
Empirical determination of radial and axial
effective thermal conductivities in a packed bed

Item Type text; Thesis-Reproduction (electronic)

Authors Serjak, William C., 1922-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:19:49

Link to Item http://hdl.handle.net/10150/318657

http://hdl.handle.net/10150/318657


EMPIRICAL DETERMINATION OF RADIAL AND AXIAL 
EFFECTIVE THERMAL CONDUCTIVITIES IN A PACKED BED

by
William C. Serjak

A Thesis Submitted to the Faculty of the
DEPARTMENT OF CHEMICAL ENGINEERING

In Partial Fulfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE

In the Graduate College
THE UNIVERSITY OF ARIZONA

1967



STATEMENT BY AUTHOR

This thesis has been submitted in partial ful
fillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgment of the source is made. Requests for 
permission for extended quotation from or reproduction 
of this manuscript in whole or in part may be granted 
by the head of the major department or the Dean of the 
Graduate College when in his judgment the proposed use 
of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained 
from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

/ Cc l/i. ^ 9  6
RV M."   -~r ba/e ^Professor of Chemical Engineering



ACKNOWLEDGMENTS

The author wishes to express his gratitude to 
the following: to the Department of Chemical Engineer
ing for materials, equipment and facilities made available 
to him for assistance in carrying out this work; to John 
T. Heibel for technical assistance in establishing and 
trouble shooting the computer program; to Dr. E. J.
Freeh for guidance during this thesis study; and to Dr.
R. M. Edwards, Thesis Director, for guidance throughout 
this Graduate Program.

Hi



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS. ......      V
LIST OF TABLES  ....   vii
ABSTRACT. ...........  viil
INTRODUCTION.........     .......... 1
REVIEW OF APPLICABLE LITERATURE. ....   4
' THEORY........       11
EXPERIMENTAL EQUIPMENT  ...      19
EXPERIMENTAL PROCEDURE .......       2?
COMPUTATIONAL PROCEDURE.  ......    32
EXPERIMENTAL RESULTS AND DISCUSSION. .....    39
COMPUTATIONAL RESULTS AND DISCUSSION......   52
CONCLUSIONS         .... 59
RECOMMENDATIONS ....         60
APPENDIX A............       ... 61
APPENDIX B.  ....   68
REFERENCES.  ....       80

lv



LIST OF ILLUSTRATIONS

Figure Page

1. Reactor System.............................. 20
2. Reactor Cross Section.................   21
3. Thermocouple Holder......................... 25
4. Temperature Profiles, 400° F, 60 Ft^/Hr

Airflow (Radial Direction)................ 44
5. Temperature Profiles, 400° F, 202 Ft^/Hr.

Airflow (Axial Direction) ....    45
6. Temperature Profiles, 400° F, 202 Ft^/Hr.

Airflow (Radial Direction)................ 46
7. Temperature Profiles, 400° F, 202 Ft^/Hr.

Airflow (Axial Direction)................. 47
8. Temperature Profiles, 600° F, 60 Ft^/Hr.

Airflow (Radial Direction)................ 48
9. Temperature Profiles, 600° F, 60 Ft^/Hr.

Airflow (Axial Direction)................. 49
10. Temperature Profiles, 600° F, 202 Ft^/Hr.

Airflow (Radial Direction)..........   50
11. Temperature Profiles, 600° F, 202 Ft^/Hr.

Airflow (Axial Direction)................. 51
12. Computed Temperature Profiles, 400° F.

60 Ft3/Hr. Airflow (Axial Direction)...... 55
13. Computed,Temperature Profiles, 400° F,

202 Ft3/Hr. Airflow (Axial Direction)..... 56

v



vi

' LIST OF ILLUSTRATIONS--Continued 

Figure Page

14. Computed Temperature Profiles, 600° F,
60 Ft^/Hr. Airflow (Axial Direction....... 57

15. Computed Temperature Profiles, 600° F,
202 Ft3/Hr. Airflow (Axial Direction)..... 58



LIST OF TABLES

Table Page

1. Summary of Modified Reynolds Numbers, 43
2. Nomenclature.............. 62
3. Temperature Summary, 400° 

Coolant 42psig Steam.„..F,
Airflow 60 Ft3

64
4* Temperature Summary, 400° 

Coolant 42psig Steam.„.,
F, Airflow 202 Ft3

65
5. Temperature Summary, 600° 

Coolant 42psig Steam...,F,
Airflow 60 Ft3

66
6* Temperature Summary, 600° 

Coolant 42psig Steam...,
F; Airflow 202 Ft3

67

vii



ABSTRACT

Temperature data were collected on three accu
rately controlled runs involving air flow through a 
non-reacting cylindrical fixed bed. Linear plots of 
these data indicated the temperature values to be 
essentially a parabolic function of the radius. Three 
runs, including two flow levels and two temperature 
conditions in each run, were made in a bed 3.2 inches 
in diameter and 5 inches long. Steam was used as the 
cooling medium flowing through the jacket of the reactor.

A mathematical model was developed for predict
ing temperature distributions in the bed, using classical 
techniques. Several computational programs were imple- 
mentated, based on the model. A formulation employing 
central differences was initially tested but could not 
be used because temperature values in the model diverged 
rapidly with iteration to extremely large numbers rather 
than converging to the measured data as desired. A 
second finite difference formulation involved both central 
and backward differences. Divergence after each iteration 
still occurred but to a lesser extent than in the first 
implementation. A satisfactory solution for matching
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measured temperature data with temperatures predicted 
by a classical mathematical method was not found.



INTRODUCTION

Perhaps of all process equipment, the packed 
bed reactor has been one of the most thoroughly 
studied of reaction systems. Industrially, the 
packed bed reactor has achieved importance for use 
in absorption, conversion, extraction and similar 
reaction processes. Its popularity is undoubtedly 
due to the simplicity of construction as well as its 
adaptability for continuous flow. The packed bed 
is essentially an enlargement of a system line where 
catalyst or reactive particles are held captive.
This condition provides substantial area for reaction 
without, generally, a great loss in flow pressure„ 
Packed beds may be heated or cooled externally or 
internally. Beds may vary in size from inches to 
feet in diameter and length and are constructed of 
many materials from plastics to refractory metals 
depending on the nature of the reactant materials and 
their products. Catalyst particles vary both in size 
and form (spheres, cylinders, cubes, etc.). Simpli
city- of construction of the packed bed does not imply 
that the operation is equally simple. Uncontrolled
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overheating and cooling are still problems among pro
cessors.

Therefore, it comes as no surprise that 
numerous publications are found in the literature 
regarding studies on the packed bed reactor. The 
objectives of these studies have been to describe the 
physical processes in a reactor so that new work might 
be done to better understand the kinetic processes.

Much of the early work was devoted to the 
careful measurements of flow, temperature, heat trans
fer coefficients, axial and radial mass and heat 
dispersion coefficients. Data wereocollected and 
correlations were attempted.

As computational techniques developed with use 
of automatic computers, more sophisticated methods of 
data correlation were attempted with the evolution of 
mathematical models.

A basic goal of this work was to develop a 
method by which further information might be gained 
concerning the physical processes of the packed bed 
reactor. Listed as objectives of this study were:

1. To conduct precise temperature measure
ments on a non-reacting packed bed at 
two flow and two temperature values.
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2. To attempt to fit measured data to a 

mathematical model, utilizing a pre
viously developed numerical solution 
for packed bed temperature profiles.

3. .To modify the numerical computational
model, as required, to improve data fit 
to the model by changing radial and 
axial effective thermal coefficients.

