- T

- e galie

. X ;
l* NationalLibrary
~of Canada ;

Canadian’ Theses Service |

Onawa: Canada

Bibliothéque nationale .
du Canada -

Services des théses canadiennes

CK1A ON4 -
». o -
P
CANADIAN THESES . THESES CANADIENNES
NOTICE AVIS

The quality of this microfiche is heavily dependent upon the La qualité de cette microhche dépend gr}andemem de la qualiteé
—~. quality of the original thesis submitted tor microtiiming. Every de 1a thése sournise au microfimage Nbus avons tout fait pour

effort has been made 10 ensure the highest quality of reproduc- assurer une quatité supérieure de reproduchion.

* tion possible. ~
-~ If pages are missing, contact the ursversity which granted the S'il manque des page'sf veulllez co;';;munlquer avec l'unwer-
degree. sité qu a conferé le grade ' . ‘

Some pages may have indistinct print especially if the original La qualité d'mpression de ceflainegs pages peut laisser 4
pages were typed with a poor typewriter ribbop or if the univer-  + désirer, surtout si les pages onginated ont ¢1é dactylographiées

sity sent us an inferior photocopy.

TR

5 a I'aide d'un ruban usé ou si l'umiversité nous a fail parveni
et .une photocopie de qualité inféneure

'Pféviouély copyrighted materials (journal 'zi'rtacles, pubhshed Les documents qui font déja ('objet d'un droit d'auteur (ariicles

tests, etc.) are not fimed.

de revue, examens publiés, elc') ne sont pas mucrofiimaes

_Reproduction in full or in part of this film 15 goveined by the La reproduction. méme partielle, de ce microfilm est soumise
Canadian Copyright Act, R.5.C 1970, ¢ C-30 4 la Lo canadienne sur le droit d'auteur, SRC 1870, ¢ C-30

\

Y

THIS DISSERTATION LA THESE A ETE

‘HAS BEEN MICROFILMED MICROFILMEE TELLE QUE

EXACTLY AS RECEIVED NOUS L'AVONS REGUE

NL-339ir B6/06)

Canadi



FLOW AND HEAT TRANSFER IN A DROP TUBE FURNACE

by

ROBERT J. FLAXMAN

A thesis
| presented to the University of Cttawa
tn fulfillment of the
thesis requirement for tha\degree of
Master of Applied Science
in
Mechanical Engineering

@ Robert 1. Flaxman, Ottawa, Canada, 1986,



Permission has been granted
to the Nationa}l Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

B

The author {copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without hils/her
written permission.

-

I 50BN

L'autorisation a 2t accordége
a2 la B8iplioth&gue nationale
du <Canada de microfilmer
cette th3se et de préter ou
de vendre des exemplalres dJdu
film.

L'auteur (titulaire du droilt
d'auteur) se re&serve les
autres droits de publication;
ni la thése ni ae longs
extralts de c¢elle-c1 ne
doivent @tre imprim&s ou
autrement reproduits sans son
autorisation 8crite.

B-315-33316-2



@_ UNIVERSITE D'OTTAWA
" | UNIVERSITY OF OTTAWA

L ————————



—

The University of Ottawa requires the signatures of all persons using * or
photocopying this thesis. Please sign below, and give address and date.



- g i . . - . -
-'."':
ot :
’ R— v -
B ~- - -;. .
=
r . .

n - ! L -

. ~
", @ . -

IS v
T . B .
N T - : ACKNOWLEDGEMENTS

l‘erLﬂd like to than‘k my supervisor Dr. William Hallett for_ approaching me with
thér‘research topic alnd ~for his encouiragement, guidance and aid throughout the
"r;ast two vyears. | Qou!d like to thank Mr. Pat Hughes of CANMET Research
'Laboratories for prOposing the reéearch subject and for all his assistance. |
would like to thank m\,-r _wife, Carol;lynne Pettit, for her patience ‘and
understanding during ;aH the late 'ni‘ghts and hweeke'nds spent in Colonel By

B203-F. | would also like to thank all my fellow.students for their invaluable

suggestions and for making my stay most gratifying. Financial assistance

[ ] .
provided by Energy. Mines and Resour¢es has been greatly appreciated.



ABSTRACT

A finite difference model has been developed to predict velocity and
temperature fields within a drop tube furnace. The input variables were the
inlet air mass flow, the air preheat tempere}fure and the temperature of the
furnacé heating elements. Inert coal particles with diameters of 10, 30, 100,

300 pm were introduced into the furnace flow field and the velocities,

temperatures and heating rates of the particles were calculated under different

flow conditions.
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NOMENCLATURE
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constant in equation (4.3)
constant in eqguation f4.5)
constant in Sutherland equation
constant in equation (4.5)
d.rag coefficient of sphere
view factor from particle to exit
view factor from particle to primary inlet
view factor from particle to secondary inlet
view factor from particle to furnace wall
inside diameter {m)
length (m)
outside diameter (m)
pressure (kPal
pressure head

node point inside control volume

Prandt! nurmber

heat transfer to furnace (W)
dimensionless radius

inside furnace tube radius {m)
gas constant (0.287 kJ/kg K)

Raynolds number

- v -



o3

’[‘u,
T
Fwo

U

cp

€pp
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resistance of air (K m**2/W)
radial position of node closest to wall {m)
outside furnace radius (m)
radiation resistance (K m**2/W)
furnace wall resistance (K m**2/W) '
copstant in Sutherland equation
source term in numerical formulation
source term in numerical formulation
temperature of air (K)
temperature of gas on axis [16] {K)
temperature of gas surrounding particle (K)
temperature at node closest to the wall (K)
glow bar temperature (K)
inlet temperature (K) [186]
temperature of particle (K)
temperature of particle at beginning

of time increment (K) |
insidg furnace wall temperature (K)
outside furnace wall temperature (K)
dimensionless velocity [15]
dimensionless distance [15]

dimensionless distance [16]

coefficient in numerical formulation
specific heat of air (kJ/kg K)
specific heat of coal {(kJ/kg K}
tube diameter (m)
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dp
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particle diameter {m) ) L0

gravitational constant (9.806 m/s**2) ¢

same as above in axial direction
convective heat transfer coeffiEient(Wlm"Z K)
radiant heat transfer coefficient (W/m**2 K)
from particle to exit
radiant heat tranﬁfer coefficient
from particle to primary inlet (W/m**2 K)
radiant heat transfer coefficient
frorr; particle to secondary inlet (W/m**2 K)

radiant heat transfer coefficient
from particle to furnace wall {(W/m**2 K) T
thermal conductivity of gas (W/m K)
thermal conductivity of furnace wall (W/m K}
particle mass {(kg)
heat flux (W/m**2) [16]
radial position (m3
radius of tube {m) [15]
time (s)
axial gas velocity {m/s)
particle velocity (m/s)
pa;;ticle velocity at beginning of time
-incremer-it‘ (my/s) ‘ T ‘.
radial gas velocity (m/s)‘
axial position_._(m)
raa.fal postipn"(m) . S o
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At* time increment (s) L
ATz maximum temperature increment (K)
Iy variable in equation (4.1)
© dimensionless temperature [16]
ook
¢ emissivity
73
1 dynamic viscosity (kg m/s) P
& dependent variable '
p " density of air (kg/m®3) .-
{; -
Pazia density of air on axis (kg/m**3)}
<
. reference density of air (kg!m“%)
op density of coal particle {kg/m**3) -~ .
a Stefan-Boltzmann constant (W/m**2T**4) - o
o0 infinity
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Chapter |
- : INTRODUCTION -

-

The mec-.han-ism of coat combustion is extremely complex and is not fully
understooc.i, since different types of coal ;xhibit different combustion
cha-ract'eristics Large coal-fired boilers burn coal in pquerized form in a
turbulent, swirling - jet. however, it is very difficult to study the combustion
behaviour of coal paﬂic;es in an actua! furnace. In order to better understand
coél combustion, it is desirable to isclate the' processes undergone by the
individual coal particles from the furnace flbw.(by subjecting the particles to
heating and regction under controlled conditions. In this fashion the number of
test variables can be reduced and parametric studies performed. °*

Energy, Mines, and Resources Canada has developed a coal testing facility
that will be used to examine the combustion histories of different types of
coal in pulverized form. The faéiiity is an entrained flow reactg_r_, also called a
controlled mixing combustion history {CMCH} or ‘drop tube’ Nfurnace, and
consists of a long, electrically heated, vertical muliite refractory tube (Figure 1)
through which a downward laminar flow of air is passed. Two streams of air
are introduced into the top of the furnace through a burner; the first is o
water-cooled primary flow used as a carrier gas to introduce the particles into
the furnace, and the other a much 1arger.‘ secondary flow which constitutes the
bulk of flow through the furnace. The burner is designed such that the primary
flow enters the furnace through a central injector tube and the secondary flow

enters the furnace through an annulus which surrounds the primary tube. The

ST
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furnace is heated b} 64 - 500 W glow bars, ’32 spaced evenly along- each

side, and. is divided into four heating. zones; the' power into each zone can be

independently regulated to control the temperature. At the furnace exit, a
water—cooled sampling probe collects the combustion products, gases, arjd
unburned coal particles and carries them away to be analyzed. The sampling
probe can be axially _traversed inside the furnace, which allows the coal
particles to have variable residence times.

