NN

TZ(L) XX (Y (IR =B Y (T ) +8e Y (I+ 1) -V (1420
10 CONTINLE
ZNNHT ) aXXn (Y IN=EI 36 #y (N3 1 =18y *Y(N=2)1+10e*yY(N=1)1+3+ %Y (N))
ZIN)SXX*(3e#Y(Neg)alpe®Y(N=3)+364 %Y (N=2)o48a*Y(N=1)+25¢%xY(N))
RETURN
END
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SUBRBUT INE LSQR1 (X, Y,B1,N)

TIMPLICTIT REAL*B(A=HIB=Z)
DIMENSIAN X(1020),Y(100)

THIS SUBRBUTINE CALCULATES B1 FBR A LEAST SQURES FIT OF ThE FORM;

C
C
c . Y £ Bl * X
C

TT8UMI=0.00D+00
SUM220¢00D+0C

Tpe 10 1T=1LN

SUW1_§UM1fX(1) Y(I)
SUMZISUMZ+X(TT#X(T)
10 CBNTINUE

T T B1=SUMI/SUNMZ
RETURN

END




SUBRBUTINE BSU&VE(K,B,N Z,Y)PHI,FNU,FLAMCA, TAU,EF’SIL'\J

TLINDEX, KeLE, DUM Y1:DUVMY2:IDCOOL;BVI\;BVAX;Kpl FUNC,DERIV, ARCES)

IMPLICIT REAL*3(A=HsB8-2)

PHIMIN,

108~~~

C

C S B
c K = NUMBER 8F UNKNBWNS - INPUT

C B(I) = VECTBR BF UNKNBWNS « DIMENSTON K B N
c o BN FIRST ENTRY = ERIGINAL ESTIMATES =~ INPUT

C BN FINAL EXIT = ANSWERS = BUTPUT

C N = NUMBER BF EQUATIONS = MUST BE GREATER THAN OR EQUAL

c . T8 K = INPUT X .

c FARR = VECTOR OF FUNCTIBNAL VALUES =« DIMENSIGN N - 8UTPUT

c DESIRE Z(I)=Yv(l)

o Y{I) = VECYBR BF GIVEN VALUES = DIMENSIBN N = INPUT

C PHI = FUNCTIGBN 76 BE MINIMIZED = SUM BF (Y(I)=2(1))**?

C .. guTPUT

C FNU = NU FACTBR (SET T8 1040 IF LESS THAN BR EQUAL T8 0:0)

c - INPUT - .

C FLAMDA = LAMBDA FACTBR (SET T8 0:01 1F LESS THAN BR EGQUAL

o T8 0¢0) = INPUT

c TAU = TAU FACTBR (SET T6 0+001 IF LESS THAN BR EGUAL

c . T8 0+0) « INPUT

C EPSILN = EPSILON FACTBR (SET T8 0s00002 IF LESS THAN BR EQUAL
C o T8 0v0) = INPUT

C PHIMIN = CUT OFF PBINT FBR RECALCULATING JACHBIAN MATRIX

T USUALLY MAY BE SET T8 0.0 = INPUT

C INDEX = ITERATION COUNTER = MUST BE INITIALIZED AT ZgERO

C INPUT ]

C KBDE = NUM3ER BF UNKNBWNS NBT SATISFYING THE CENVERGENCE L
¢ REQUIREMENT AS DEFINED BY THE EPSILON TEST = BUTPUT

C = O - ANSWERS FBUND B L

C - = =] - NO FUNCTIEN IMPRSVEMENT PBSSIBLE

C = «2 . MORE UNKNBWNS THAN FUNCTIBNS

[ = =3 = TOTAL NUMBER 8F VARIABLES IS ZERB

C = =4 o CORRECTIBNS SATISTY CONVERGENCE REQUIREMENT o
c- BUT LAMBDA 187 sTILT LARGE ™

C DUMMYL = DUMMY VECTER PASSED BN T8 DERIV AND FUNC L
C T DUMMYZ "= DUMMY VECTBR_PASSED 6N T9 DeR1IV

C IBCBDE(I) = CYDc FBR VARIABLE TYPE = DIMENSION K w INPUT

C = U = B8{1) IS FIXED _

c = } - B{1) IS VARIABLE AND NUMERICAL DERIVATIVES

C ARE 76 BE USED_FEBR JACEBTAN MATRIX

C = =} » B(I) IS VARIABLE AND ANALYTICAL DERIVATIVES

C  ARE TBH BE USED FOR JACSBIAN MATRIX - SUBKBUTINE

C BMIN(I) = MINIMUM VALUES BF B(I) = DIVENSIEN K « INPUT

T _ DERIV 1S REGUIRED R

C BMAX(I) = MAXIMUM VALUES BF B(1) » DIMENSIBN K « INPUT
C”*"""AJAC33(I;J)E“UICQBIAN"MATRIX“;'UiM€Q§TBN_N BY K

C ALPHA(T) = INTERNAL STBRAGE VECTSRS

[ ZETA(L)

C aMEGAL(L) .

C A(Ls ) = [NTERNAL STBRAGE F3R CSRRECTIEN EQUATIGNS

C  DELTA(D)

C IS8

C ASCALE(I,J)= MATRIX CBMPOSED BF SCALED A MATRIX AND SCALED

c - G VECTBR

C KP1 = K#1 = INPUT _

C GAMMA = ANGLE IN DEGREES BETWEEN THE MBOIFIED NEWTH5N-RAPHSEN

C DIRECTION AND STEEPEST DESCENT DIRECTION

CTTTTTITER T TTERATIHN TCOUNTER IN SEARCH FBR LAMBDA THAT

C REDUC S PHI




1
i
]
}
|

|
|
i
|

FUNC = NAM 8F SUBRBUTINE 6F SUNCTIBNS_TO_BE WRITTEN BY

USLQ = NAME MUST APPEAR IN 1EXTERNALY STATEMENT
IN CALLING PROGRAM « THIS ROUTINE MUST ALWAYS

109

BE SUPPLIED

CALL FUNC(K,NsAA,Z2Z,DUMMY1)

+

1

K = NUMBER O8F UNKNOWLS « INPUT

N = NUMBER B8F ESUATISNS « INPUT .