4. To draw a comparison between various 
temperatures and flow rates and the 
coefficients found.



REVIEW OF APPLICABLE LITERATURE

Characteristics regarding the behavior of 
reactors depend upon many factors. Among these are 
the reaction kinetics, flow characteristics, particle 
size, temperature distribution, bed size, void frac
tion and others. There is no doubt that an inter
dependence exists between all these properties. Because 
this study covered a non-reactive system, it is only 
natural that greater emphasis will be placed on litera
ture specifically involved with temperature measurements, 
heat transfer, void fraction and particle size.

Colburn (7) in 1930 presented the earliest 
significant contribution to reactor technology. He 
established correlations between heat transfer coeffi
cients and mass flow rates by utilizing gas temperatures 
taken at the entrance and exit of the reactor along with 
reactor temperatures. A relationship was also shown 
between the ratio of the particle diameter to tube dia
meter and heat transfer coefficients.

Leva (17) extended the work of Colburn with his 
study of heat transfer to gases in packed tubes. He 
established a dimensionless equation for heat transfer
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values utilizing ratios particle diameter to tube 
diameter of 0.05 to 0.30. This relationship (Eq. l) 
was expressed as a modified Nusselt Number based on 
a modified Reynolds Number (D̂  Ot/yu) .

h = .813 k/Dt (Dp S/yU)-9 6. exp (-6 Dp/Dt)

He presented no evidence showing that a correlation 
existed between heat transfer and void space.

Jakob (15) pointed out the difficulties in 
measuring temperatures of gases and solids in the 
catalytic hydrogenation of ethylene. His study showed 
that temperature values of the catalyst particles 
varied + 1° C from the gas temperatures.

Hall and Smith (12) measured axial and radial 
temperature distributions in a packed bed. Their 
studies included both reactive and non-reactive systems. 
Radial and axial temperature profiles were measured 
in the gas and in the catalyst particles. Temperature 
profiles for both gas and catalyst were parabolic in 
form. Overall thermal conductivity values (K) were 
reported to be about 0.2 B.T.U,/ (Hr.)(°F), and they 
suggested K values became smaller nearer the wall.



Temperatures computed by the Grossman (ll) method were 
in good agreement with experimentally collected values 
at the center of the reactor but showed wider varia
tions nearer the wall. They concluded that poor 
radial mixing accounted for the parabolic temperature 
distributions, and that prediction of temperatures and 
conversion rates by the Grossman method would be possible 
when satisfactory correlations of K with type of pack
ing, flow conditions, and radial position became avail
able.

Irvin, Olson and Smith (14) measured temperature 
profiles in a 2 inch catalytic reactor for sulfur 
dioxide conversion to SÔ . They presented data for 
both reactive and non-reactive systems. Good conforma
tion was reported for lingitudinal profiles predicted 
by a modification of Grossman's method (ll) when com
pared with experimental temperature values. Modifica
tion of the Grossman method was essentially the use of 
an effective thermal conductivity (Ke) which varied 
with modified Reynolds Numbers and radial position. 
Superficial mass velocities from 147 to 512 lb/(Pt2)(Hr.) 
were studied.



Schuller, Stallings and Smith (23) continued 
the work of Irvin using the same reactor but with a 
wall temperature of 197° C and bed lengths of 5.68 
inches.

Kwong and Smith (16) proposed a method for pre 
dieting and evaluating point thermal conductivities in 
a packed bed for various combinations of gases and 
solids particles. Essentially, their method employed 
the technique in which they assumed a point effective 
thermal conductivity, Ke, and, using data measured at 
the entrance, equation (2) was used to predict tempera 
tures at a depth of 4 inches.

K I" -)2t
CJI 1 r i 2

1 0)_T
r > r

cpg l
A", A l3 r

The predicted temperatures were compared to measured 
temperatures at a 4 inch depth and by inspection 
suggested changes in values of . Ke values were 
changed until good agreement was obtained between



predicted temperatures and measured values. Workers 
were cautioned against error propagation when stepping 
from one bed depth to the next. Steps in the Ax 
direction no greater than the critical values in equa
tion (3) were recommended.

Ax q
i , r0 fCp°x

TaF^ i 2T  <]£->
lro

Temperature values were measured for various catalyst 
materials and gases and were reported. Modified Peclet 
Numbers (Pe'^ = (Dp Cp G)/Xe) were determined for
the various systems. These workers concluded that 
little change in heat transfer characteristics of the 
system appeared due to packing material, since only a 
small part of the total resistance to radial heat 
transfer was found to be due to the packing.

Roblee, Baird and Tiernay (22) reported studies 
concerning void fraction in a packed bed. A bed, packed 
with premeasured particles, was encapsulated with wax. 
Radial segments were made, and after careful measure
ment, weighings and removal of the wax, void fraction 
values were determined. Their studies showed an
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increase in void fraction to a peak at a radial distance 
of 1-1/2 diameters from the wall.

Mickley, Smith and Korchak (20) measured velo
city profiles and turbulence parameters in beds with 
constant voidage using hot wire anenometer methods.
They showed that eddy diffusivities in voids were very 
small with respect to either axial or radial dispersion 
coefficients. In spite of their bed having a constant 
voidage, they found a maximum velocity at a radial 
distance of 1-1/2 particles from the wall.

In developing an analytical solution for deter
mining mechanisms for heat flow in packed beds. Singer 
and Wilhelm (24) proposed a relationship of the modi
fied Peclet Number (Pe1) and the ratio of particle 
diameter (D̂ ) and tube diameter (D̂ _).

Fahien and Smith (9) measured radial mass trans
fer in packed reactors using a mixture of carbon dioxide 
and air. They found that the mass Peclet Number (Pem) 
increased as they progressed in a radial direction 
towards the wall. This characteristic was significant 
in particle diameter to tube diameter ratios of greater 
than 0.05, They proposed a relationship between void 
fraction and modified Reynolds Number values between 40 
and 100.



McHenry and Wilhelm (19) reported measurements 
on axial mixing of binary gas mixtures at room tempera
ture in a bed packed with spherical particles. Values 
of mass Peclet Numbers in the axial direction of 
1.88 + .15 were in excellent agreement with the pre
dicted values 2.0. Studies in axial mixing and values 
for axial mass Peclet Numbers have been measured and 
reported by many workers (l), (3), (5), (6), (25), (26).



THEORY

In order to mathematically predict temperature 
distributions in a packed bed, a mathematical model 
of the system was required. Construction of the model 
was done by examining the events in an elemental volume 
of the bed.

The technique outlined by Bird, Stewart and 
Llghtfoot (4) was used which involved construction of 
a shell heat balance over a small segment of volume 
in the bed. The various mechanisms which have been 
proposed for radial and axial heat flow are presented 
later. Therefore, heat flow was adopted as the general 
title for all movement of heat in or out of the element, 
for development of the model.

Heat flow inward in the radial direction at 
any radius (r) was expressed as

qr r 27rrAx

Heat flow out at a radius rfAR was expressed
as

11
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qr r+Ar ' 2ir(r+Ar)Ax .

Heat flow in at any axial position (x) was 
covered by

qx I x * 27rrAr •

Heat flow out at an axial point (x+Ax) resulted 
in the expression

Heat flow in by fluid flow into the cylindri
cal element at a point (x) had the form

The inputs and outputs were summed and divided 
by 2TrArAx which produced the expression

^x x-t-Ax 27rrAr

27rrAr

(^r^ r+Ar x+Ax
Ax

+ (r G Cp)
T 1x+Ax |_x

Ax 0



Since all three terms represented simple first 
differentials, Ar, and Ax were permitted to approach 
zero as a limit and the expression became

a
a x

The equations representing Fourier's law for heat flow 
in the r and x directions by conduction were introduced 
and the following equation (4), was obtained.

When equation (4) was divided through by G Cp, equation 
(5) was obtained.