Coal is described as being composed of four components: moisture,
volatiles, ‘char’ or fixed carbon, and ash. Volatiles are hydrocarbon compon'ents
which range from light gases (eg methane, bropane, etc} to heavy oils and.. t::irsl
and other gases such as CO and COsz . The volatiles escape from the surface
of the particle and mix with the surrounding air. Volatiles burn rapidly in the
gas phase, while the char (largely Vca.rbon) remaining after dewvolatilization
undergoes surface reacti#h and burns much more slowly. The rate at which
devolatilization occurs and the quantity of wvolatiles are very important in
determining the ignition and the stabilization behaviour of a pulverized coal
flame.

The CMCH furnace is intended to subject coal particles to a wide range of

temperatures and heating histories, depending on the heater temperature and

the preheat temperature of the incoming air stream. The furnace s?nulates the

heating undergone by a particle approaching a flame front in a furnace. In

order to interpret the results of devolatilization experiments in this furnace, it

is essential to know the particle heating histories and residence times. The

velocities and temperatures within the furnace can not be measured however,

owing to the fact that access to the furnace .is nearly impossible, and hence
P

I—.
the particle heating rates cannot be found experimentally. In the present work,

&
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" therefore, a finite -difference scheme was developed to predict. the gas velocity

and temperature within  the furnace under different operating conditions.
Particle heg{ing rates were also calculated, based on the furnace gas velocities

and ten'[peréture. This ‘thesis presents the development of the model and

representative results; it also examines the flow within an isothermal model of

the furnace, using flow visualization.
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Chapter I T~

LITERATURE SURVEY

21 - INTRODUCTION

The objéctive of this study was to develop a numerical model to predict‘
the temperature and heating histories of coal particles when passed through the
EMR 'drop tube' furnace. The physical problem is that of a downward,
developing flow of gas in an externally heated circular tube, with possible
buoyant effects at the hot wall. Cold particles are introduced on the axis of
the flow, and are heated by convection and radiation.

A number of test cases were examined in the development of the model.
The numerical model was first used to solve isothermal developing laminar pipe
flow with constant properties. Subsequently, the effects of temperature,
buoyancy, and variable properties were included. COnce the final form of the
flow regime model had been developed, the particles were introduced into the
model. For the present study the particles were assumed to be inert and of
low concentration; therefcre, the particlesv were considered to have a negligible
effect on the furnace flow field.

A literature review of heated laminar flow in tubes was performed to
obtain solutions to which a comparison could be made in developing the model.
Existing entrained flow reactors were also reviewed in order to examine thair

operating conditions.
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221 'Developing Velocity - Isothermal Fiow

Laminar pipe flow has had considerable attention in the pakt, the‘mainj
focus of which has been to determine the magnitude of the pressure drop and: -
the length necessary to obtain fully developed flow, chiefly in connection with
. piping and heat exchangers. The equations to be solved are the Navier-Stokes
equations of motion. Analytical difficulties arise from the non-linearity of these
equations, and four methods have been used to obtain solutions: linearization ,
integral techniques, patched solutions (matching of boundary layer and -fully
developed flow solutions) [13, 33, 38] and finite element or finite difference
" techniques [1, 15, 18, 41l The numerical solutions of the problem were of
particular interest for the present work.

A solution of the problem usiné a finite difference scheme was presented
by Friedman et al [15] who obtained velocity field distributions in laminar pipe
flow in the range. of Reynolds numbers from 0 to 500. McDonald et al [271
used finite di'-Fferance methods to solve tube flow with a Reynolds number of
200 and obtained results that were in good agreement with Friedman et al.
Hasan et al [18] used finite element analysis to solve for flow development in
the entrance region of a tube with Reynolds numbers ranging from s tq_a 40.-
Differe;\t. inlet velocity profiles were examined and were observed to have a
marked effect on the flow field in the entry region of the tube. Wagner [41]
studied developing flow ahead of a piston moving at constant speed through a
tube using a finite difference method for Reynolds numbers O to 800. In each
of the numerical solutions it was discGvered that if the initial velocity profile

was flat, the subsequent profiles developed two maxima positioned
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symmetrlcally on elther side of the axis near e wall and a local mlnlmum

- “bositioned on the axis of symmetry Abarbanel %t al 11} shqwed that these

1

'bulges ‘were part of the exact solytion and were not a numerical effect

""‘n

i ansmg from truncahon errors or from smgularltx:,at “the tukd wall, Frledman et

Reynolds numbers.

oil,

"al [15] found th.at the magmtude of ;he‘%ulges decreasedf'wnh increasing

{

222

_ Laminar Forced Convection in Tubes

Most past interest in Iamihar- forced cbnv‘ectior{ has ‘seen in connection with

the design of heat exchangers. The working fluids have usually®been water or

and ‘solutions hava been présented to determme the heat transfer

coefficients under various: lamlnar fiow. condltlons [24]. ™ Temperature fields

within the tub_es were not of pfactical intérest in these studies. -

-

Kays [24] presented a finite differeﬁce solution for devefoﬁing temperature

"

_profiles based “on & langhaar velocity distribution and a constant wall ..
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temperature. Grigull and Tratz [16] presented finite difference" solutions _bfor

»

developing temperature profiles in fully developed laminar flow “with constant
properties. Three heating conditions were studied: constant iNall' temperature,

constant heat flux, and constant temperature difference.

Al

223 Laminar Combined Convection in Tubes

bl

Buoyancy effects were thought to be sigqifican{r in the CMGH furnace,m

r.

owing to the large temperature difference between the wall and incoming flow

~

-
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and mogerate Reynolds numbers. Free convection effects will distort the

d'eyeloping velocity profiles. The #orced convection through the furnace is

downward, while buoyancy forces act upward, producing combined convection

in opposing flow. The heated tube wall causes the flow yelocity near the wall

to decrease, resulting in an acceleration of the flow on the tube axis.