AA(I) = VECTOR BF_UNKNSBWAS = DIMENSION K - INPUT

2Z(1) = VECTBR BF FUNCTIsNAL VALUES = DIMENSIBN N
__BUTPUT _

DUMMYis DUMMY VECTER TRANSMITTED T8 FUNC

16 _BE USED AS DESIRED

!

nnnnbn%nnnnnﬂnnnndnqnm

!ndndnd

DERIV = NAM: BF SUBRBUTINE_T8 sVALUATE DERIVATIVES_ 1F
INDICATED BY IBCBDE(]l) # =1 = WRITTEN BY USER « NAME
. MUST APPEAR IN 'EXTERNALY STATEMENT IN _CALLING
PROGRAM
CALL DERIV(J;<;N:bB;XX:dTEST:DU IMY 12 DUMMY2)
J INDEX B8F _JTrA: VARIABRLES FBR _WHICH
DERIVATIVES ARE 76 Bf CALCULATED - INPUTY
o K = NUMBER BF UNKNIWAS < INPUT L
N = NUMBER 8F ESUATISNS =~ INPUT
L BB(I) = VECTBR BF UNKNBWAS « DIMENSION K - INPUT
XX{I) = VECTSR 8F DERIVATIVES = DIMENSIBN N
THIS 1S THE J=TH COLUMN BF THE JACEBBIAN
MATRIX = 8UTPUT
e JTEST = INDICATOR T3 NBTE 1F DERIVATIVES HAVE BEEN
CALCULATED « IF NBTs» A RETURNED VALUE ©F
L e1 WILL CAUSE NUMERICAL DERIVATIVES T8 Bg
CALCULATED =~ BTHERAWISE, JTEST = ¢ = BUTPUT
DUMMY1= DUMMY VECTSRS TRANSMITTED T8 DERIV 16 -
DUMMY2  BE USED AS DESIRED
TTTTTARCSES = NAMg 8F FUNCTIBN SUBPR3GRAM 18 CALCULATE THE

ARC CBSINE = NAME MUST APPEAR IN AN '1EXTERNAL!

STATEMENT IN THE CALLING PR8GRAM

|

THE CALLING PROUGRAM SHOULD CONTATN THE APPROPRIATE INITIALIZING
AND TEXTERNAL! STATEMENTS PRISR 718 £XeCUTIAN 8F THIS

T QUBRAUTINE = AFTER EXECUTIBN 8F " THI: “SUBPRSGRAM A CHECK SHSULD
BE MADE BN THE VALUE 6F THE BUTPUT VARIABLE 'KBDE!' - [F KBDg IS

T GREATER THAN 2ERY THIS SUBRBUTINE SH6ULD BE RE-EXECUTED

t

i
l

REFERENCET MARSUARDT,; DBNALD Was TAN ALGERITAM FBR LEAST-SCUARES
ESTIMATION SF NBNLI\EAR PARAMETERS, ! Jy SECe INDUSTe

NAONLOOONOO0ONONNNOANOONN

T 2GUICT A(10,10) s BMEGA (102 ASCALE (10711 )sDELTA{1IC)

APPLe MATH,» VBLe11 NBe2 JUNE 1963

DIMENSTON IBCBDE (10 yALPHA(LG) 73 (1017 ZETA(100)22(1007,

1Y(1C0), DUMMY1(100),DUMMY2(100),AJAZEB(100,10),BMAX(10),BMIN({1D),

C L _
o ~ INITTALIZATION OF TEST AND CBRRECTIAN PARAMETERS
C - - — -
T T IF(FLANMDAWLE20s00D+00)FLAMDA=0+01D+00
C

IF(INDEXeGT+C) Gg T8 320
o

T IF(FNUILELG#COD%007  FAU=1+000+01

IF{TAUSLE«CeC00+00) TAU’I(QQQ'O3




TIF(EPSTLNILE+0+00D+00) EFPSILN=2,000-05
IF(PAIMINGLT+0000D+00) PHIMIN=O4C0D+00 110

ahdidd]
1

t

| .
oM

CBUNT 6F B!S WHICH ARE VARIABLES (N3T FIXED BY INPUT)

__KEY=D
- Q8 100 Js14K .
100 IF(IBCEDE(J)eNELD) KEY=KEY+1

I
|

WS WO WD NN BE WO W HW W% e A wa

o - ) ~ , -
e _CHECK IF ALL VARTABLES ARE FIXED
C ..
 IF(XEYsGTe0) G& 716 101 ~
C . )
t € EXIT =« ALL VARIABLES FIXED o
i C
]
1 Kgoecz=3
: G8 T8 1500
;) C
’_.. —
{C CHECK [F NUMBER 8F EGUATISONS IS LESS THAN NUMBER 8F UNKNBWNS
N B o
i 1C1 IF(N«GEWKEY) GI 718 1C2
1 C
i C EXIT = NUMBER OF EQUATIBNS 1S LESS THAN NUMBER BF UNKNODWNS
1 C _
H K8DE==2 T T
: Gd T3 1500
i C
L - .
: 1C2 IF({INDEX+GT«0) G3 T6 300
1 C , L . o .
i C BN FIRST ITERATI®N, STAIRE B8!S (BRIGINAL ESTIMATES) IN ALPHA
v C . T o
i D8 200 J=1,K
; 200 TALPHATIYER(JT
i C
¢ 8V FIRST ITERATIAN, CHECK IF B7S (ORTGINAL ESTIMATES] ARE CORRECT
i C SOLUTIEN ]
i C
i GS T8 90C
¢
 § . - . . . -
i C TEST FER RECALCULATIBN OF JACB31AN MATRIX IF PHI GREATER THAN B8R
i C EGUAL TO SBME TSPECTFIEDY MINIMUM PAT AND ITERATIBN CBUNT (INDEX)
i C GREATER THAN BNE
i C
] - . . .
i 30C IF(PHIMINGGT+PHI4AND+INDEXeGTe1) G5 TB 420
i C ) .
i C CALCULATIBN 8F JACBBIAN MATRIX CRLUVN By C3LUMN
I & )
H D8 307 J=1,K
v C . . ..
; C CHECK IF B(J) IS FIXED B8R VARIABLE
i - -
: - IF(IBCODE(J)) 3012307,303
¢+ C . . . . . . .
i C CALCULATIOBN 8F DERIVATIVES ANALYTICALLY USING SUBRBUTINE DERIV
s C :
H

3C1 CALL DERIV(J K!N:8:ZETA:JTEST:DUM%YllDUV“YE)