Peclet Numbers were introduced as dimension- 
less coefficients for the radial and heat flow terms. 
The radial Peclet Number had the form

T *r _afr . 1 i_T +
X



and the axial Peclet Number had the form

Pe.

where was the particle diameter. In order to intro 
duce Peclet Numbers into equation (5) it was first 
necessary to normalize all linear dimensions by divi
sion using the catalyst particle diameter (D^). This 
produced the final form, equation (6):

Pex
<s 2t
6x'2

+ Pe. ’JLdr + r ‘

4 T
d) x 0

This was the steady state heat equation used by many 
workers (2), (8), as well as the model for this study. 
The form of the equation, lacking of a flow term 
coefficient for T/ 3 x, indicates a fully developed 
turbulent flow regime was assumed. This assumption
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was reported valid for all modified Reynolds Numbers 
above 100. The modified Reynolds Number being defined 
as

N're = O  / •

Wilhelm (25) reported that the assumption of fully 
developed turbulent flow at N' ^ 100 was true for 
large scale industrial reactors, but rarely held true 
in laboratory equipment. The flow of heat in both 
the radial and axial directions are known to be com
plex. Substantial contribution, involving the mechanisms 
of heat flow in a packed bed, has already been made by 
Schuller (23) and Wilhelm (25). Schuller's work 
described the correlation of effective conductivity 
with other quantities in the system. Essentially it 
was proposed the mechanisms for heat flow were:

1. A molecular conduction process in the fluid
phase.

2. A conductive process in the solid phase.
3. A radiation process between particles.
4. A series process of heat flow of fluid to

particle to fluid.



5. A turbulent diffusion process through the 
fluid phase.

The fluid conductive process is the product of 
the thermal conductivity of the fluid and the void 
space, and generally contributes only a small quantity 
to the effective thermal conductivity (K̂ ).

The conductive process in the solid phase is 
a measure of the conductivity of the solid and the void 
fraction and is generally a small portion of the total 
effective thermal conductivity.

The radiation process does not enter into any 
calculation of Kg until temperatures exceed 600° F. In 
the case of this work, the radiation process may be 
involved to some extent at the higher temperature 
condition (600° F). But it was assumed the contribution 
was quite small. z

The turbulent diffusion processes become 
operative at high mass velocities, and fully developed 
turbulence. At mass velocities of air below about 
10 lbs/(hr)(Ft2), turbulence approaches a minimum and 
molecular diffusion is responsible for heat flow.

Schuller, Stallings and Smith (23) presented 
the above processes as an explanation of heat flow
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mechanisms, particularly in the radial direction.
These workers assumed that heat transfer in the axial 
direction was negligible. They included an effective 
thermal conductivity term in their general coefficient 
and termed it a modified heat Peclet Number.

This modified Peclet Number is essentially 
identical to the radial Peclet Number which forms a 
part of the model. Various values have been assigned 
to this term, but workers generally agree on a Value 
of 12.

There has been little work done involving 
measuring heat flow in the axial direction. This is 
undoubtedly due to the difficulty of measuring the 
back flow of heat.

In the case of mass flow, however, much work 
has been done (l), (3), (5)? (25) to describe the process 
of axial back mixing. The random walk theory appears to 
be the best explanation for this phenomenon. This theory 
proposes that as fluid is flowing through a porous 
medium, a portion of the fluid flows to a side cavity, 
becomes stagnant,.and gains or loses heat faster than 
the companion passing fluid. At some later time this 
fluid leaves the stagnant zone and mingles with the



bulk fluid and either gives up or gathers heat. The 
data collected for axial mass Peclet Numbers are 
sufficient to verify that such a term exists and has 
a value of 2.

Deans and Lapidus (5) and many others have 
assumed the equivalency of mass axial Peclet Numbers 
with axial heat Peclet Numbers and assigned a value 
of 2 to it, also.

Others (9) have pointed out that heat Peclet 
Numbers may be 25 percent lower in value than mass 
Peclet Numbers in the radial direction.

For.purposes of this work, initial computational 
tests were made using a radial Peclet Number of 12 and 
an axial Peclet Number of 2.



EXPERIMENTAL EQUIPMENT

General Arrangement. The general arrangement 
of equipment for this study is shown in Figure 1. The 
major items in the system included an air dryer, flow
meter, furnace, reactor and a recorder.

Dryer. This equipment was a two-element. Model 
BAG 40, Lectrodryer, made by MeGraw Edison Co. The 
dessicant was rejuvenated in one element, heated elec
trically, while the second element was being used.

Flowmeter. The air flow measuring device was 
an FP 8-4 flowmeter, made by Fischer and Porter. The 
flowmeter had been previously calibrated by Pyzel (21) 
and his mass flow calibration values were used through
out this study.

Furnace. Air was heated by a 6KW horizontal 
tube furnace.

Reactor. The reactor details are shown in 
Figure 2. Air was furnished from the furnace through 
a 1-1/2 inch steel pipe. The connecting pipe was 
insulated with 1 inch of wrapped asbestos. The over
all height of the reactor was 13 inches, with an I.D. 
of 3.22 inches, an O.D. of 5.62 inches. Included in
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the overall diameter was a 3/4 inch steam jacket. All 
portions of the reactor, jacket and fittings were of 
low carbon steel which were joined by either electric 
arc welding or brazing. At the base of the reactor, 
internally, was located a 2.25 inch long tapered ceramic 
tube. This cone, with the large 3.2 inch opening facing 
up, served to reduce turbulence in the air flow due to 
the enlargement from the 1-1/2 inch inlet. Positioned 
on top of the cone was a 3.22 inch diameter screen 
which served as a bed support as well as an air diffuser.

The bed was composed of a prepack layer, located 
just above the screen, and predetermined heights of 
catalyst pellets. The prepack was made of crushed red 
house brick. Available bed height above the prepack 
was nine inches.

Catalyst. The material used for the bed, as 
catalyst (which, in these experiments, was assumed 
inert), was Aero SA obtained from the American Cyanamid 
Company. This catalyst is used commercially for con
verting sulfur dioxide to sulfur trioxide and contains 
as its active ingredient vanadium pentoxide. The catalyst 
configuration was a cylindrical pellet 0.318 inches in 
diameter and 0.220 inches long. The average weight of
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pellets was 0.305 grams„ Fifteen pellets were weighed 
and values averaged. An average packing density of
0.62 grams per cubic centimeter was determined by 
measurement.

Recorder. A Speedomax Model "G" Recorder was 
used to record temperatures. This instrument was built 
by Leeds and Northrup Company and was modified in such 
a manner that it was a universal instrument capable 
of accepting any standard thermocouple combination.
The working range for iron-constantan was set at 200° F 
to 800° F. Fifteen points were available for recording 
at a rate of one complete cycle per minute.

Thermocouples and Holder. Thermocouples were 
made by heli-arc welding twisted pairs of number 30 
gauge iron-constantan wire. All thermocouples were 
checked microscopically for flaws or imperfect welds 
prior to use. Thermocouple leads were protected with 
an individual coating of asbestos and overall common 
glass braid. Connection with the recorder was made 
through a phenolic circuit board located near the reactor. 
The length of the thermocouple leads was approximately 
30 inches and attachment of the leads to the circuit 
board was made by screws. The circuit board was connected 
to the recorder through thermocouple extension wire.



The thermocouples were calibrated prior to use 
and at the completion of each run. Calibration con
sisted of immersing the thermocouples in hot peanut 
oil at several temperatures and comparing the values 
read from the recorder to those on a glass bulb thermo
meter. Three readings were made at each temperature 
setting to verify that steady state was achieved.