A nimber of researchers [5. 9, 10, 17, 19, 30, 31] examined the effects of

-
-

Iamin;r_(:Ombinéd convection in oppesing flow with a view to determining the
effect of buoyancy on the heat transfer coefficient? Scheele and Hanratty {31}
studied combined convection using water in tubes and observed a sudden
transition from I@inm steady to laminar unsteady flow while meas_uring tube
wall temperatures. Hanratty et al [17] experimented with comit;ined convection
in water with Reynolds numbers ranging from 100‘to 21(_)_0 and o}‘aserved flow
instabilities on the axis by the disturbance of an axiallr;r”injected dye filament
Brown and Gauvin [9] examined the effects of buoyancy on the heat transfer
coefficient in air for Reynolds numbers ranging from 380 to 6900. Collins [10]
incorporated buoyancy into a finite difference marching scheme and illust®ted
the effect of J"\;rariable properties; however, for strong buoyancy effects.l

instability occurred in the computer treatment. -

23 ENTRAINED _FL(2W REACTORS ﬂ -

Entrained flow reactors have been used at least since 1966 for the study
of coal combustion. Many different designs exist, and each furnace has its own
geometry ..gas flow, and particle feed rate. Usually, a specific type of coal
was tested .and a combustion model was developed from the experimental
" results. By examining the operating conditions and heating rates obtained in

past researth, an insight into the present furnace can .be cobtained.
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Field [14] examined the reaction rates of char particles in the diameter .
range 20 to 100 pm-’iﬁ"a Iaminla.r flow furnace. The main flow consisted of 80
i/min of an oxygen—mtrogen;érgon mixture which was preh'&ted to 1527 C
with a plasma torch. The char pa.rt:cles entered .through an alumina feeder tube
which entered through the side of the furnace. The char feed rate was 0 125
glmm, entrained in 0.2 llrryq of mtrogen Two  diametrically opposed
slit-windows were used to oSséﬁe the . burning stre;am of particles, and to
measure wall tgmperatures with optical pyrometers. The transit time of the\
particles was 27 ms over 120 mm.
A Iamfhéjr.‘a'*low furnace was"--ﬁsed by Badzioch and Hawksiey (3] to study
20 pm. céoal particles (also 40,.60. 62 pm} with nitrogen as the primary and

secgf@"ary gas. The coal particles and nitrogen carrier gas were fed into a

_secondary stream of hot nitrogen preheated to the furnace wall temperature.

Preheating could be varied from 400 C to 1000 C. The secondary gas flow

rate was 40 |/min and h‘“zwcoma flow straightener was used; the primary flow

rate was varied from 10\to 2.1 I/min such that it matched the secondary fiow

valocity eqtaring the furnace. ‘The mixing of the c'old carrier nitrogen and the

“hot gas stream was said to be complete 5 cm from the top. The flow was

approx1mately parabolic henceforth, and flow velocities ranging from 1.6 m/s at
400 C to. 28 m/s at 1000 C were obtained. A water cooled coliector yas
used to quench and remove particles and devolatilization products. The coal
feed rate l\é’as 0.25 to 0.5 g/min, and the particies were assumed to travel at
the gas velocity. The residence times were varied from 30 to 110 msec by
vertical movement “0f the collector. The heating rates were said to be

approximately 25000 to 50000 C/s, and the final temperature of tne

parfi’cles was equal to tne gas stream and tne furnace wall.

v
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@J]verized coal particles were burnea by Baum and Street [4] in a laminar
flow furnace using air as the primary ahd secondar Ic;w. The secondary air
flow rate was 30 |/min, preheated to approximately 917 C, while the furnace
wall temperature ranged from 930 to 970 C. The coal feed rate of 26 to 2.7
‘glmin' was qntrained -by“a primary flow rate of 1 to 138 Vmin. Visual
‘observations were made ‘through a slot which ran the length of the furnace,
‘a‘and-local gas samples were withdrawn using a water—cooled sampling probe.
Exit gas samples were ex';racted using a water—cooled collector Which could be
axially traversed from the bottom. Helium tracer techniques showed that less
than 1 % of the flow was recirculated.

Kobayashi et al [25] studied devolatilization of coal particles at high
temperatures. Size graded particles (400-325 Tyler Mesh - 37-44 pm) were
injected into akhot argon stream using a cool argon carrier gas. The secondary
(main} flow was heated to the furnace wall temperature using a plasma gun,
and passed through a graphite honeycomb fiow straightener before entering the
furnace tube. Sight holes in the furnace wall enabled the particles to be
observed, showing that they travelled down the centre of the furnace. The
coal feed rate was varied from 0.12 to 0.18 g/min and the cool argon carrier

gas flow rate ranged from 0.015 to 0616 l/min. The main gas flow ranged

--frOm 29.4 to 150 l/min, ygiving average velocities from 0.81 m/s at 1000 K to
865 m/s at 2100 K. The particles were quenched at the furnace exit by means
of twelve small water Jots in the tip of tha collector. A simplified flow model
based on an approximate integral me£h0d was used to predict the temperatur.e
and velocity of the coal particles.

'Fiapid pyrolysis of lignite in nitrogen was studied by Scaroni et al [32] in an

entrained flow , -isothermal furnace. A dilute stream of coal and nitrogen was
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injected into a praheated nitrogen stream and forced downward through-a
heated vertical tube. A flow straightener and careful injector design were used
to limit the spreading of the coal jet The main gas flow was preheated to the .
isothermal wall temperature. A variation of residence times was achieved by '
raising and lcwering an isaokinetic water-cooled collector. Tha mean diameter
of the coal particles varied from 41 to 201 pm. The coal feed rate for all
tests was 1.0 g/min.and the mean gas velocity was 1.12 m/s. Preheated gas
and wall temperafures varied from 700 to 1000 C, and the ratio of secondar\}
to primary flow ranged from 167 to 125. The primary flow rate was the
minimum necessary for efficient ent’rainment‘of “tte particles. The coal particle
heating rate was estimated to be of the order of 10000 C/s. A cold flow
{isothermal) experinf\ental model indicated that particle velocities were size
dependent, and that the assumption that gas and particles haQJ\ﬂwe same
velocity is not always valid. Particle residence times are affected by “the size
and the density of the particles during devolatilization. Exact gas velociA and
flow patterns were not known, and therefore an average veiocity was used.

An entrained flow furnace was used by Solomonggt al [36] to study high
temperature rapid pyrolysis of coal. Helium or nitrogqe was used for the
secondary gas flow, which was. preheated to the furnace temperature, and for
the entrainment gas. The furnace was designed to operait; at 1923 K. The
particles were 325-200 graded mesh size (44-74 pm) and the coal feed rate
was 2 to 3 g/min. fhe.secondary flow was varied frem 25 to 40 |/min
(depending on the temperature) in order to obtain a 1 m/s velocity through the
furnace. The water—cooled carrier gas flow rate was 1 I/min. The coal

particles were assumed to travel at the average gas velocity and their

residence times were varied from 0O to 700 ms by movement of the
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'\Wa'te.r-cooled injector. A water- cooled collector quenched the exiting stream.
An optical port allowed Fourier Transform Infrared SpectrOmeter analysis of

—

gas species and temperature. ) \\

Timothy et al [40] conducted experiments on pulverized coal using a
laminar flow furmmace consisting of an alumina fnufﬂe tube heated by a
surrounding graphite element The secondary flow consisted of a mixture of
oxygen and argon or heliumrwhich was independently preheated to the furnace
teméer:ature; its _okygen volume fraction was varied from 15 to 100 % . The
coal was enﬁained by a flow of helium and injected into the hot stream such
that the velocities were matched. The lparticle- sizes were 38-45 and S0-105
um in diameter. The furnace was operated at temperatures of 1250 and 1700
K and heating rates were estimated to be of the order 100000 K/s.

A transparent entrained flow reactor was used by Mitchell and Mclean [28]
to study the combustion of 90 wum coal particles employing a
methane-hydrogen—oxygen-nitrogen mixture as the primary and secondary
gases. The oxygen mole}aetion was varied from 0 to 30 % and furnace
temperatures of 1000 to 1800 K were achieved. Particles were assumed to
move at the local gas velocity. A two—colour pyrometer technique was used to
measure the temperature of the burning coal particles. ﬁ

Jorgensen and Zuiderwy.k [23] studied the combustion of single particles of
sulphide minerals in a laminar flow furnace. The secondary gas flow was an air
and oxygen-nitrogen mixture which was preheated 773 to 1273 K. The
particles were i-r;jected into the hot stream by means of a water—cooled
injector which could be raised and lowered to vary the residence time.
Observation of the exiting flow showed that a majority of the particles
. remained on the tube axis. The furnace had two sets of viewing ports which

enabled two—colour pyrometer measurements.
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Typical détails of the entrained flow furnaces studied can now be
summarized. The particle sizes used in these laminar flow reactors have been in
the range 20 to 200 um with feed rates ranging from 0.015 to 3.0 g coal/min.
The types of gas used included air, nitrogen, argon, helium, methane Vand
mixtures of thess. The secondary gas flow rate ranged from 25 to 150 l/min,
yielding velocities of 0.81 to 865 m/s (depending on the furnace temper’a\ture).
The secondary gas flow was always preheated, and typical inlet temperatures
varied from 400 to 1823 C. F’articleI haating rates were‘ claimed to range from
10000 to 100000 C/s. The, present EMR furnace falls into the range of
designs studied with a coal feed rate of 1.0 g coal/min, inlet \;elocities of 042
to 167 m/s, preheat.temperatures of 300 to' 1200 K, and inlet Reynolds

numbers of 120 to 1350. The entrained flow reactors discussed have all bean

laminar; however, turbulent flow reactors have also been studied [22}



Chapter
FLOW VISUALIZATION

31 INTRODUCTION

The CMCH furnace is a laminar flow test furnace designed to examine the
heating histories of coal particles. Ideally, particles traversing the furnace should
all be subjected to the same heating conditions and residence time. This can be
achieved if the particles travel down the axis of the furnace with a minimum
of spreading. A random dispersion of the coal particles would lead to variable

-

particle heating rates and transit times and is therefore highly undesirable.