3q5‘5g55931) J{-ZETA(I)
IF(JTEST«NEw=17 G8& 18 307
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(@]
()
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|

3C4

w
Q
U

T IBCBDE(J)=1

o 1E(BII4DELYLEBYAX(Y)) GB_TB 304

DEL=1+00D=C3*DABS(B(J)) __
1F (DABS(B(J) )1 e Ta140CD=04) DEL=1+000=05

111

ALPHA(J) =B(J)=-DEL

DEL==DEL

G9 T8 308 -
ALPHA(D) =B LUV +DEL
CALL FUNC(K,N,JALPHA, ZETA,DUMMY1,DUMMY2)
ALPHA(J)=8(J)

_3Ce
3C7

D8 326 l=1.N
AJACSB(IIJ)-(ZETA<I’-Z(I))/DEL
CONTINUE

1

SET UP CBRRECTION EGUATIENS

4CC

DB 406 LL=1,K

non Or%n

CHECK IF B(LL) IS VARIABLE BR FIXED

'
i

[ N me WO WS WS A8 WE S we me welmn we e 42 W wa
i ' .

IF(IBCEDE(LL)) 401,404,401

l

B(LL) IS VARIABLE

I'.‘ -.“- -—
| .
nNOONoN

-w e
+

!

o1~

T4C2

cALCULATIBN BF G VECTBR

G(LL)Y=Cs00D+00

D8_402 JJ=i,N
GILLY=G(LLY+AJACHEBIJI LLY = (Y (JD) =2 (aJ))

i
aoNake!

" CALCULATIBN 8F A MATRIX

4C3

|
1

i

b8 403 JJsisRk

L ALL,JJ) =0 OOD*OO

T DB 403 MM=1,N
A(LL,JJ)=A(LL,JJ)+AJACEB (M

Ay M:LL)*AJA 8B (MM, JJ)
IF(A(LL, L)Y «GT+1,00D«70) GO T8 406

|
HeXala

B8(LLY

IS FIXED 86X DIAGINAL ELEMENT 8F A MATRIX IS NEARLY ZERG

434
405

T A(LL/LLY=14000%00

D8 405 JJ=1,K
A(LLsJJ)=0+00D*00

G(LL)=0+000+C0

o

4Ce

CONTINUE

® MWW WS SO WY BB GO BT BE DO BD B B WGBS B WS W GE e

|
aNala

CALCULATIBN OF SQUARE OF NBRM 3F G VECTER

GNORM=0+000+00

D8 407 T=1,K
4C7.

GNIRM=GNORM+G (] ) x¥*2

|
i
t
i

__SCALING 8F CSRRgcTION

EGUATIBNS

CALCULATIBN BF SQUARE RBBTS BF DIAGINAL ELEMENTS BF A MATRIX

l

aNakaNals

D8 500 1=1,K

O
L&)

o

!

- AN . eh Ve, TS N0 e 4T B0 N 99 BE B He' =

(@)

T D8 801 [:i,K

BMEGA (T )Y=DSERT(A(T, 1))




|

C77 TscalING BF G VECTER
c o 112
G(I1)=G(1)/0MEGA(])
o
C SCALING 8F A MATRIX
C .

~ DB 501 J=1.K ]
501 All,J)=A(1,J)/7(BMEGA(])*BMEGA(Y))

t

A

FLAM=FLAMDA/FNU

ITER=T
G8 18 503

T 502 FLAM=FLAMRFNU

ADDITIBN 6F LAMBDA FACTER 7O SCALED A MATRIX

}
aNeXe!

503 DB 9504 1=1,K .
504 A(I21)zA(Is1)4FLAM

(@]

O B, M B DO BE SR NS W W MY WA BB BD WS M, DS WO 4 we
H ' i
'

D5 506 1:1,K

i
|

D8 505 J=1.K ]

+J

505 ASCALE(1,J)=A(

1,0)
- 506 ASCALE(I,KF1T=0G(1)

C
S SeLUTTEN T8 CBRRECTION EGUATIBNS

DB 603 L=1,K
LL=L+1

D8 600 M= | 2KPI
60C ASCALE(L;M)-ASCALE(L;N)/AFCALE(L,L)

R WB WS S, W BS Be .o - e

""" T D8 603 M=1,K
Ip(l=m) 601:603;301

LD 2

6C1 DS 602 J LL:KPL

-y WS

603 CBNTINbE

;
;-E- TTUAST CBLUMN (K¥1) BF ASCALE MATRIX CONTAINS SCALED CELTA VECTER
i‘gg”‘”_Btﬁ6§Hgo.ooo+5o

; DGPRBD=0s0GD+00

gﬁc DY 701 1=1.K

E E CaLCULATIBN BF UWSCAﬁgD DEﬂTA VECTOi

g - DELTA(I)=ASCALE(T1/KP1)/BMEGA(])

;_E PUT CYRRECTED 8's INTH ALPHA

; C____~jg(zag§3ggl_ E2e0) GA TE 700

i ] ALPHA (1) =DMAXLIBMINCT ), DMINL (BMAX(]),B(1)+DELTACI)))

CALCULATIBN 8F SzUARE BF NBRM 3F DELTA veCTEBR

i
i
i

C DLNBRM=DLNGRV+DELTA(I ) *¥p

Qi

CALCULATIBN BF PRBDUCT BF DELTA AND UNSCaALED G VECTOBRS

DGPRAD=DGPRBO+DELTACT ) *G (1) *GMEGA(])

REPLACE DELTA'S WITH ACTUAL DIFFERENCES USED

--..-.----_-..-....-.
|
A Ao nrJn 'n«w




T 701 DELTACI)=ALPHA(I}=B(])

e

»e w2 ew ww|

T CBSINE GAMMA = (DELTAY(G)/(NBRi4 DELTA)(NBRM G)

o
1

i
i
|

TCB3GAM=DGPRBD/IDSCRT (DLNBRM*GNIRM) )

w3 WA MW7

DETERMINATIOBN 9F GUADRANT IN WAICH 3AMMA Ligs

faNats)

Joumd1
JIF(CBSCGAM) 800,801,801

113

e e

8OC JGUAD=Z
_COSGAM==CBSGAM __

DETERMINATION 8F GAMMA IN DEGREES

C
801  €8SGAM=DMIN1(CYSGAM)1.00D+00)