A special all-steel thermocouple holder, shown 
in Figure 3, was built for this study. Assembly of 
the individual parts was done by brazing. Ceramic 
ferrules, which insulated the thermocouples from the 
holder, were installed in the holder with ceramic cement 
as were the thermocouples in the individual ferrules. 
Thermocouple beads were positioned 0.005 inches back 
from the ferrule opening to prevent contact with the 
catalyst and to minimize the radiation heat contribu
tions from neighboring pellets or the reactor wall.
Bars were attached to the holder to insure positioning. 
The central support was a threaded 3/16 inch rod which 
provided accurate positioning for depth while permitting 
easy removal and adjustment. A depth indicator and 
scale located at the top were incorporated to permit 
quick verification of thermocouple insertion depth
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without necessitating catalyst removal, The holder 
was built so that thermocouples were not only located 
at 0.207 inch radial increments, but also at several 
angular positions around the bed, thus angular tempera
ture values were also measured simultaneously with 
the radial values.



EXPERIMENTAL PROCEDURE

Numerous runs were made to establish the 
operational parameters of the equipment, prior to 
beginning the runs reported. These studies included 
initial measurements of temperatures to develop fur
nace set points and to determine the time involved 
for the reactor to reach a stable temperature. Addi
tionally, an evaluation was made regarding whether 
thermocouples became trial functional due to contamination.

Trial run temperature data collected showed 
that a minimum of two hours was required to reach steady 
state from start up at ambient temperature. One hour 
was required for temperature stabilization at high 
flow levels (202 ft^/hr.) and a period of two hours 
was required at low flow (60 ft^/hr.).

Three runs were made, an initial run and two 
replicate runs. A run consisted of measuring tempera
tures at eight radial positions, at two flow levels, 
two temperature values, and at six bed heights. . A 
total of 72 settings were involved per run. A typical 
run was made by the following procedure.' Thermocouples 
were carefully positioned over the prepack permitting
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a 0.005 inch clearance. Catalyst pellets were then 
introduced to a depth of 1-3/4 inches above the 
thermocouples. This was necessary since measurement 
of temperatures in trial runs proved that consider
able temperature measurement error was introduced when 
thermocouples were exposed to convective air flow 
above the bed.

The furnace controls were adjusted to the pre
viously determined set point and air was introduced 
at a 60 ft^ flow rate. Simultaneously, steam flow was 
introduced to the reactor cooling jacket. Steam pres
sure was maintained at 42 psig (287° F) throughout 
this study. The electrodryer unit used to furnish dry 
air had been rejuvenated for a minimum of twenty-four 
hours prior to each run.

The set point on the PyroVane furnace controller 
was adjustable to no greater accuracy than + 5 degrees 
centigrade. Final adjustment was made manually by 
making small compensations for temperature differences 
recorded by the monitoring thermocouple (Figure 2).

Bed temperatures were recorded after steady 
state was achieved. A stable condition was established 
based on no change in temperature values after 6-7 cycles



(6-7 minutes)„ It had been found in initial studies, 
that 6-7 cycles with no change were comparable to longer 
periods (15 minutes) with no value change and, hence, 
indicated minimum values for steady state.

For the next temperature setting, the furnace 
set point was changed as was the air flow to a high 
flow setting (202 ft^/hr.). Furnace settings identi
cal to the low flow conditions could not be used since 
bed center temperatures rose considerably above 400° F.
A lower set point was established. When readings were 
completed at the high flow condition, the set points 
were changed to 600° F and 60 ft^/hr. flow. Finally, 
after the temperature values were recorded, set points 
were again altered to produce the condition of 600° F 
bed temperature and 202 ft^/air flow. This completed a 
determination at a particular axial position in the 
bed.

Catalyst pellets were withdrawn to permit 
removal of the thermocouples. A layer of catalyst one 
inch thick was introduced and the thermocouples rein
stalled. Care was taken to position the thermocouples 
in the same angular orientation as used in the initial 
level. Finally, 1-3/4 inches of overpack was added



and an identical procedure for stabilizations, record
ings, and system of set point changes were performed 
as in the initial case. This procedure was repeated 
until the total 5 inch length of the bed was traversed.

Temperatures were also recorded for various 
angular positions to determine bed symmetry. The angu
lar positions measured are shown in Figure 3.

Temperatures of steam output and air input were 
monitored constantly throughout the work.

Calibration of the thermocouples after each 
complete run proved that initial concern regarding 
contamination problems was unwarranted. However, the 
procedure of sandblasting the thermocouple beads after 
each run was inaugurated as a precautionary measure, 
in the event the sample for the contamination study 
was inadequate. Wide variations in temperature values 
were found to be largely due to slight variations in 
thermocouple positioning in the radial direction rather 
than malfunctioning thermocouples.

Thermocouple calibration was done prior to and 
subsequent to all complete runs. Calibration was per
formed in peanut oil using several different tempera
tures. The thermocouple temperatures displayed on the



Speedomax recorder were compared to temperatures taken 
from a glass bulb partial immersion thermometer. The 
glass bulb thermometer was calibrated in a Bureau of 
Standards instrument. The glass thermometer checked 
with the Bureau of Standards instrument within 0.5° F.
A 0.5 degree check was also obtained when recorded 
thermocouple values were compared with those of the 
glass bulb thermometer.

An attempt was made to measure Inside wall 
temperatures at the completion of the run. Data showed 
larger scatter than those reported in the three runs, 
and therefore was not used.



COMPUTATIONAL PROCEDURE

Selected portions of a digital computer program
developed and tested by Heibel (13) were used for this 
work. Heibel (13) reported on an extensive literature 
search for methods of solution for the set of partial 
differential equations involved in a reaction in a 
packed bed. Deans and Lapidus (8) reported a solution 
was not possible by ordinary computational means. Heibel 
coupled the two equations through the reaction genera
tion term and computed solutions for an SO^ to SCy 
system, using finite difference iterative forms.

The temperature portion of Heibel1s program 
was used in this work after removal of the generation 
and accumulation terms. This is in exact agreement 
with equation (6).

the partial differential equation (6) utilized the 
following substitutions:

The finite difference form of a solution for

T(L,M+l) - 2T (M,L) + T(L.M-l)
(Ax)2

(7)
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ci>2T T(L+1, M) - 2T(L,M) + T(L-1,M) 
dr2 (Ar)2

6 T = T(L,M+1) - T(L,M-l)
^ x 2Ax

d T  _ T(Lfl,M) - T(L-laM). 
15r 2Ar

Substituting these values in equation (6) resulted in 
equation (ll).

1 T(L,M-f 1) - 2T(IfM) 4- T(L,M+1)
Pex Ax2

1 T(Lfl,M) - 2T(L,M) + T(L-1,M) 
Per Ar2

1 T(Lfl.M) - T(L-l.M)
Per,r 2Ar

T(L,M+l) - T(L,M-1) = 0
2Ax



In order to simplify the form of equation (11) for 
computational use, various terms were combined in 
coefficients as follows:

41 ■ sj? ■ * (i2>
*= - ^  <»)

B! - ni? - *
°2 " S 7 7  + ^  1151r

C1 =  ^~~2 +   — 2 (16)1 Pe Ak Pe Arx r

By transposing equation (ll) and dividing through by 
(Ĉ ), the coefficient of T(L,M), equation (17) was 
obtained.

T(L,M) = 1/C1 (A1(T(L,M+1)) + A2(T(L,M-l)) +

B1(T(lzH,M)) + B2(T(L-1,M))) (17)

This equation was used for implementation of the initial 
computational program.



The program for the solution of equation (17) 
was composed of a main program and the following sub
routines:

1. SETUP was used to read in the laboratory 
data.

2. MODEL was used to predict the temperature 
profile and to examine the profile for 
rate of convergence to the measured data.

3. SQERR was used to examine least squares 
fit between data and the computed model.

4. SRCH was used to select new Peclet Numbers 
for better agreement between the data and 
the temperatures computed by MODEL.