The furnace entrance geometry as origine‘l/ly designed included a thick
water—cooled jacket betwe;n the primary and secondary streams. It was felt
likely that a recirculating wake could form behind this jacket, which in turn
could Ie;:d to flow instabilities such as vortex shedding and to particle
dispersion within the furnace. In order to determine if the desired flow pattern
could actually be obtained with the original geometry, a cold flow (isothermal)
experimental model was constructed to match the geometry of the actual
furnace (see Figure 2). Flow visualization experiments were carried out using

smoke in the primary flow as a tracer to study the effects of primary and

secondary flow rates on the flow characteristics.

- 14 -
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| 32 = THE EXPERIMENTAL APPARATUS
321 The Furnace Tube :

The flo visualizatjoﬁ modal was a full-size, exaqtfs/ca}e replica of the
actual furnace. The model fu{nac;s tube consisted -of a 183 m Iong'cast
acrylic tube (76.2mm OD, 635mm ID). A flange was attached to the top of the
furnace tu.be to enable the furnace to be fastened to a steel support frame A
centering ring at the bottom of the furnace allowed it to be accurately
adjusted vertically. The burner slid into the top of the furnace tube and was
held in place by three nylon bolts Wthh passed through the flange. A flexible
exhaust hose was attached to the bottom of the furnace tube to direct the
exiting smoke into an exhaust system.

L4

322 The Burner — Qriginal Design

The model of the original burner consisted of three straight concentric
tubes (Figure 3a). The primary air and smoke entered through the top into the
central tube {6.4mm DIA), while the secondary air entered into the burner from
the sides through two horizontally opposed tubes near the top of the outer
annulus {(57.1mm OD, 38.1mm ID). The lengths o.f the inlet sections were the
same as those in the actual furnace, so that the exit velocity profiles would be
the same. A jacket occupied the inside annulus (38.1_rnm OD, 6.4mm D) which
separated the'two streams. This in the actual furnace is a water—cooled jacket

to keep the coal particles cold and prevent reaction before the particles enter

the furnace.
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323 The Gas Supply and Flow Measurement

Air was used as the primary and secondary fluid. The air supplied to the
experimental system was delivered at 100 psih to a préssure regulator, which
reduced the pressure down to 60 psig The flow was then split into two
streams, é primary flow and a secondary flow; each passed through a ne.edle
valve and a rotameter which measured the volumetric flow rate of each
stream. The flow rates were chosen such that the Reynolds nuhber of the
flow through the furnace model would be 2003 or less (ie laminar region). The
secondary flow rotameter had a range of 12 to 120 V/min and the primary
rotameter 0.2 t-o 4.8 I/min, Rotameter readjngs were corrected for temperature
and barometric pressure variations. The 2

econdary air was directed into the

model, while the primary air flowed first into a smoke generator.

324 The Smoke Generator ' \—

Smoke was generated by the combustion of pipe tobacco with the primary
air. The primary air was fed into an Erlenmeyer flask through a 'glass nipple
molded onto its side. Pipe tobacco was placed inside a large glass tube (22
mm OD, 150mm L) and .ignited. A one hole stopper with a glass tube was"
placed onto the end of the large glass tube and this combustion tube was
placd inside the flask. The primary air and smoke exited through the glass
- tube into a similar but smaller Erlenmeyer flask filled with crushed charcoal and
fiber matting. This filtering flask was placed in an ice bath in order to cool the
mixture. The cool filtered smoke then entered the furnace model through the

primary inlet

A
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A bypass tube and a stop cock was used to control the quantity of smoke_
that mixed with the primary air entering the furnace model. The flow 6&-‘
smoke was reduced to the minimum amount necessary for visual observation.

.

33 EXPERIMENTS AND QOBSERVATIONS — OQRIGINAL BURNER

The original design called for identical burner exit velocities for the primary
and secondary flows. The two flows were to merge together and continue
down the furnace tube as a laminar steady stream.

A series of flow rates wera chosen with Reynolds numbers in the laminar
region and with identical secondarf and primary burner exit velocities.
Recirculation and flow instabilities were cobserved for all flow rates of practicai
interest. The flow became stable only at flow rates too low for practical
operation/ of the furnace (Reynolds number less than 100). The recirculation
occurred behind tﬁe jacket and the flow rapidly dispersed following the
re(:.ir_'l ation zone. The flow instabilities were observed to lead to turbulence
and “dispersion of the centra! jet for all flows of practical inte(est This is
highly undesirable for the function of the furnace, as it would cause the coal
particles to disperse randomly.

A series of primary/secondary flow ratios were also examined and similar
instabilities were observed (see Table 1)'. Figures 4 to 6 show the recircuiation

and instabilities that were observed at the top of the furnace; the flow

remained unstable until the exit
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34 EXPERIMENTS AND Q&ERVATIOB;S — MODIFIED BURNER
34.1 ificati

The tests showed that the original burner design could not achieve the
desired flow pattern through the furnace, and it was necessary to modify the
burner to obtain a laminar steady flow. To eliminate the recirculation as much
as possible, the ‘cooling jacket was removed (Figure 3b) and a honey-comb
flow straightener and a foam screen were fitted snugly between the primary
air tube and the furnace wall Tha flow straightener is intended to produce a

uniform velocity at the secondary flow outlet

3.4.2 . Experiments with Modified Burner

The addition of a flow straightener and elimination of the cooling jacket
enabled the desired flow pattern to be obtained in the furnace. The smoke
mixture entered the furnace and continued in a laminar steady stream until the -
exit; however, the flow was found to be stable only up to certain Reynolds |
numbers. A series of primary/secondary flow ratiocs were examined to
determine the“limit of this stability region. A primary/secondary flow ratio was
chosen and was kept fixed through out the test; the resulting flow patterns
wére observed while both flows were reduced to the lowest possible values.
A number of ratios were chosen and the procedure was repeated thereafter
{see Table 2).

The flow stability curve that was obtained is shown in Figure 7. There is
an apparent upper limit of stability for the furnace, marked ‘by a tranlsition
from steady laminar flow with no noticable dispersion of the primary stream

through increasingly unsteady laminar flow to fully turbulent conditions with
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*increasing Reynolds number. The turbulent region had no discernille regular
pattern and was entirely characteristic of turbulent flow (see Figure 8). The
unsteady laminar region exhibited distinguishable laminar filaments which
oscillated in a regular 'wiggly’ pattern; the wmagnitude of the oscillations
decreased with decreasing Reynolds number (see Figure 9). The steady laminar
region was_ characterized by smooth, undisturbed laminar l'flo_w with negligible
dispersion of the central {coal) jet {see Figure 10). At very low Reynolds
numbers the flow wés observed to break down at some point in the furnace
tube. Since the flow in get;\eral can be expected to become more stable as
the Reynolds number decrease;, the breakdown cbserved here is evidently
caused by an external disturbance, and is not an intrinsic feature of the flow.
The point of break down was found to roughly correspond to the position of
the lamp used to illuminate the smoke particles; it is probable that radiation
from the hot lamp was absorbed by the smoke particles induéing a buoyancy
effe;ct which resulted in a breakdown gf the flow. These points are noted in

the lower left of Figure 7.