TTGAMMAZARCBS (COSGAM) %1 1 &0D402/3+14159265D400
_ IF(JBUADGT+1) GAMMA=1+80D+02~GAMMA

FUNCr16NAL gvabUATION MitH CoRRe CreD gis

|
i

:- . e MR e He| B e e e NS B (e wa W e we W
! \ .

v e WS WD M W WER VR T T

CatL FUNC(K,N,ALPHA, ZETA,DUMMY1, pUMMY2)

nnn;gn; ,—pi
o

> e JR— s
- ¥
32 C _ CALCULATIBN BF PHI e B
N )
. _ XPHI= ooooo+oo_,, L e o
¥ D8 301 1=z1,N
'y 501 XPHI zP4I+éY(I)-ZETA(I))**2 o
¢ (T C ‘ M Ck -
;:____“__fi___LmM:j_ EETS ITE RpaN of UCESS L o e
Hle )
l;_ﬁ_____; g (PH » Lrei OuD 30) G918 1400 N . e
e
y_j;”___fugg_ss_gﬁiraRIGM NBT MeT e
3 C _. _
i IF(INDEX4GT«0) GS T6 1000 - - T .
¥ KBDE=K
"y G8 19 14C4 L S
1 C . N .
14 C  CHECK [F NgW PHI 1S LESS THAN PREVISUS FH] o
T C .
4+ 100C IF(XPHI«GE.PHI) 8 T8 1300 L e
't C , )
. C___ __EPSILSN TEST . _ e

1 C

3 KBDE=Q -

DY 1106 I=1,K
1100 IF(DABS("ELTA(I))/(TAU*DABS(ALrHA(I)))-GToEPoILN) KIDE=KODE +1 .
IF(K8DEEG.0) GB TO 1200
c__ L L i
4 C GAMMA « LAMBDA TEST
_C L

IF(FLAMsGTe1900D+00+AND«GAMMA2GT99400D+01) KGDE=w1
6B T8 iscl

_ GAMMA » EPSILEN TEST

{

—~OnNDn

1200__IF(FLAMN+GT+1200D+00¢ANDeGAMMA L E+4¢500+01) KADE=24

G3 T9 1401

~ ITERATIEN T8 FIND A LAMBDA THAT REDJCES PHI

i [l -
A MW B W LB MR AE PG S WS RO B B W -9 -

oo
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24 1300 IF(FLAM«GE+1:00D+08) G8 76 130¢

33 . 1TERsITER+1 _ B L L
43 _ G319 502

D4 13C1 K8DE=z=]1 __ —_

G T9 1500

0

| e we we ins e

{
t

o0

(]

e e

ﬁlﬁﬁI

_14Q2._DB_1403_1=11K

N 1400 gth;O N ) T
o ___IF({INDEX,EGeC) GO _T8_ 1402 __ _ e o B
_____REPLACE_LAMBDA WITH NEW VALUE e
1401 FLAMDA=SFLAM. } I
__REPLACE B'S WITH NEW VALUES .

1403 B(I)zALPHA(I)

REPLACE 2's WITH NEW VALUE

aX2ia)

S

14C4 D8 1405 J=I,N
L1405 Z(9)=ZETA(J)

.o we (o - o S me we we we

e

e wa pee @
)

_ REPLACE_PHI WITH _NEW VALUE

c
53 C ~ . -~
63 C
7% ____ PHI=XPHI _ _ o e ) _
3y C . -
91..C._____INCREASE ITERATISN CBUNTER e
0: C '
1§ INDEX=INDEX+1 S
2v C
3i_ 15CC_RETURN_ __ - — -
4 3 END
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P __SUBRSUTINE_ DERIV(JsK,N,BBsXXsJTEST,DUMMYL,DUMMYZ). . . _ . ?

I“'LI&.IT RLAL*b(A He8=1)

__DIMENSION._BB(10),XX(100),DUMMYL1(100)sDUMMYZ(100) B

JTEST=C

e G8 TB _(1s2a3) Y L

1 D8 10 Is1.N

XX = uEXP(-BB(E)/DU MY1(I))%(DUMMY2(1))»*BB(3)

10 CONT INUE :

__RETURN N _—
D8 20 I=1,N i _

e XX{1)=~BB(1)*DEXP(«B3(2)/DUMMYL (1)) /DUMMYL(I ) # (DUMMY2( 1)) **B3(3) __ __.

20 CONTINUE

__ _ RETURN _ ____ - N . _— L o

DB 30 I=1,N _

XX(I)-bﬁti)*bEXPx -3B8(2)/DUMMYL (1)) ¥ (CUMMYR (1)) *xBB(3)* S

T1pLAGIDUMMY2 (1))

30 CANTINUE ___ _ . e

RE TURN
. _END. . __. _ e

rn- - t.- en e we l- now

|

w!

hel we 08 we we we

WV N AV R e AL T T RS S A M R T e B T

e @ b. -

_ SUBRBUTINE FUNC(KINSAALZZ DUMMY L DUMMY2)Y. o o .

IMPLICIT REAL*8(A=Hs9=2) ,

e DIMENSIAON_AAC10),22(10C),DUMMY1(100),DUMMY2(100) . e
D8 10 I=1,N ) )

221 =AMLY *DEXP (=AA(2) /DUMMYL (1)) *(DUMMY2( 1)) *%AA(3)

10 CONTINUE

. __RETURN ____ _ N e

_END

e 8% WMo R &0 W8 S0 BN

|
|

R FUNCTIBN ARCHS{XY _ _ _
IMPLICIT REAL*8(A~Hs»0-2)
o 1F(XeECeC.C00L+C0) GB T8 5
JF(DABS(X)aGTeleQOD+00) G5 THB 290
o _IF(DABS(X)sNE«1e¢00D+00) GB_TO_10_
ARCEBS=C+00D+00
C o __RETURN . - e
5 ARCES=145707963D+00 .
e ___RETURN
10 ARCHS=CATAN(DSSRT(14000+00-X*X)/X)
_ CRETURN .
20  WRITE(6,25) X i _
8% . FORMAT{1HO,'ARCOS ERRORz _1,D15.7)
Gy T8 b ,
END ' —

lwe me e

|

Ul F WIvE- O N OO FE WD -

jow B® e W e D e Be WE Be e wa
.