Boundary conditions were introduced using 
actual data points, i.e., feed, exit, and the wall 
temperatures were introduced from measured data. The 
eighth radial position from the wall was located 0.103 
inches (1/2 Ar spacing) from the centerline. A ninth 
row, identical in value to row eight, was introduced 
1/2 Ar distance across the centerline to produce a zero 
flux boundary at the centerline.

Peclet Numbers were used as constant values 
throughout the bed in initial tests. An axial Peclet
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Number of 2 and a radial Peclet Number of 12 were 
used.

Computation started at the wall at the feed 
end of the bed and progressed inward to the centerline.
Then one step was taken towards the exit in the axial 
direction and the computational procedure progressed 
as before. Computation continued until the exit was 
reached.

Initially, the starting point was established 
for all internal values of the bed as an average tem
perature. This average temperature involved the 
numerical summation and average of the third axial 
and the fourth radial rows of values. As computational 
results were obtained, it was decided to change the 
program so that all internal starting points were 
actual measured values taken from the data.

Lack of success with the first finite difference 
solution for the mathematical model led to the trial of 
a second solution. This solution was similar to 
equation (I?) with the exception that a mixed finite 
difference form was used. Equations (9) and (10) were 
replaced with the backward difference forms, equations 
(18) and (19).
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■fi . T(L,«) ->I(L,MH) (18,

-If - (19)

Coefficients were grouped in a slightly different 
manner than equations (12), (13), (14), (15), and (16), 
and are shown below:

Ai = h

A2 = (1//Pex) / (Ax)2

*3 = (VPer) / (Ar)2

A4 = ( lAer) / (Ar)(r)

= - 2Ag - 2Â  + A^ - Â

B2 = A2 + A1 

B3 = A3 " AA •

The computational form of the equation became equation
(20).
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T(L,M) = 1/B1(-A2(T(L,M+1))

b 2(t (l ,m+i )) - b 3(t (l -i ,m ))

A3(T(LH-1,M)) . (20)

Referring to equations (12-16), it was noted that the 
magnitude of the coefficients had changed. The (l/2Ax) 
and (l/2Ar) terms had disappeared. These terms in equa
tions (12-16) were large in value. Implementation of 
equation (20) met with a better degree of success, 
principally because of the reduction in coefficient 
size. To reduce rate of convergence, the program was 
changed to calculate values starting at the cold end 
of the reactor and proceeding towards the hot end, 
calculating by axial row. Further improvement was 
noted in the data and a complete run was made using
all data sets.

\

A copy of the program implementing the second 
computational method can be found in Appendix B.

Computation was conducted on the IBM 7072-1401 
system in the Numerical Analysis Laboratory at the 
University of Arizona. The Fortran Language System 
was used.



EXPERIMENTAL RESULTS AND DISCUSSION

Laboratory data was summarized and can be found 
in tabular form as part of Appendix A in Tables 2, 3>
4# and 5« This data includes an initial run and two 
replicate runs. Every effort was made to achieve iden
tical temperature and control settings in the replicate 
runs to those in the original. Effort was also made to 
pack and unpack the bed in both replicate runs in a 
manner identical to the original run.

Perhaps the greatest problem in the laboratory 
study was the exact radial positioning of the thermo
couples. The reactor proved to be slightly out of 
round and had some variation in parallelism in the 
axial dimension. Discrepancies in the radial position
ing of thermocouples were responsible for the variation 
in measured temperature values, particularly at points 
located near the wall. It was found that when.a 
successive run was made at a specific thermocouple 
position, without unpacking and repacking, excellent 
duplication of results (+2° F) was experienced. How
ever, when thermocouples were removed and reinstalled, 
a wider dispersion of values occurred, thus indicating
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exact replication had not been accomplished. Generally, 
it was found that tightly packed beds gave higher 
temperatures than loosely packed beds. Exact duplica
tion of the temperature near the wall was not always 
achieved in replicate runs, possibly due to a change 
in flow pattern as well as difficulty in locating the 
thermocouples properly.

Owing to the close spacing (0.207 inches) of 
adjacent thermocouples, some channeling may have 
occurred. The pellet diameter was 0.318 inches and 
therefore, one was too large to fit between neighbor
ing thermocouples and a path for radial flow may have 
existed. The effects of this flow were not considered 
significant for this work, since they occurred down
stream from the thermocouples and heat backflow was 
considered minimal.

The data collected are shown in Figures 4 through 
11 and show not only the radial temperature distribution, 
but the axial dispersion also. Point temperatures 
shown are the result of an arithmetic average of three 
sets of points. Curve fitting was accomplished by 
inspection. Figures 4, 6, 8, and 10 show point tempera
tures as a function of radial position at a particular



bed height. Figures 5, 7, 9, and 11 are graphic pre
sentations of temperature values as a function of bed 
height at particular radii.

Temperature profiles at low flow values pro
duced a curve essentially parabolic in shape. A 
decreased curvature was found near the exit of the 
bed. At high flow values, a flatter parabolic pro
file was found. At high flow, temperature values dis
played less scattering between data points. Closer 
examination of Figures 4, 6, 8, and 10 aroused some 
concern regarding the true nature of the profiles.
Point values of temperatures at r/r0 of 0.840 were 
always located below the smoothed curve, whereas the 
point values at temperature values for r/r of 0.711 
were always located above the smoothed curve. It 
might be possible that the nature of the curves should 
include a combination of a parabola at the center and 
an "s" shape as temperatures are plotted near the wall. 
Since the specific zone of interest is at about 1-1/2 
particles from the wall, the possibility of an anomaly 
certainly exists. This was the particular point in 
beds where many workers (16) pointed out the change in 
flow patterns and possible changes in effective thermal 
conductivities as a function of radial position.



A summary of modified Reynolds Numbers com
puted for the particular flow and temperature conditions 
of this work are presented in Table 1 to illustrate the 
limits of the study.

Results of a study of various angular point 
temperatures were evaluated by statistical means and 
the standard deviation of 5 points never exceeded 5.5° F, 
Therefore, the original assumption of angular symmetry 
of the bed was justified.



TABLE 1
SUMMARY OF MODIFIED REYNOLDS NUMBERS

Reynolds
Temperature o p Flow 

Pt3 / Hr.
Mass Flow 

lbs./(Hr.)(Ft )
Viscosity 

(Centlpoises)
Number 
N* re

400 60 86 .025 38
400 202 293 .025 129
600 60 86 .029 33
600 202 293 .029 111

u>
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Figure 7. Temperature Profiles, 400° F, 202 Ft^/Hr.
Airflow (Axial Direction)



TE
M

P
E

R
A

TU
R

E
 

(°
F

)
48

BED HEIGHT

600 -

550-

500 -

4 5 0 -

400-

3 5 0 -

3 0 0
.968 .8 4 0 711 582 .453 .325 .198 .067

r / r 0 (FRACTION RADIUS)

Figure 8. Temperature Profiles, 600° F, 60 Ft^/Hr.
Airflow (Radial Direction)

C
E

N
T

E
R

L
IN

E



T
E

M
P

E
R

A
T

U
R

E
 

(° 
F

)

49

r / r

.067
.198
325

.453

.582

5 2 5 - . 8 4 0  
.968

4 7 5 -

4 2 5 -

375-

325-

0 2 3 4

BED HEIGHT (INCHES)

Figure 9. Temperature Profiles, 600° F, 60 Ft^/Hr. 
Airflow (Axial Direction)



TE
M

P
E

R
A

T
U

R
E

 
(°

F
)

50

BED LENGTH

6 0 0 -

550 -

5 0 0 -

450-

4 0 0 -

.0 6 7. 198.325.582 .453.840 .711.968

r / r 0 (FRACTION OF RADIUS)

Figure 10. Temperature Profiles, 600° F, 202 Ft^/Hr.
Airflow (Radial Direction)

CE
N

TE
R

 
L

IN
E



T
E

M
P

E
R

A
T

U
R

E
 

(° 
F

)

51

r / r  o 

•  .0 6 7

. 325 

.4 5 36 0 0 -

. 582

. 840  

.9 6 8
5 5 0 -

500-

4 5 0 -

4 0 0 -

3 5 0 -

2 3 4 5

BED HEIGHT ( INCHES )

Figure 11. Temperature Profiles, 600° F, 202 Ft^/Hr.
Airflow (Axial Direction)

xe'



COMPUTATIONAL RESULTS AND DISCUSSION

The results of solving equation (6) using the 
implementation given by equation (17) were not reported 
in this work„ The mathematical model failed to con
verge to the measured data. Various alterations were 
made to the program but with only minor improvements.
The calculation procedure was changed so that an axial 
profile was calculated sequentially rather than a radial 
profile, but only a small improvement was noted. This 
was tried since the spacing in the radial direction 
was 0.0207 inches, whereas in the axial direction the 
temperature points were 1.0 inches apart. It was 
believed that calculation in the axial direction might 
reduce the influence of unequal spacing.