Ty

35 CONCLUSIONS FROM THE FLOW VISUALIZATION RESULTS

Past designs of actual entrained flow reactors have had success in
. obtaining a laminar flow through the furnace tube; cbservation ports in the
sides of these furnaces have verified this claim [4, 25, 28, 36l The stfeam of
coal particles was observed to travel down the centre of the furnace tube
while the furﬁace was running at its operating temperature.

However, the present: cold flow exXperimental model shéwed tﬁat flow in
the EMR furnace with the ornéunal burner design was unstable for almost all
flow rates and was therefore unsatisfactory for the purpose of controlled

mixing and controlled heating.
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The results of the flo;v visualization tests using the experimental model
yielded two conclusions to be drawn about the EMR furnace. |

1.  The EMR burner as originally designed must be modified in order to’

'
achieve the desira_c\i flow pattern in the furnace. A flow straigiener
should be uged to obtain a uriform secondary velocity profile at the
inlet to the furnace.

2. The primary and secondary flow rates must be adjusted such that the

inlet velocity ratioc and secondary Reynolds number fall . within the
rz.mge of stability in Figure 7.

These conclusions can strictly speaking only be applied to the real fur;nace
under isothermal conditions; temperature differences and buoyancylw effect:s in
the furnace under non-isothermal conditions would change the limits shown in
Figure 7. Owing to the inaccessibility of the _interior of the EMR furnace,

conclusions about dispersion in it could only be made from residence time

distribution measurements.

bt
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* _ Original Burner Design — Test Flow Rates. .
b q;. o o
AA,."‘ -."'—'1 k] T
;_.:--.-’ .y . . - ~
B ~ & . -
‘ - - - } PR S B .
- b} Y " i )
U$  Prim. UP  UP/US Re-sec Rémarks
Flow - i~ e -
. m/s 1-/m1'n‘ m/s o~ )
1,399 2,70 1.397 1.00 1700 ™ Zturbulent after 8 cm
0.700 1.35 0.700 1.00 851 -turbulent .
0.350 0.66 0,342 0.08  425. -unsteady laminar
1,224 4,80 2,487 2,077 1487 - =turhulent dispersion
0627 2,40 1.243 2,00~ 757 -unsteady laminar
0111 1,20 0.622 2,00 378  -unsteady laminar
0456 0,6¢ 0,311 1.99 190 ~unsteady laminar
0.623 4.80 2,487 4.09 . 757 —r.npicfdispvrsiux]
D511 2,40 1,243 4,00 178 ~turbulent =
(.29 1.800 0,933 "4.00 2873 ~unsteady faminar N
COLI56 1,200 0,622 3,99 0 190 —unsteady/tarbulept
D311 480 20487 8.00 478 —I.'Vllrhl‘llf‘ll:
.150 2,400 1.2 707 190 Sturbilent afrver S om
0.117 1.87 0,038 7,97 A2 —unsteady Lamigar
.

-

21



‘ot

R

L)
1 4y

P4 .
" e «F
- e - - &
- » . N g
I — ] ” 23
TABLE 2
o~ Modlfled Burner-Design - Test Flow‘-Rates‘" -
> . s F o = -~ <. -
Sec. Vs ~ Prim, '\-’i) \Lp/’\’s Re-sec 3 Remarks ~ .
Flegiv L Flow ' .
I/min m?.?' i/min m/s ) : . .
. ’ 4 :
96,0 0.525 1.00 0,518 0.99° 1700  -laminar. !

20,0 .0

J0Y 0,20 00106 0.95 3% =first disturbance -

-

.0 0,055 0.10 0,052 0.95 177  -breakdown at tube bottom

LE9.00 0,651 1,500 1.777 1219 2107 _-unsteady laminar

HO) 00602 1.38 0715 1,19 1948 —unsteady lamin%r
J1000L 00587 1,25 0.648 1.18Y 1771 —unstcady lamindt

0 00492 1.1 00985 1,18 18994 ~nearly steafy

RULD 0,635 1,00 “0.518 118 1417 -steady laminar

11920 0,651 1,87 0.U69 .49 L2107 —fubly turbulent -

.t (), 52 LSO #0777, 1L4K, 1700 “turbulent, more regula

{0454 L0 k674 1248 0 1470 . —rurbulent, regular

70,00 0887 1,09 0,565 1.48 1240 -nearly steady

6 D424 094 0,487 1.48 1063 -steady laminar i

- o ) - v ) \\
bt 0520 2,000 1,03 1. ‘)7 1700 =turbulem
2.0 0494 1,40 0,725 I.BG 1275 ~unsteady laminat
H3.0 0345 ML 20 00622 1,800 1116 —unsteadv --laminar
AR 0,260 l 00 0518 108 T 850 -steady Laminar,

DL 0027 L0052 tLg 2R -breakdowm at botrom ¥
JO0A 0 0LUIRY 20200 1L1A0 2,096 T1247 0 <fully turbulent | <
AL DN 2, [)H 1.0 2,96 1133 —forbulent -regular
IR U IO ) S N (0,974 2.97 1063 —unsteady laminar |
BOL 0,270 1,500 0.808 2,96 KE5 -nearly steady
VRO 0,200 2200 1140 23,93 940 =fully turbulent
G2LN0LZRY - 2200 1LUTA00 3,94 936 0 —turBulent

a0 H..}?‘i 2,10 l.o88 4oea 904 —periadic laminat .
L0 L0200 2,00 1,086 3,895 0 844 -unsteady laminar
ATAY [1 2520 1,900 00984 3,900 817 —pearly lamipar

GL0 UL A9 T A0 (0,207 40220 159 —remained laminar
AL 0LIEL LU0 L1407 4,94 .) 744 —unsteady faminar
S. 02080 2,000 1,030 4,98 G4 -nearly laminar
Wb OULEY .80 0,9 40494 6hi2 -steady laminar

. i3 :

L2 0L 19 1200 VL1400 50940 622 —laminar/thrbulent bursts -
.00 0017 2o0n 1,036 5,42 n6H7 -]nminar/unsteady hursts
A CIPRF TR R VR TR I RS B 1) 470 -laminar

wr
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Primary Inlet Reynolds number 254 ' ‘
Secondary Inlet Reynolds number &by
Furnace Tube Reynolds numuer 137U

'Figure 4: Original Burner ~ UP/US =~ T:1 - turbulent flow
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Primary Inlet Reynolds numuer 142
Secandary Inlet Reynolds number 427
furnace Tube Reynelds number boh

Figure 5; Criginal Burner — UP/US = 1:1 - unsteady laminar flow |
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Primary Inlet Reynolds number 347
Secondary Inlet Reynolds numbcr 1447
furnace Tube Jeynolds number 2257

Figure 6: Criginal Burper - UP/US = 2:1 - turbulent f'lovy
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. Chapter IV
THE NUMERICAL MODEL

I

4.1 INTROQDUCTION

A numerical model which gives fllow field patterns and particle heating
rates was developed for the CMCH coal testing facility; it is to be used in a
parametric study to determine the vario‘us particle heating rates that could be
achieved with the furnace. Input data are the inlet flow wvelocities and
temperatures and the heating element temperatures of each of tﬁe four heating
Fones. . The 'mode! incorporates - variable properiies énd the bupyancy effects
which result from the large temperature difference between the downward
flow and the furnace wall The coal particles are treated as inert (ie no
chemical reaction) fdr this study: a c;::mbustion model is to be the subject of -
future res;earch The‘ small concentration of par‘ticles was considered to
contribute very little to the overall energy and momentum balances; the éffects
of the particles on the Qas flow were therefore ignored, allowing the gas flow
and particle heating problems to be decoupled (see Appendix A ). The
nurherical scheme was required to resolve a laminar flow downwards through

a vertical tube furnace with four independent heating zones and subsequently

solve particle heating and transit times through the same furnace.