INPUT DATA==RUN N3, 4

REACTING SUBSTANCE=  CALCIUM BXALATE MBNSHYDRATE

INERT REFERENCE SUBSTANCE= ALUMINUM 8XIDE
FLUIDIZING GAS= NITRBGEN._

NG+ _BF _DATA PBINTS *= 49 . S
FIRST DATA POINT USEDTO CALCULATE KINETIC PARAMETERSs 11
LAST DATA POINT USED T8 CALCULATE KINETIC_PARAMETERSs___ 37

FIRST DATA POINT USEDTH CALCULATE CglL HEAT TRANSFER COEFFICIENT®
LAST DATA PBINT USED 10 CALCULATE CpLL MEAT TRANSFER CBEFFICIENTa

" WEIGHT B8F INERT REFERENCE=  +400000 01 GRAMS
INITIAL WTe BF REACTANT=___+50000D QO0_GRAMS

42

46

GAS FLBW RATE= +95000D 03 STD CC/MIN
CHEATING RATE= 4117000 Q2 DEG C /MIN
MEAN TEMPERATURE = » 140000 03 DEG C

9tlt




DATA PBINTS TAKEN FRBM_DTA _CURVE;

117

TIME. BT IR
(MIN) (DEG C) (DEG C)

S . ______:000C0C0D 00 ______ +0000002D.0C ___ #9316250D C2 L
+171€0000 00 *+¢5300000D+01 116116250 03
e34200000_ 00 =e87500Q00=01__ _ _ +1031625%D 03 _______ __
051300300 00 =+1125000D 00 - ¢10516250 €3

e ___«684003000 00___ =4137500Q00D.00 _ ___ 210716250 03 ) _
¢ 85500000 00 =+1500000D 00 210916250 €3

. 21026000n 01 =21875000D_00 . s1111625D 03 _ . _ _
0111970000 ©1 *12125000D 00 01131625p 03
0 1368000D_¢1 =+2375000D 00 01151625003
+15390C0p 01 =1 2625000D 00 111471625p 03 -

o #17100000_01 =4 2875000D.00 .. _ 211916250 03 ___ . __
+1881000D ¢1 =¢3375000D 00 112116250 ©3
22052000001 ____  =+¢3375000D 00_._______ 412316250 03 S
12223000D 01! =344250000D 00 112516250 €3
123940900 01 =1 4875000000 212716250 C3 ____ _ __
125650000 01 =45375020D 00 112916250 03
. _e2736000p_0l __ =.5875000D 00 _ 11311625p G3 .
125070200 01 =+6375000D 00 113316250 03

o — — ¢3078000D_0L = +6875000D.00_ __ . .+1351625D 03 o
232490000 01 = 475000000 00 113716250 ©3 .

- - 934200000 _01. »281250000. 00913916250 03 _ _ .
¢35910900D ©¢1 =+8875000D 00 214116250 03
£3762000D_01 »e97500000._00_______  _21431625D 03 _. . i}

: ¢3933000D 01 . =41087500D 01 21451625D- 03

2 41040C0D 01 =s1175000D. 01 114716250 03
2 4275000D 01 =v13125G0D 01 214916250 03
24446000001 =~41487500D_01 — 215116250 €3 . . .. ..
146170C0D0 01 =21687500D 01 115316250 03

e 4478280C0D 01 =41387500D 01___  _+1551625D €3
1 439530C0D 01 =:42137500D 04 015716280 C3

_ __ __ . «513%0C0p .01 _____ =22237500D.01 ___ 115916250 €3 _ _ B
153010009 o1 =+2475000D C1 116116250 03
~e5472000D Q1 =e26250000 01 «1631625D .C3 ____ ____
¢56430C0D 91 =¢2737500D 01 116516250 03
. ... 25314000D 01 ___ =42787500D C1 ____ _ _el671625D (3 _
e5985000p 014 = 42825000D 01 116316250 €3 :
__ 161560000 01 =e2775003D_C1 ___ _ 91711625D 03 o
063270000 01 225125000 01 117316250 3
£64930000_01 113875000 _01 . 017516250 Q3 _ __. ___
066690000 Q1 =¢11375000 01 017716250 ©3

268400000 01 ___ ®e7125000D 00 ___ ___sl179162%D C3 ... . ___

170110000 01 =21 43750020 0C 1158118250 03
___¢7182000D Q1 ____ =¢337500Q0D 00 _ ___ __ «18316250 03 . _

273530000 01 *+23750000 00 +1851425D 03
075240C0D0 QL __ =416250000_00___ _ #18716250 C3 __ .
276950000 01 =11125000D 00 218691625003

_ 978660000 01 _ =+5000000D=01 __ 219116250 03 .
»80370C0D 01 =11250000D=01 +1931625D €3

. ___ 82080000 01 ____ +0000005D_00_ _ . . _9195162%D

03 - . .




TIME e orT - . .
200000000 00 __.__ . +0000000D.00 . 23723225D
»17100000 00 v ¢50000000=01 237427250
*34200000 00 ~ =+87500000~=01 # 37623500
+51300000 00 «¢ 11250000 00 +3782100D
«5840000D 00 " 13750000 00____ »3801850D
«3550000D 00 =4 15000000 00 v3821725D
v1026000D 01 =+ 18750000 00 +3841350D
+11970000 01 =92125000D 00 »3861100D
v 13680000 01 =¢23750000 00 ¢ 38508500
215390000 01 «426250000 00 +3900600D
e17100000 Q1__~ =+28750000_00 +39203500D.
*18810000 01! »¢3375000D 00 v 39398500
¢ 20520000 01 =¢3875000D 00 ¢39%9350D
*22230000 01 ws 42500000 0Q ¢3978975D
. *23%4000D 01 =+ 48750000 00 +3998350D
125650000 01 =¢5375007D0 00 040178500
_ 27360000 01 = 58750000 _00 v 40373500
+29070000 01 263750000 00 , 40568500
+3078000D 04  _ _ =e68750000 00 L. *k076350D
+3249000D0 01 =+ 75000000 00 ¢ 40957250
«34200000 01 *e 81250000 00 ! * 41151000
»35910000 01 =+88750000 00 / 41343500
137620000 01 =+¢97500000 00 / +4153475D

TS

 *25322375D

AREA

+Q000000D 00
e 4k275000D=02
»s 1638750001
*93348750D=01
we54862500~01
*«7980000D=01
=s1075875D 00
w9 14321250 00
*¢1802625D 00Q
22443750 00
=22720375D
*s3241875D
®03854625D
" 45600000

00
00
00
00
00
.00
00
00
01
01
01
01

"s6220125D
»07160625D
® e 32293750
®¢3340875D
»e 1 0B58775D
"el120587D
"91337362D
*el424825D

00 .