A modulus - BETA was introduced as part of the 
main calculation statement. BETA controlled the error 
feedback. For a BETA on the order of 0.05 and larger, 
the solution did not converge and the program would 
iterate until a preset maximum number of iterations 
was met. If BETA were given a smaller value, no itera
tions would occur because the rate of change of tempera
tures was below the convergence criterion. This meant

52



that insufficient correction was applied and the
criterion had been met by a set of incorrect answers.
Changes were also made in the radial Peclet Number.
Not only were new values used which were constant 
over the bed, but also Peclet Numbers were tried which 
were a linear or exponential function of radial posi
tion. Results varied from test to test, but in no case 
were promising results found.

Closer examination of the values of the various 
coefficients of equation (17) revealed that the first 
partial derivative in the axial direction always carried 
a negative sign. As a general rule, in finite differ
ence solutions, a negative value grouped with positive 
values leads to instability. Also the size of the 
coefficients of the terms that form the cruciform for 
calculating the center point had values that varied up 
to six-fold from one to the next. This' can lead to 
substantial instability; i.e., if one value contains 
an error due to measurement of 10 degrees and has a 
coefficient of 6, the contribution of the error will 
be magnified as compared with the point which has a 
coefficient of unity. For these reasons it was neces
sary to go to a new finite difference form.



Examination of the coefficients for the second 
finite difference form revealed the values to be uni
formly less than 1.0 and all were of the same sign. 
Testing of this form of solution did result in values 
showing slower divergence. Data from typical runs are 
shown in Figures 12, 13, 14, and 15. A curve, shaped 
convex upward, with axial position from feed to exit, 
was found. The characteristic shape developed may be 
explained based on the difference quotients employed. 
Since the backward difference form was used, it resulted 
in a tendency of the solution to couple to the starting 
boundary condition rather than the terminating boundary 
conditions, thus, the higher values of the feed tended 
to overweigh the lower values at the exit.
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CONCLUSIONS

It was found that accurate temperature measure
ments could be taken In a non-reactive packed bed. No
instability was discovered in the operation of the 
packed bed and steady state was accomplished.

It was also found that a mathematical model,
generated by classical means to represent the events 
in a non-reactive packed bed, could not be solved 
satisfactorily by normal computational means. Hence, 
work on searching for empirical effective radial and 
axial thermal conductivities could not be undertaken.
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RECOMMENDATIONS

Measurement techniques might be improved by- 
selecting a radial spacing for thermocouples that 
exceeded the catalyst size so that the possibility of 
channeling would not occur.

The computer program implemented for this work 
may lead to a successful computation provided changes 
are made„ A suggested method is to solve equation (20) 
by calculating alternately from the feed end of the 
reactor to the exit and then to reverse the procedure 
and solve from the exit progressing toward the feed. 
This systematic reversal of computational routine 
would tend to equalize the coupling influence of the 
backward difference solution between the feed and the 
exit.
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TABLE 2 

Nomenclature

cp Specific Heat of Fluids, BTU/Lb. 0 F

DP- Diameter of Catalyst Particles, Ft.

Dt Diameter of Reactor (I.D.), Ft.
G Mass Velocity of Gas, Lbs./Hr. Ft2
h Film Heat Transfer Coefficient, 

BTU/Hr. Ft2 ° F
k Thermal Conductivity

kr = Thermal Conductivity, Radial

kx Thermal Conductivity, Axial

Ke = Effective Thermal Conductivity

/ ■
Length of Bed, Ft.

N're = Modified Reynolds Number, (G Dp/̂ /U-)
<D04 Radial Heat Peclet Number

Pem Mass Flow Peclet Number

Per Radial Peclet Number

Pex Axial Peclet Number

qr Heat Flow at Radius r

qx Heat Flow at Radius x
T Temperature at Any Point, F
To Temperature at Entrance, F
Ar 1 Radial Increment
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TABLE 2 - -Cotrblnued

Ax = 1 Axial Step
/6c = Fluid Viscosity, Centipoises
x1 = Normalized Axial Increment, x/D ,̂ Ft.
r1 => Normalized Radial Increment, r/D^, Ft.
r0 = Tube Radius,0.134 Ft.
L = Radial Increments
M = Axial Increments
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TABLE 3 

TEMPERATURE SUMMARY 
400° P AIRFLOW 60 FT3/HR. COOLANT 42PSIG STEAM

(TEMPERATURE ° F)

RADIAL POSITION (r/rQ)
INCHES GRAMS G

\ 00 .840 .711 CMCOtn .453 .325 .198 .067

0 0 .
Run 1 

. Run 2 
Run 3

332
326
321

345341
333

365358
354

378
373368

386
385
376

389
388
385

396
395392

399398
393

Avg.... 326 339 359 373 382 387 394 396

1 72
Run 1 
Run 2 
Run 3

312
312
300

320
323316

334
336
336

345
348
352

353
356
358

361
362 
365

368
367
372

372
373 
375

Avg. ... 308 320 335 348 355 363 369 373

2 144
Run 1 
Run 2 
Run 3

295
2952^0

307
303
303

320
318
321

330
332
332

335
337341

341
343345

348
352
353

350
355
357

Avg. 293 304 320 331 338 343 351 354

3 216
Run 1 
Run 2 
Run 3

287
287
284

295
295298

309308
309

318
318
317

322
324
322

325
331
329

331
335
333

333338
337

Avg. 286 296 309 318 323 328 333 336

4 288
Run 1 
Run 2 
Run 3

283
277
275

292
285
285

302
297
293

308
305301

313312
308

315
315312

322
322
318

325324
320

Avg. 278 287 297 305 311 314 321 323

5 360
Run 1 
Run 2 
Run 3

278
272
270

287282
278

295287
287

302
296
293

306
303298

310
304
303

314
309306

317310
308

Avg. 27 3 282 290 297 302 306 310 312_
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TABLE 4