- 32 -
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42  THE FURNACE FLOW FELD >
421 = The Mathematical Problem

The problem to be solved is a para.bohc 2-—D axusymmetnc non-lsothermal

- 8

.staady lamrnar flow. The equations mvolved are those of momentum, energy
~and continuity. The reduced forms of the differential equations necessary to
solve this problam are shown in Tabie 3. It was assumed that viscous
dissipation and compressibility effects were negligible in the energy equation,
and specific beats and P:"andtlh numiaer were assumed constant over the
temperature range of interes£ The differential equations are all interlinked with
each other and wifh the inlet and boundary conditions. These interactions add
to the complexity of the problem, and a successful numerical s;heme must. be
able to conform to all these interactions. a

™~

4272 The TEACH Program

The numerical scheme that was chosen for the‘-solutiqn was the 1374
imperial College 'TEACH (Teaching Elliptic Axisymmetric Characteristics
Heuristically) finite difference program. The TEACH computer code is based on.
a primitive pressure - velocity-'. approach, solving for pressure and velocity as
primary variables. TEACH is a W|dely used, standard computer code that has
been used for a numbier of fluid dynamic and neat transfer problems [2, 26,
29]. TEACH puts the governing differential equations into finite difference form,
by in'tegration s«over a control volume. The solution combines each of the
ec{uations of energy, momentum and continuity with the boundary and inlet
conditions and solves them .simultaneously using an iterative procedure. The

program consists of a main. routine which calls a series of subroutines to solve

for the dependent variables. A TDMA (Tri-Diagonal Matrix Algorithm) is used to
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solve the flow’ field equations and the equations are solved iterativély until a

convergence criterion is met _ . A

423 The Formulation of the Problem

‘The equations of 'momentum, energy and continuity are similar and contain
term.s for both convectioh and diffusion of momentum, energy and mass as
well as source terms. The governing differential equations in Table 3 can all
be put into the following convenient form:

N

1o, 2 9 0,8 _ 21,9 - suf 4+ 5p*
;[é—I(PUf¢)+5’;(9”"35)—5;(’%'3;)—E(’Uar)]—Su + 5p¥é (4-1)_

L
: .
The wvalues for ¢ ,Su®and Sp®for each equation are shown in Table 4. These
are the equatidns necessary to solve the furnace flow field. The unknown
variables are the axial and radial velocities, thg pressure and the temperature.
The flow field area is divided into small control volumes which form a grid
pattern. The control volumes need not be uniform, and can have varying sizes.
Figure 11 shows a typic.al control volume, through which momentum, energy
and mass are transported l'3y convection and diffusion, while generation and
dissipation of momentum within the cell also takes place. Conservation of these
quantities is necessary for each cell. Values of variables are stored at the
node ;?oints within the cell, except for the axial and radial velocity, which are
stored at points on the controlhvolume boundaries. The nodes are placed such
that the control volume boundaries lie exactly halfway between adjacent nodes.

This type of formulation results in a staggered grid, as discussed by Patankar
[28)
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T - As a result of the staggered grid,"two fu.rther control volurids arise for the

axial and radial veiocmes ( U and 'V cells - the cell first shown in anure i1

-y \"1 -~
I

is refer;ed to as a 'C cell). These are shown in Figure 12. For each control
“ volume there is a centre point and its four neighbouring points NSW.,and E, as
illustrated in Figure 11. By 'integratirﬁ over the appropriate control volume, a

quantity at the centre of the control volume can be expressed in terms of the

7 nelghbour:ng grid pount values Detaﬂi of the mtegratlon can be found in [2,
28 29] The result"is an equatlon of the form: a
‘Z,“fﬁf’P - Y afs + Su? | o
ws - J.,. ’ R .. ‘ .
o _ where af, = ,-Z uj’ Sp¢ ) .
- ‘ [
for- each cell,“\‘nihere ¢ can represent any variable, and the coefficients 4%
o repres?nt the influence of each ;eighBOu; cell on P. -- -
Thzsﬁ formulation is applied to each"c-e-allhbonlrol volume in the grid,«domain.
=  The celis in the grsd are adjacent to each other; therefore, the east\face of one
. ceII is the west -face of the cell |mmed|a‘te|y to thecright, and S0 ’for;h S|m||arly
the sogth face of one_‘f:all is the north face of the cell ,ben?eath it Expressions
‘" for each cell are obtained in this fashion. - .
L “For each control Lvolumew.t}:ere will Ee a diffusive and a convective fiux

: into and out of the cell. A 'hybrid' scheme is used to calculate these, which
' employé different expressicns for the total flux, depe"nding oﬁ whather one flux

ra s 1.

*» _ dominates or the two are of the same order>of magnitude. Defining the Peclet
> number as-the’ ratio of Convective t6 diffusive transport of the variable ¢. the
hybrid scheme uses as a ‘criterion a Peclet number equal to 2 to determine the

dominating flux. [|f the Peclet number is greater than 2, the upstream
-

w
.

o
.
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eonvectwe ﬂux dommates (ie the flux through the west cell face) and an

. _':-_upwmd dufterence formulation is used in which 'the value of ¢ at pomt W is

._ assumed convected mto cell P and d:‘quIOn is neglected. If the“Peclet number

i is Iess ﬂ\an -2, ﬂ\e“downs*tream convectwe f[ux dominates (ie flux through east

- -
- - - o

cell faca). leading to a similar formulation involving point E If the Peclet
'_nu}nber ligs between -2 and 2 (convection and diffusion of the same order of
magmtude) diffusion is included, and a central difference formuiation is used

for convqctaon in, which the value of ¢ at the cell boundary {determmed by

linear interpolation) is convected into the cell. All the cells in the grid domaln
5 .
g '."are treated in the _same manner.. The hybrid scheme is said to be a good
approximation to an exact one—dimensional solution. The exact solution is not
recommended because it contains exponentials, which are _'expensive to
compute, and becauss it is ‘not.exact for two or three dimensions (Patankar
[29).

The U and V cells’ {representing #he. axial land radial equations of motion)
contain pressure gradient terms not present in,fuhe C cell. In order to solve the
U and V equations, the pressure field must be known. An estimate of the
pressure fieid P* is used as a trial, and subsequent estimates of velocity fields
U* and V* are made based on this préssﬁre field. A pressure correction is then
made, which forces the velocity field to obey the continuity equ‘at‘ion by -
applying the correction to U* and V* to give U and V. The corrected pressures
are then used as the new trial values, and so on till convergence is achieved.

The finite difference equations are coupled with the inlet and boundary
conditions, all of which ‘must be solved mmultaneously The coafﬁments and
source terms are functions of the variables, and the velocities ars strongly
dependent on the pressure. The equations are solved by a cyclic repetition of

the following steps:
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1. Estimate all of the dependent variables

2.. Solve the axial and radial romentum equations and obtain estimates
‘ for the U and V velocity fields
- ‘3.  Solve for :fhe pressure correction field P
4. Calculate the true pressure field and correct the U and V velocity
fields )
5. Calculate the temperature field.T

)

6. Calculate the density and viscosity- Y.

7. Treat the values obtained as better estimates of each field. Return to

2. and repeat the procedure until convergence
A flow chart of the procedure is shown in Figure 13. A listing of the computer
program is included at the end of this paper. |
424 The Grid Pattern

The grid patterrl for a particular problem is dete;'mined from the geometry,
the typé of flow and the boundary and inlet conditions. The number of grid
points and the spacirg between. them is important in obtaining an acc:urate.
solution. The CMCH furpace was considered to be a heated pipe with
developing temperature" :nd velocity profiles, and four wall heating zones
whose temperatures could be varied ‘independently.

The furnace can be represented by a series of annular segments, which are
the control volumes over which tha differential equations are integrated. Since
the furnace is axisymmetric, only one half of the furnace need be examined.
Developing velocity and temperature profiles in a tube aplproach their final

form asymptotically. The profiles change quite rapidly in the initial region of the

tube;-and the changes become less as the flow approaches its final fully

-t

N
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developed state. To correspond to this, a grid spacing was chosen such that
there were many points m the region’ of large’gradients and fewer points as
the g.radients became smaller; the resulting scheme gave a grid spacing which
increased approximately exponentially with distance along’ "the furnace.
Similarly, the grid lines were spaced more closely in the radial direction at the
tube wall and the burner inlet because of the large gradients expected there.