OTD

we 31067250 00
nv2619396D 00
=e1766569D 00
~e1461988D Q0
»+37465890~01
=y 14619880 00
=¢1949318D 00
=¢1401072D0 00
»e 14619880 00
re1340156D 00
=e2192382D 00
»e3106725%D 00
me 24366470 00
=e29233770 Q0
»e34113060 00
=«¢2863060D 00

=+2923%977D 0Q

»e 28630600 00
=+3289474D 00
»e3654971D 00
»+3359552D 00
»e 46905460 00
»e 60307020 00

8TT



*3933000D
41040000
42750000
*4446000D
46170000
«4788000D
149590000
+513000CD
*53010000
154720000
v 5643000D
*5814000D
+5985000D
+6196000D
-63270000
+ 64980000
66630000

168400000

+70110000D
«7182000D
¢ 7353000D
v 75240000
0176950000

278660000

+8037000D
¢ 8208000D

»e10875000 01
=+11750000 01
=¢13125000 01
«e14375000 0I
»e 16875000 01

~e18875000 01

=e21375000 01
22875000 01
~e2475000D 01
=e26250000 01
«e2737500D 01
“e27875000 01

»e28250000 01

927750000 01
»e 25125000 01
»+¢18875000 01
=¢1137500D 01
71250000 00

=+ 48750000 00
233750000 00
23750000 00
=+ 16250000 00

111250000 00
=e5000000D»01

-+12500000+01
«0000000D 00

242301000
+#22835QD
1 4246350D
0486435QD
2142818500
» 43003500
v 43184750
e 4336275D
W 43958500
*437535QD
+4394975D
v 4415475D
244381000
+4464350D
4 491850D
45161000
+4538350QD
«455985QD
45808500
s 4601600D
146221000
v 4642725D

+4663100D

146832250

«4172350D ¢
e4191475D

T ®e1672237D
®»e1865325D
»e2076337D
»+2316337D
»22587087D
»e2833462D

T e3235462D
=e3618787D
=e4019925D
=e 44631000
®we4915537D
me5395762D
»+5868150D
®»e6356925D
~+6805087D
»¢7195537D
"o 7443487D
=e7603087D

T ee7698562D
®»¢7774087D
re7816837D
ne7856737D
®e7873837D
re7894500D

T we7892362D

®¢7900200D

01
01
0l
01l
0l
01
01
01

=0 62743660 09
2+9259259D 09
=e1114766D 01
»e1157407D 01
=9 13645220 01
=e1175682D 01
=+9563840D 00
=e1023392D 04
»e77972710 00
e 46296300 00
»e26803120 Q0

T =e6091618D=01

277972710 00
026376710 01
* 43555070 01
+3594055D 01
217787520 01
+1023392D0 01
1 7066277D 00
* 42951270 00
234722220 00
¢3283474D 00

231067250 00

12792400 00
«5482456D=01

6TT



DELTAs . 9¢48331D-01 L .

HEAT AF REACTIBNs  ¢5391899D 04 CAL/GMeMgLE

CELL WEAT TRANSFER GOEFFICIENTx . _ 20631010 01 CAL/MIN DEG C

o DT (1=A(T)/AT) C(1=ALTI/ATY . DEV _ e
EXP CALC e
»¢11250D 00 133369p%02 _e543730=02 _.=421003D=02
w1 162500 00 «55014D=02 v78538D=02 «423524D=02
. =e23750D 00 110552D0=01 . +114739D=0L4 . «=.526720-03
9337500 00 - #15963p=01 v16312D~01 »e34858D-03

= 437300 00. 125523D0=0% ______+23561D-01 ~212616D=02

RMS DEV = 76872003

0ctT




NG 8F ITERATIENS FOR CONVERGENCE= 81

25—074650 11
Ex 422070 05
Na «3707D 00

ReTS (N/NB) EXP RATE . CALC RATE
0778970 .03_ 095192D 00 46990D=01 _+363560=01
+78285D 03 »94265D 00 257736D=014 W 41678D=01
v73672D 03 2932480 00 +60826D=01 _ _ _ «47693D=01
1790620 03 1921740 00 067928001 +545360=01
» 794470 03 +903907D 00 078195D=01 v 62115D-01
0738350 03 +89529n 00 v81874D=01 2 706790-01
»80222D0 03 _+8%097D 00 +R8497D=01 +80294D=~01
+80610D 03 ¢ 865020 00 v 94532D=01 »910280=01
+809970 03 184854D 00 . 4102920 00 . __ +10303D 00
0813820 03 +82373p 00 0112600 00 211623D 00
2817670 03 ¢81003p 00 v12193D 00 «13089D 00
2321500 03 v 787820 00 »13501D 00 2146900 00
+825300 03 v763660 00 1152540 00 +16433D 00
1829050 03 073577D 00 +16533D 00 1182920 00
+83285D 03 £70710D0 00 #17906D 00 £ 203530 00
v83655D 03 2 67367D 00 210890 00 «224770 00
*84G17D 03 e 63491D 00 242160 00 L 24641D 00
*84375D 03 152097 00 026954)D 00 1268200 C0
$84733D 03 +54252p 00 +30487D 00 +29016D_ 00
+ 850800 03 48715y 00 2327330 00 +31013D 00
+35448p 03 ¢ 431380 00 ¢33577D0 00 _ _ . «33146D 00
18580480 03 £37154p QO v36274D 00 249520 00
*86176D 03 +30820p 00 0369960 00 «363930 00
186551D 03 124549p 00 v36883D 00 »37376D 00
+86932Dp 03 +18229D 00 1365730 00 «37493D 00
*87328D 03 1120680 00 #36053D 00 2360450700

_ +87735D 03 1612270"01 »31357D 00 £ 315180 CO

et
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APPENDIX D

NUMERICAL GENERATION OF FLUID BED DTA CURVES

Equation (4), the basic heat balance, can be written

in the form

—dN o Mep\ d AT L (R Mgdeq)
at (xa,) de T Cany 2T 0D

Assuming an n th order rate law applies, the rate of dis-

appearance of solid reactant is

o E
if__
__d.: — NOZ.Q N> (D-2)
EI [
Equation (D-l) and (D-2) ccmbined give
- &
AT ~ RTs y )\
‘5 d.‘& + )’ DT No z _2 <.Kro> (D-3)
wh-ere — Mep -
ﬂ "AH.»_,)