TEMPERATURE SUMMARY
400° F, AIRFLOW 202 FT3, COOLANT 42PSIG STEAM

(TEMPERATURE ° F)
BED

HEIGHT RADIAL POSITION (r/r0)
INCHES GRAMS .968 .840 .711 .582 '.453 .325 .198 .067

0 0
Run 1 
Run 2 
Run 3

342
343 332

357
356
348

376
370
372

387382
383

392
392388

393
392
393

396
396
397

398
398
399

Avg. 339 354 373 384 389 393 396 398

1 72
Run 1 
Run 2 
Run 3

330
328
318

347
343
337

353
358
356

366
368
372

376
378
378

383
383
383

387
388 
389

389
390 
392

Avg. 325 342 356 369 377 383 388 390

2 144
Run 1 
Run 2 
Run 3

3X5
311
312

330
323329

348
343348

360
358
360

367
367
369

372
373 
375

378
379 381

383 382
384

Avg. 313 327 346 359 366 373 379 383

3 216
Run 1 
Run 2 
Run 3

307308 
308

322
321
323

340
340
342

352
353 
352

361
361
357

364
369
363

372
374
370

374
377372

Avg. 308 322 341 352 359 365 372 374

4 288
Run 1 
Run 2 
Run 3

303302
300

316
312
316

330
332
327

340
343
337

348
352
347

352
355
352

360
364
362

363 368
364

Avg. 302 315 330 340 348 353 362 365

5 360
Run 1 
Run 2 
Run 3

303
295
293

313308
308

323 
317324

333328
332

342
342
340

345 
343346

352
352
353

353
354
359

Avg. 297 310 321 331 340 345 352 354



TABLE 5
TEMPERATURE SUMMARY

600° F, AIRFLOW 60 FT3/HR., COOLANT 42PSI0 STEAM
(TEMPERATURE ° F)

BED
HEIGHT RADIAL POSITION (r/rx ' 0)
INCHES GRAMS .968 .840 .711 .582 .453 .325 .198 .067

0 0
Run 1 
Run 2 
Run 3

438
425422

473
463
451

519506
502

551
543
534

568
568
552

576
575
576

589
592588

598
597
593

Avg. 428 462 509 543 564 577 590 596

1 72
Run 1 
Run 2 
Run 3

394
390370

416
418
412

448
452
454

475482
488

492
495507

509
510 
526

526
527 545

533548
548

Avg. 385 415 451 482 498 515 533 539

2 144
Run 1 
Run 2 
Run 3

357
355341

385
377
377

414
412
410

438
438
436

448
453
456

462
466
468

478
482
483

482
490
492

Avg. 351 380 412 437 452 465 481 488

3 216
Run 1 
Run 2 
Run 3

335
332334

356
353369

386
383
392

406
404
411

416
417 
422

423432
438

436
440
446

438
448
452

Avg. 334 349 387 407 418 431 441 446

4 288
Run 1 
Run 2 
Run 3

323
315
315

342
335
338

361
357
357

376
376
374

387
390
386

393
397
398

405
411
412

411
416
415

AY£,_.__. 316 338 358 37? 388 396 409 4l4
Run 1 315 332 346 361 370 37 8 386 389

5 360 Run 2 305 322 338 356 370 375 385 387
Run 3 302 323 342 353 365 375 383



TABLE 6
TEMPERATURE SUMMARY

600° F, AIRFLOW 202 FT3/HR., COOLANT 42PSIG STEAM
(TEMPERATURE 0 F)

BED
HEIGHT RADIAL POSITION (r/r0)
INCHES GRAMS .968 .840 .711 .582 .453 .325 .198 .067

0 0
Run 1 
Run 2 
Run 3

465
464
455

500
497
473

552
533534

573
574 
572

584
587
578

588
588
587

596
598
596

599600 
598

. Avg. 461 490 540 573 583 588 597 599

1 76
Run 1 
Run 2 
Run 3

439428
413

461
467
453

495498
495

527530
536

552552
552

564
562
566

576
573580

582
578
583

Avg. 427 460 496 531 552 564 576 581

2 144
Run 1 
Run 2 
Run 3

401
393
387

437420
437

477
473
477

509508
507

525528
528

539542
539

553
557556

561
563
563

Avg. 394 431 476 508 527 540 555 562

3 216
Run 1 
Run 2 
Run 3

377374
376

413421
437

453460
474

482
490
492

498
504
503

512
525521

528
535
535

530
540
539

Avg. 376 424 462 488 502 519 533 536

4 288
Run 1 
Run 2 
Run 3

376
374
368

409
397
407

443440
429

471464
454

482
484
479

489
493
493

508
515512

516
522
515

Avg. 373 404 437 463 482 492 512 518

5 360
Run 1 
Run 2 
Run 3

375
363
352

401
390
385

426
413
425

435440
440

46g
470
457

483
478
475

495
493490

498
498
495

_ Avg._ 363 392 421 438 465 479 493 497



APPENDIX B



COMPILE FORTRAN,EXECUTE FORTRAN
69

SUBROUTINE SETUP (DATA,PROFl)
COMMON PEX,PER,DELPE,EPS,TW,TF1,TE,ATITL,SQERR,DELX, 
1DELR
DIMENSION DATA1(9,6), DATA2(9,6), DATA3(9,6), PROFl(9 
1,6), TW(6), TE(9), TF1(9), DATA(9,6)

GO

READ 1, ATITL 
11 FORMAT(A5)

PRINT 1, ATITL 
READ 2, K 
PRINT 2, K

2 FORMAT (15)
READ 105, PEX,PER,DELPE,EPS 
PRINT 105, PEX,PER,DELPE,EPS 
IF(K) 3, 3, 4

3 J=1
GO TO 10

4 IF(K-l) 5,5,6
5 J=0

K=l, READ 3 SETS AND AVERAGE

PRINT 106 
DO 7 L=l,9
READ 105, (DATA1(L,M),M=1, 6)

7 PRINT 105, (DATA1(L,M),M = 1, 6)
PRINT 106



DO 8 L = I, 9
READ 105, (DATA2(L,M),M = 1, 6)

8 PRINT 105, (DATA2(L,M),M = 1, 6)
PRINT 106
DO 9 L = 1, 9
READ 105, (DATA3(L,M),M = 1, 6)

9 PRINT 105, (DATA3(L,M),M = 1, 6)
GO TO 20

6 DO 11 L = 1, 9 
11 READ 105, (DATA(L,M),M = 1, 6)

PRINT 105, (DATA(L,M),M = 1, 6)
GO TO 29

20 DO 21 L = 1, 9
DO 21 M = 1, 6

21 DATA(L,M) = (DATAl(L,M) + DATA2(L,M) + DATA3(L,M)) 
1/3.0

K = 1, PRINT ALL SETS AND AVERAGES

PRINT 106 
10 DO 22 L = 1, 9
22 PRINT 105, (DATA(L,M),M = 1, 6)
105 F0RMAT(6F10.4)
106 FORMAT(1H0)

LOAD BOUNDARY CONDITIONS EVERYTHING IS IN DATA

29 CONTINUE
DO 30 L = 1, 9 
TE(L) = DATA(L,6)

30 TFl(L) = DATA(L,1)



DO 31 M = 1, 6 
31 TW(M) = DATA(l,M)

71

INITIALIZE PROF1

Z = (DATA(A,1) + DATA(4,6))/2.0 
DO 32 L = 1, 9
DO 32 M = 1, 6

32 PROFl(L.M) = Z 
DO 33 L = 1, 9
DO 33 M = 1, 6

33 PROFl(L,M) = DATA(L,M)
RETURN
END
SUBROUTINE SRCH(DATA,P ROF1)
COMMON PEX,PER,DELPE,EPS,TO,TF1,TE,ATITL,SQERR,DELX, 
1DELR
DIMENSION PROFl(9,6), DATA(9,G), TO(6), TE(9), TF1 
1(9)
PRINT 57 

57 FORMAT(/,12H SRCH CALLED,//)

INITIALIZE

11 = 0
12 = 0 
13 = 0
14 = 0
15 =  0



EXAMINE SQUARE TOTAL ERROR

CALL MODEL(PROFl)
CALL SQER(PROF1,DATA,SQ,DEVX,DEVM) 
SQB = SQ

TEST

IF(SQB-.OOl) 1, 1, 2
1 GO TO 100
2 CONTINUE
3 PER = PER + DELPE 
CALL MODEL(PROFl)
CALL SQER(PR0F1,DATA,SQ1,DEVL,DEVM) 
IF(SQ1 - SQB) 4, 4, 6