A series of tests were performed to determine the number and spacing of
points that were 'necessary for accuracy, taking into account the points

discussed above and the requirement that the boundaries of the four heating

. zones correspond with the cell boundaries. To aid in this decision, the program

was used to solve a number of simpie test cases for which solutions were
available from the literature. The test cases were as follows:

1. Iso—thermal developing pipe flow

2. Fully develcped pipe flow subject tcl) heating at constant wall

tempearature

3. As in 2. but heating with constant heat flux
These are discussed in detail in Section 5.1. The number of points and their
spacing in the furnace tube was cénsequently modified so that they would
conform to published results. )

The grid pattern that was chosen for this problem co.nsisted of 28 nodal
points in the axial direction and 20 nodal points in the radial direction. The

grid is shown in Figure 14.
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The flow was introduced into the furnace through the burner mouth It
consisted of a primary and secondary stream of air. The primary flow was
assumed to have had sufficient length to attain a fully developed parabolic
profile before entering the furnace, while the secondary flow velocity was
assumed uniform. The results of the flow visualization experiments showed
that a modification to thel burner was necessary in order to obtain a stable
flow; hence, the modified burner geometry was used for al| calculations.

The primary flow was assumed kept at a constant temperature by ‘means
of the watef—cooled jacket, while the secondary flow was assumed preheated

to a specified inlet temperature.

426 Boundary Conditions

The physical boundarjes for this problem were the furnace wall, the burner
and the water—cooled injector. The 'grid celis which lie along these boundaries
have to be modified to incorporate the known boundary values. Each cell is a
small control volume over which the differential equations are integrated. if a
cell face falls on a boundary, the known boundary value is used for that face,
and any fluxes (heat) associated with the bou'ndary are introduced via a source
term (Equation 4.1). The boundary value incorporated into the source term
remains fixed throughout each iteration. The rerﬁaining faces of the boundary
cell and subsequently all cells throughout the flow field adjust with each

iteration to incorporate the bqundary value,
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4261 " . Velocity Boundgry Conditions ' .
| The boundary conditions for the axial and radial velocity fields are shown
in Figure 15. The boundaries specified are the furnace wall, the tube axis and
the water—cooled s"ection of the burner. The outlet represents no physicall
bouf\dary. therefore no boundary conditions are imposed. The only requirement
at the outlet boundary is the overali conservation of mass. At each iteration,
the total m‘ass leaving the furnace is subtracted from the total mass entering
the furnace. The difference is evenly divided and added to the control volumes
on the outlet boundary, therefore continuity is satisfied.

4262 Temperature Boundary Condition ®

There are two wall surfaces which need to have a temperature boundary
condition specified: the face of the water—cooled jacket of the burner, and the
furnace tube wall. The temperature of the water—cooled jacket is considered to
remain constant at the cooling water temperature, while the temperature of the
furnace wall is unknown and must be solved for.

The furnace tube is heated by 64 - 500 W glow bars. These are spaced
evenly down the length of the tube, 32 on each side. The furmace tube is
completely surrounded by refractory materiai in which the glow bars are
embedded . The fufnace is separated into four independent heating zones and
the temperature of each zone is measured using a thermocouple. Since ’d;é
furnace is well enclosed .and well insulated, the refractory surface surrounding
the tube was considered as a uniformly radiating surface at the measured zone
temperature with an emissivity equal to one. Figure 16 shows a cross section
through the furnace tube. The radiation from the refractory brick to the outside

wall of the furnace tube is given by:
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- Q =2nR,Loc(TH —T4 )

or Q =27 RoLo€(Tgs — Two)(Tgs + Twc)(ngb = TZ,)
where € = 080 fyrnace tube (Bolz and Tuve [8])

Heat conduction through the mullite furnaca'tu.be is given by:

Q _ kw(Two. - Tw)
2rR L~ Rin(R,/R)

where, ky, = 2076 W/m K ° {Bolz and Tuve [8])

Heat conduction from the inner tube wall to the flowing gas is\qiven by:

Q L (97 where aT T, T,
27RL Y\ ar /), ar ), R R

The overall expression for the heat transfer from the glow bars to the gas

inside the tube is then:

Q 'I‘g‘!: ’[;‘J
wRL Ry o+ R, R,

where .
. i K e
I, ’ e
ky
i [fl'r-a([f‘,,“ i)
kll'
14 |
I, ’

Ry oe(Ty 1 Two) (T3 1 T2,

¢?This expression is used as the boundary condition for the furnace wall

temperature. The four zone temperatures can be changed in(ependently.
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427 Buoyancy
Buoyancy forces become significant in this problem because of the large
temperatﬁre differences between the furnace wall and the incoming fluid,
leading to large density differences within the furnace. '
Consider the following terms in the U momentum equation:

P

=+
55 t 9=

This will appear as a source term in the axial Tnomentum equation. In order to
avoid instability in a numerical solution, it is desirable to make sources as small
as possible. In this case, this can be done by choosing a arbitrary reference

density po leading to:

P
S vl g9:z(p — po)

where P P ./{J(:S]:rfr

Since this integral is only a function of x and not of vy:

ar  or
dy  Jy

the radial velocity field is not affected. The reference density was chosen as Pazis
since: 7

d
o (pazla) -0



The pressure calculated now becomes' the ‘pressure head at the centre of the
flow. By using this formulation for the reference density, the number of
iterations necessary for convergem.:e is reduced t;ecause of less round-off
error and lgss instability. The disadvantage is that the pressure now is

calculated as P rather than the actua! pressure P; however, P is not req"uiré'd

for any further purpose (Spalding [37)).

428 Fluid Properties

428.1 Density

Air is considered to be an- ideal gas, therefore the density is calculated

using the ideal gas law:
\

\

p - P/RT wherea ]* - pressure
IR = gas constant

T = temperature

The temperature is calculated from the solution of the energy equation;

hence.the density must be updated with each iteration.

. 4282 Viscosity

The variation of wviscosity with temperature was accounted for by using the

Sutherland eqguation:

. BT-: where [ - 15 E-6
# (T +5)

g = 1300

T = temperature

a
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The constants B and S were determined by fitting the equation o valués in
tables (Holman [20]. Figure 17 compares actual air viscosities to those
predic'ted by the Sutherland equﬁﬁon. As‘ with the density, the local viscosity

must be updated each iteration.

429 Convergence Criterion

The respective differ‘entg. ec‘auat‘ions"(Equation 4.1.) are integrated over each
correspqQnding control vdlume‘(ie C, U, or V. cell) in the érid domain. If these
equations.are not satisfied, there will be a'remaining or residual momentugm,
mass or energy souwrce in the control volume, which can be either plaositive or
negative. There will be axial momentum residuals for‘ the U celis, radial
momentum residuals for the V cells, and mass and energy residuals for the C
cells. The absolt{ce values of the residuals for each control volume are totalled
over the grid dlmqin for ee,éh of the four residual quantities and made

- 4

non—dimensional by means of the corresponding inlet values {ie inlet momentum,

mass and energy fluxes).,

o
Inleat momentum flux - 37./ purdr
[
Yo
inlet mass flux = '.3"/ purdr
u
Lo
Inlet energy flux - 3;,/ wTrdr
cp (1
where 4 = inlet velocity
r = radial postion
T - temperature

P = density

tp = specific heat
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With each iteration and subsequent adjustments of the flow field, each of
the four residuals will be reduced (or increased). If the solution is converging,
then the fesidu.al terms will tend to zero (conversely, if the solution is
diverging, then the terms ‘will tend to infinity). If the residual terms are small
enough that further adjustments of the flow field are negligible then the
solution can be said to be converged. In this case, the criterion used for
converéence was.that all f-our edim'ensionless residuals be less than 2% Tests
sﬁowec;.l that a more stringent criterion did. not sign_ificantly change the sclution.
It should be noted that, since there are 560 points in the grid, this represents';;\
residual source of less than 0.004% for each cell on the average. The criterion
is made more stringent by the fact that the residudls are calculated before the
.pressure correction is applied to obtain the final, correct velocity field. The
execution of the program will stop if any of the following criteria are met

1. The solution has converged. _ e

2. The solution has diverged.

3 ' The maximum pgmber of iterations has been reached.