- (K‘}‘ﬂ"’(ac \ }
Lr=yTN)

The moles of reactamtremaining is given by Equation {12)

written in the form

When Equation (D-4) is substituted into Equation (D-3) the
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result is

- £ "

I=m =7

dat _ M, 22" ‘[No"l@éT'fb’/?J"lAT(D_”
dt Z A

Furthermore, the differential temperature and peak area

are related by,

d A _ o
d'& — AT | (D-6)

Equationg(D-5) and (D-6) form a system of simultaneous
differential equations which, together with the appropriate
initial and auxiliary conditions, mustbe solved in order to
generate theoretical DTA curves. If t=0 is taken as the time
at which the first observable temperature deflection occurs,

the initial conditions are simply
AT =o - T
=6
Ay

A linear heating rate is specified by the condition that

Te= Tz, + OF

where TRo is the reference cell temperature at the initial
temperature deflection and & is the constant heating rate.
Due to non-linearity of the system, exact analytical solution

of the DTA equations is not possible; however, the equations
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are easily solved numerically. Primarily because of its
simplicity and known error behavior, a fourth order Runge-
Kutta integration technique was employed in this study, The
entire solution procedure was programmed in Fortran IV, and

a listing of the program follows. The calculated results in-
cluded with the'program listing were obtained using the average
kinetic parameters obtained from Runs 3, 4 and 5, while the
heating rate and initial reactant concentration correspond to

those employed in Run 7,



1i_

IMPLICIT .REAL*8(A=H,8=2) -

125

23
3:_100

DIMENSION Y(2)sF (2)

READ(5,5013-EsZ, AN, ANDsBETA, GAMMA

44

_ _51.501___FEBRMAT(5D15+5)_

61
i—50e

READ(54501) TBsPHI,H,DMAX

READ(5,502) IFREQ
FARMAT (5110}

93601 FORMATLIH], 5X, LINPUT-DATA L, // /)

103

WRITE(6,601)

WRITE(62602) E2Z,ANsANE,BETA,GAMMA

113602 ——FOBRMAT (10X, 1E=-1,D15:5, - CAL/MOLEY)/210Xs1Z=-1,D15¢52" PER-MINUTE!—

12}
—134-
144

1,/7,10X%X, ANz '",D1545,/,10X, "ANB= 1,D15,5,!
—2D15¢59 - MBLES/DEG ¢1s/220Xs 1 GAMMAZ- 12D15¢5, -MILES/DEG -MIN',//)-—

WRITE(6,603) TO,HIDMAXsPH]

GRAMS 112/, 10X,1BETAS !,

—153-603—FBRMAT({ 10X, LTEMPERATURE—AT-BEGINNING 8F—PEAK: —41015o5;1—DEu Cho—o-

164 1/510%X2 ' TIME INCREMENT= ',D15¢5,! MIN'2/,10%s IMAXIMUM TIME = ',
174 —2D1595, LMIN's £y 10Xy PHEAT ING-RATE=—14D1545, 1--DEG -C/MIN' ) // ¢} ——-—
181 T8sT3+273+16D+00
—39%t D=Cs000D#00
20} ANS=ANB/1446120+02
— Pl ANT=ANS -
221 T=T708
—23% DELTAzGAMMA /BETA - —
243 DB 10 I=i,2
__ 251 Y{1)=0:0CD+00
263 10 CONT INUE
223 1CRUNT=Q
284 M=Q
_ 293 WRITE(6,604) , — .
30} 604 FORMAT(1H1,12X2 ' TIME ! 18X, ' TRY 15X, 1DT 1, 15X, 1 TS1213Xe YAREA ', 29Xy
31 1IRXT _RATE',13X2IN/NOB!,//) e
32% 200 CANTINUE
33 ¥R§I81424J2134160*00
34} XX=1+49870+00*T
354 2ZsE/XX ——
3634 CON=ANT/ANS
374 DN=ANB#Z/DEXP(ZZ )% (CON) xxAN- —
38¢ WRITE(€,605) DaTRaY(2)2TsY(1)sDNLCON

391 605 ___FBRMAT(Z(5XsD12e5)}

40:% 300

413 000 CALL RUNGE(MsKsY,F.DsH)

M=M+1

423 IF(K+EGs1) GY T8 15
43 GB8_T18_17 —
4435 15 T=T70+PHI*D+Y (2}
453 XX=1a9872D+0Q0%T
463} ZZzE/XX
473 FLl)=sY(2)
48 ANT=ANB=BETA*Y(2)eGAMMAxY (1)
4934 IE{ANT LT eCeOD*0Q) ANT=0:0D+0Q0
504 CON=ANT/ANG
513 F{2)=21:0000+00/BETA*ANI*Z/EXP(Z22)#CIN#*AN=DELTA*Y(2) -
524 GB T8 300
__ 533 17 M20 . e
54 IF(D+GTeDMAX) GB T8 100 .
55y . JCOBUNT=sICOUNT +{ __ = . —
561¢ IF{ICBUNT+EGs IFREG) GB T8 20
—52% 63-18-300
58% 20 ICAUNT=0
—B89% G68.--T18—200
£C END




13 SUERBUT INE_RUNGE (MsKs Y4 F s XsH) 126 -
21 IMPLICIT REAL*8(arrHsB=Z)
3 DIMENSIBN-SAVEYA50)sPHI{B0)2Y(R2)sF (2}
43 GO T3 (1+22431445) M
51_1 K=} -
61 G8 T8 15
7% 2 . DB-30-J=1,2 -
8 SAVEY(J)=Y(J)
CR PHIEL)EF-(J)
10} Y(J)sSAVEY(J)+04500D+00xH*F (J)
11330 CBNTINLE- ——
12 X=X+¢5000+00%H
138 K=l —
143 G8 T8 15
153_3 D840 Jsl,2
16 PHI(J)SPHI(J)+2+000+00*F ()
173 Y(JLaSAVEY(J)+1500D+002K*F{J)
181 4Q CBNTINUE
193 K=}
20¢ GO T8 15
21— D8-S0—J=1,2 —
224 PHIC(J)PHI(J)+2+.00D+00*F (J)
—-23%- Y4 S IESAVEY (J)+H*FLJ) _— —— -~