4 SQB = SQ1
11 = 11+1 
GO TO 3

6 PER = PER - DELPE 
CALL MODEL(PROFl)
CALL SQER(PR0F1,DATA,SQ2,DEVL,DEVM) 
IF(SQ2 - SQB) 7, 7, 8

7 SQB = SQ2
12 = 12 +  1 
GO TO 6

8 PEX = PEX + DELPE 
CALL MODEL(PROFl)
CALL SQER(PR0F1,DATA,SQ3,DEVL,DEVM) 
IF(SQ3 - SQB) 9, 9, 11

9 SQB = SQ3
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13 = 13 + 1 
GO TO 8

11 PEX = PEX - DELPE 
CALL MODEL(PROF1)
CALL SQER(PROF1,DATA,SQA,DEVL,DEVM) 
IF(SQ4 - SQB) 12, 12, 14

12 SQB = SQ4
14 « 14 + 1 
GO TO 11

14 IF(I5) 15, 15, 16
15 A = SQB

15 = 15 + 1 
GO TO 3

16 IF(DELPE - .001) 17, 17, 18
17 GO TO 100
18 IF(SQB - A) 19, 20, 20
19 A = SQB

15 = 15 + 1 
GO TO 3

20 15 =  0
DELPE = DELPE/10.0 
GO TO 3

100 PRINT 101
101 FORMAT(1H2)

PRINT 102
102 FORMAT(//,30X,20H PECLET SEARCH ENDED,) 

PRINT 103, II, 12, 13, 14, 15, ATITL
103 F0RMAT(/,10X,5(I5,10X),A5)

PRINT 104, PEX,PER,DELPE
104 F0RMAT(20X,3F15.5)



7h

DO 105 L = l, 9
105 PRINT 106, (PR0F1(L,M),M = 1, 6)
106 F0RMAT(10X,6F15.4)

PRINT 10?
107 FORMAT(////,30X,5H DATA,//)

DO 108 L = 1, 9
108 PRINT 106, (DATA(L,M),M = 1, 6)

PRINT 109, DEVL, DEVM
109 F0RMAT(10X,2F15.5)

RETURN
END
SUBROUTINE SQER(PR0F1,DATA,SQ,DEVL,DEVM)
COMMON PEX,PER,DELPE,EPS,TW,TF1,TE,ATITL,SQERR,DELX, 
1DELR
DIMENSION PR0F1(9,6), DATA(9,6), TW(6), TE(g), TF1
1(9)
PRINT 1

1 F0RMAT(/,20X,12H SQER CALLED,)

INITIALIZE

SUM1 = 0 
SUM2 = 0 
SUM3 = 0

SQUARE ERROR

DO 2 L = 1, 9
DO 2 M = 1, 6 

2 SUM1 = SIM1 + ((PROPl(L,M) - DATA(L,M))**2)
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SQ = SUM1 
SQERR = SQ

RADIAL DEVIATION

DO 3 L = 1, 9
3 SUM2 = SUM2 + (PROFl(L,3) - DATA(L,3))
DEVL = SUM2

LONGITUDINAL DEVIATION

DO 4 M = 1, 6
4 SUM3 = SUM3 + (PROFl(4,M) - DATA(L,M))**2)
DEVM = SUM3
PRINT 5, SQ, DEVL, DEVM

5 FORMAT(30X,3F15.5,/)
RETURN
END
SUBROUTINE MODEL(PROFl)
COMMON PEX,PER,DELPE,EPS,TW,TF1,TE,ATITL,SQERR,DELX 
1DELR
DIMENSION TF1(9), TW(6), TE(9), PROFl(9,6), T(9,6) 
1,TT(9,6) .
PRINT 57

57 FORMAT(/,13H MODEL CALLED,//)

LOAD T ARRAY FROM PROF1 

PRINT 19

1 = 0
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DO 1 M = 1, 6 
DO 1 L = 1, g 

1 T(L,M) = PROFl(L,M)
DO 620 L = 1, 9 

620 PRINT 17, (T(L,M),M = 1, 6)

RESET BOUNDARY CONDITIONS 

CALC COEPP

DELX = 0.0833/0.0208 
DELR = 0.0173/0.0208 
PRINT 58

58 F0RMAT(/,14H I AM AT M 100,//)
100 K = 0

DO 5 L = 2, 8 
DO 5 MM = 2,5 
PD = 8 - L
R = (0.0173*FD+0.00865)/0.0208
A1 = 1.0/DELX
A2 = (1.0/PEX)/(DELX**2)
A3 = (1.0/PER)/(DELR**2)
A4 = (1.0/PER)/(DELR*R)
B1 = -(2.0*A2) - (2.0*A3) + A4 - A1 
B2 = A2 + A1 
B3 = A3 - A4 
M = 7-MM
TT(L,M) = (1.0/Bl)*(-A2*T(L,M+l) - B2*T(L,M-l) - 
1 B3*T(L-1,M) - A3*T(L+1,M))



TT(L,M) = T(L,M) + 0.03*(TT(L,M) - T(L,
5 CONTINUE
PRINT 99, DELX, DELR, PEX, PER 
PRINT 99, Al,A2,A3,Aft,BI,B2,B3 

99 FORMAT(7E15.5)
DO 55 M = 1, 6 

55 TT( 9,M) = TT( 8,M )
DO 61 L = 1, 9 
TT(L,6) = T(L,6)

61 TT(L,1) = T(L,1)
DO 62 M = 1, 6

62 TT(1,M) = T(1,M)
DO 161 L = 1, 9

161 PRINT 17, (TT(L,M),M = 1, 6)

CALCULATE ERROR

0 =  0,0 
DO 8 M = 1, 6 
DO 8 L = 1, 9
DIF1 = ABSF((TT(L,M)-T(L,M))/TT(L,M)) 
IF(DIF1 - EPS) 6, 6, 7

6 GO TO 8
7 K = 1
8 Q = Q + DIF1**2 
PRINT 59

59 FORMAT(10H I AM AT 8,3H Q=,E15.4)

BRANCH ON ERROR CRITERION UNSATISFIED

IF(K) 11, 11, 9
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9 DO 10 M = 1, 6
DO 10 L = 1, 9

10 T(L,M) = TT(L,M)
1 =  1 + 1
PRINT 60

60 FORMAT(25H I AM GOING BACK TO N 100)
IF(1-200)112,112,30 

112 GO TO 100
30 PRINT 31,1
31 F0RMAT(/,13H N 10 + 2, I=,15,/)

ERROR CRITERION SATISFIED

11 DO 12 L = 1, 9
DO 12 M = 1, 6

12 PR0F1(L,M) = TT(L,M)

PUNT

PRINT 13
13 FORMAT(/,30X,19H MODEL CONVERGENCE )

PRINT 14, PEX, PER
14 F0RMAT(/,20X,26H LONGITUDINAL PECLET NO. =,Fl4.7, 
120H RADIAL PECLET NO. =,Fl4.7,/)

15 FORMAT(20X,20H TEMPERATURE PROFILE,/)
DO 16 L = 1, 9

16 PRINT 17, (PR0F1(L,M),M = 1, 6)
17 FORMAT(lOX,6F15.4)

PRINT 18, I
18 FORMAT(/,20X,14,11H ITERATIONS,)



19 F0RMAT(/,40X,13H MODEL CALLED )
RETURN
END
COMMON PEX,PER,DELPE,EPS,TW,TP1,TE,ATITL,SQERR,DELX 
1,DELR
DIMENSION DATA (9,6),PR0F1 (9,6), TFl(9), TE (9), 
1TW (6) '
DELR = 0.0173/0.0208 
DELX = 0.0833/0.0208 
CALL SETUP (DATA,PROFl)
CALL SRCH (DATA.PROFl)
STOP
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