243 50 CONTINUE

253 X=X+0¢500D+00 %K —— —— e
26} K=1
224 681915
283 5 DB 60 Jsi,2

29 YUJ)=SAVEY(U HIPHI(JIHFLI) I *H/6400D+00 —
"303 60 CENTINUVE :
313 Kz=2 _ - -
323 15 CONTINUE
334 RETURN —

34 END




_INPUT DATAL

Es ¢22700D_05. CAL/MBLE - S —
ls *17800D 12 PER MINUTE
ANE +42000D. 00 ——
ANB = +4000CD 0C GRAMS
BETA= = e153000-03_MSLES/DEG_C
GAMMA= e+43200D=03 MBLES/DEG MIN
_ TEMPERATURE_AT _BEGINNING OBF_ PEAK=_.____ ¢90000D.02.DEG C_ _. -
TIME INCREMENT= +10000D0-01 MIN
—_— MAXIMUM_TIME = +150200D_02-MIN

HEATING RATEa 902000 01 DEG C/MIN




—TIME— — ——TR— . . Y~ TS~ ——————AREA— —RXT-RATE— ~———— N/NB—

«000000 00 4900000 02 ,00000D 00  ¢36316D 03 4000000 00  +340611De04 » 100000 01
2400000 00 .. ¢93608D 02 =4200190=01 ¢366750 03 . ee44152D902 _ - 014424004 - +99818D 00 -
+80000D 00 +97216D 02  ~433590D~01 v37034D 03 w?15203D~01 2 19496D=04 ¢ 995720 00
_¢120000 01_ _»30082D. 03 _ we 47374001 ¢37394D 03 _=9313300w01 - - ¢26188D304— —+99244D 00—
¢ 16000D 01  #10443D 03  wmab4172001 ¢37753D 03 »+53508D%01 v 34955D=04 2 98797D 00
—220000D-01— —010804D_03_ _»485699D201— —+38111D 03— —»183239Dm01— —¢h6354De0b— —+98206D-00—
1240000 01  +11165D 03  ~411349Dp 00 2384690 03 «1122900 00 2 61064D=04 0974260 00
—_*2800CD 01.. . +11526D 03 we 149230 QD . 388270 03 _~=117545D QO -~ +79895D=04 - —+96402D 00
0320000 01  +11886D 03  w»a19485D 0O ¢39183D 03 =224360D 00 2103790203 * 350670 00
__+360000 01. +12247D 03 . «,25258D 00 +39538D 03  »¢33264D 00 - -13382D-03 — --+93339D Q0 -
214CO0CD 01 +12608D 03  L,.32439D 00 ¢39892D 03 w2 447610 00 '17114D=03 +911200 00
a4 40000-01— —¢12969D-03— _as41445D-00— —9140243D 03— —=159486D-00— —221694D203— —¢88296D-00 —
2480000 01  +13330D 03  ..52391D 00 W 40593D 03  =¢781820 00 v272320=03 +84734D 00
— 252000p 01 «13690p 03 | «465562p 00 21 40941p 03 =+10170D 01 - #33809p=03— -80287p 00 -
+560000 01 +140510 03 »,81108D Q0 1412860 03 «913095D 01 41 445D=03 « 748020 00
— 2600000 01. «14412D 03 .. »s99016D Q0. —¢41629D 03 _-»216690D 01 —+50050D=03 - —+68128D 00
+64000D 01 0147730 03 +411898D Q1 +41970D 03 =221044D 01 059354De(Q3 v 60141D 00
—0680000-01— —+15134D-03— _ns14023D 01— —e42309D-03 -~ —=1262260-01— —068778Dn03— —e50776D-00—
2720000 01 v 154940 03  «.16114D Q1 1426490 03 «032258D 01 ¢77230D+03 *40087D 00
— 9760000 0Ol -- -+158580 .03 _»,17872D 01 1429920 03 »939074D 01 --—+82692D=03 - —+28349D Q-
»80000D 0L  +16216D 03 4,18725D 01 433450 03 ~046438D 01 ¢ 81238D"03 v16251D 00
——¢84000D 01— -e165770 03 4174790 Q1 - 437180 03 - »953781D 01- —¢63845D+03—~ —¢53588D«01 -
¢ 880000 01 0169380 03 .,10371D 01 1441500 03  »0e53696D 01 +Q0000D 00 + 000000 00
—1920000-01— —+17298D-03—~ _9433520D-00— —+4#4581D-03- -=162182D-01——+00000D-00— —e00000D-00—
09600CD 01 2176590 03 4108340 00 1 h4964D 03 ~062986D 01 *00000D 00 + 000000 00
— 2100000 02 - .+18020D 03  4,35019D=01 . ¢45332D 03  we63245D 01— —-+00000D 00— --+000000 0O -
2104000 02  +18381D0 03  we11319D=01 2 45696D 03  =163329D 01 » 000000 00 +00000D 00
2108000 02 _ _918742D Q3. 436586002 _ _ +46057D 03 _.#1633560 01 __ -+0000CD_00_ —«00000D .00_
0112000 02  +19102D 03  .411825D=02 v46418D 03 1633650 01 +00000D 00 +00000D 00
—2116000-02— —¢19463D-03_ _4,38223D"03 — —246779D 03- —=¢63368D-01——+00000D--00— —¢ 00000D-00—
+120000 02  ¢19824D 03  w,12354D=03 2471400 03 w~063369D 01 +Q0000D 00 +00000D 00
——+12400D 02 _ . +20185D 03. +,39932D=04 . +47501D 03 . »¢63369D 01 ___+00000D-00--—+00000D 00 -
«12800D0 02 0205460 03  «4129070=04 2478620 03 »063369D 01 +» 000000 00 «00000D 00
132000 02._ 1209060 03 . «441719D=05 . 482280 03  »163369D .01 _ _»00000D_.00—_ _+00000D 00 .
+136000 02 2212670 03 = 413484D=05 248583D 03  »963369D 0} «00000D 00 2000000 00
—2140000.02_ +21628D_03__+,43585D-06_. _¢48944D 03 . _»163369D_01__ _+00000D_00_ —e00000D._00_
»1440CD 02 0219890 03  «,14088D=06 «49305D 03 =063369D 01 *00000D 00  «00000D 00

__e14300D0 02 223500 03  «,45535D-07 1496660 03 -463369D 01 . _e00000D 00 _ __«00000D 0O

82t