To aid in the convergence and avoid oscillatigns, the solution uses an

under-relaxation factor (URF) which reduces the magnitude of the flow field

changes after each iteration. The formulation for under-relaxation is as follows:

$nt = (URF)R' + (1 - URF)$},
f

where rg;"'l represents the newly calculated value of ¢p at the (n+1}th
iteration. A fraction (URF) of the new calculated value of ¢p at the (n+1jth
iteration is taken and the remaining fraction is taken as the previously
calculated value at the (n)th iteration: This is done for each value in the domain

thus ﬂ'educing the magnitude of the changes of ¢p between sucessive
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-iterations; the resulting field is used for calculations in the &ther subroutines.

The effect of the under-relaxation factor is substantial, and oscillating or
diverging solutions can. result if URF is not chosen correctly. The URF must be

chosen to suit each problem. Four URF are used in this problem:

~ axial velocity URFU = 05 ©
radial velooity URFV = 05
pressure URFP = 0.2

temperature URFT = 0.8

4.3 PARTICLE MOTION AND HEATING
4.3.1 Introduction

Once the flow and temperature field has been solved for, the flow and

heating of the particles can be introduced. In order to simplify the broblem.- a
number of assumptions were made in the development of this model:

1. The volumetric concentration of particles is small enough such that

ey

individual partictes are not affected by neighbouring ones (see -

Appendix: A).

2. | The addition ¢ '::; particles to the | furnace does not affect the
momentum, energy or continuity balances in the gas significantly. ‘

3 particles are treated as grey spheres exchanging heat by radiation
and_convection with the gas and the furnace wall and are considered
small enough and of sufficiently low concentration not to gause any
effect on the radiant exchange between surfaces. By the same token,
scafttering of radiation by particles {cloud effects) is neglected.

4. The particles da not react chemically
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\

'5. The particles follow a straight line down the centre line and are not

dispersed radially. ‘ o
6. The temperature is assumed uniform within ‘each particle, ie {ntemal

temperature gradients due to heating are nqglecteci.--

432 Particie Mgtion

L)

The coal particles were considered spherical in shape; therefore, the forces

experienced by the particle are those of gravity and drag. The acceleration of

the particle is given by:

dup 3 Cpp
3t 77 4ppdp

(up — u)lup —u

where Cp = J?2—4(1 +0.15 Re 08T (4.2)
‘ " e

(Smoot35])

_ plup - uldp

U

e

For small Re, the expression inside the brackets on the right- of Equation (4.2)

will be small: therefore, it can be linearized as:

du;»
"&t" : q A(u;: - u) - (43)
18

where A= —E(1+0.15R3%7) -
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The solution useic an explicit marching schérne, following the particle along

b
the axis of the tu.be in discrete time  steps At and calculatlng each new

velocity basod ‘on the local mr velocities and previous partxcle velocities. . °

Equation (4.3) is an exact dn‘ferentlal equation and could be solved direc’dy if A
were constant; howa_vér, the gas velocity and the Reynolds number are
constantly changing. If a small enough time step -is chosen, then u. and
fan be assumed cons@ throughout "the time step At (Smoot [35]), and
Equation (4.3) integrateg to give: |

1

up=u-— [(g — Alupo — ‘u-))e—Am _ g]

where up = the velocity at the end of the time step

uvpy = the velocity from the previous time step

Proparties of the gas are eValuatec.' a‘ the film ternpera"ture, which is the
arithmetic mean of the particle temperature and the surrounding gas

temperature.

433 Particle Heating

The heating of a par}icle .is based on the net energy received by the
particle as it travels through the furnace. The partlcla receives or loses ener‘c}_;y
by radlatlon f:omlto the surrounding surfaces a.nd loses or gains energy by
convoctnon to/from the surrounding gas. The furnace was separated into four
radiating surfaces: the furnace wall, the primary inlet and water—cooled jacket,

the secondary inlet, and the water—cooled collector. The terﬁp-erature_ of the

furnace wall is not constant, but varie$ along the furnace length. To simplify

Reo
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the préblem', the model uses a Tong furnace’ approximatien, wl'_)ch assumes that

She effective radiating temperature of the wall is the temperature of the wall

7s'ec’t.ior'nhradia[ly opposite the particle ?Hbttel and Sarofim [21). The temperature
of the 6Other radiating surfaceé was assumed constant, and the appropriate
view factor was used in determining the radiant balance. Since the particle is

small, the radiant exchange between it and the otHer particles was considered

A

negligible. - .

The expression for p.*zu"ticle;i heat transfer.is given as follows:

{4.4)

where m=pp-ds

Ap = wd}:

Tret -~ [(Irud - QConu]

cpp  coal = 1.3 kJikg K {Bolz and Tuve [8])

therefore, rearranging:

dT 6 (Grad - Geons]
S = ot - rgd ~ convy|
dt p‘pCP‘de ¢ ) €
. R
< . -I;\-
where Geonv = h(Tp - T,].
‘ / v
by /s i Hoy1/40 HOP
B0 (0aReY T 006RE ) (PP ) L (Holman[20]

[TRE FpPrdy

and

At
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“Graa = hpp(T1 = Tp) + hps(Ts —Tp) + hpe(Te — Tp) + hpw(Tw — Tp)
- - . T A
) hpp = ocFpp(Th 'th-)!(T]z + T;)
hps = UEFps(Ts + Tp)(Tg + sza)
hpg = O'GFPE(TE: + Tp)(TI% + T}Z})

h;w = oeFpw (Tw + TP)(T}; + T;)

P

< - 0.8:-:' (Hottel and Sarofim [21])
coal o

F F
PP . PW , FPE" FPs gare the view factors and can be found in Appendix (B),

The expression for particle heating can be written as

-3
dTP . ! :
_dt =—-ATp + B . . (45)
5 ,
where A= [hpp +hps +hpp 4+ hpw + hl :
- ppeppdp
6 e
. B - ——[hppTl + hpsTs + hPETE %-f;)ij -+ hlgi
prcppdp

As with the particle velocity, the wall temperature and the gas temperature
are changing axially along the furnace tube. To be able to integrate this
equation, these values are assumed constant over the time step Af . By

.

integrating Equation {4.5) over Al the expression becomes:

: 1
Tp = y |B + ATpge™ 42! (4.6)
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L3

The valle of At must be selected such that the assumptions of constant

-

u, T, Re are valid By choésing a time step such that Tpo — Tp is less than AT,

, where ATma:z is an arbitrarily chosen constant which would give a fixed

" increase in temperature between points, (chosen as 5 K). Equation (4.4)

_ becomes: . : 3
P
Al ppcppdpATmar
G(QTadO _.a‘gconuO) .
where Grado , Jeconvo are from the previous time step

By selecting At in this mannér. At would be small initially where the
heating was very rapid, and would become progressively larger downstream
where the temperature increase becomas less., An upper limit for the time step
was chosen (5 rns) in' order to ensure the validity of the assumption that the
gae velocity was constant over the time step.

The particle velocity and temperature- model was added onto the main

furnace flow program as a subroutine, Once the furnace flow field had been

\ ,
calculated, the particle model subroutine was called “ﬂ)\'calculate particle

velocities and temperatures.
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Governing Differential Equations
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Expressions for the Variables of the Generalized Equation
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Chapter V
NUMERICAL RESULTS

5.1 TEST CASES . >'
To wverify the program, a series of  test cases were rum
isothermal,developing pipe flow; fully developed pipe flow with constant wall

temperature; and fully developed pipe flow with constant heat flux.

51.1 Developing Isothermal Pipe Flow

The program was used to solve isothermai developing pip‘e flow and the
results compared to published data. The grid spacing and the gecmetry were
similar to the furnace tube dimensions: 28 nodes in the axial direction {with
variable spacing as discussed in section 4.2.4), 20 in the radia! direction; 2 m
length, 0.032 m inside radius. ' An inlet air flow at 800 K was introduced into
the tube with a 0.795 m/s uniform velocity. These conditions resulted in a
Reynolds number of 500, roughly in the range expected in the drop tube
furnace. The program solved the axial and radial momentum equations and
obtaired a converged solution after 168 iterations. The calculated velocities and

the distances were made dimensionless by the following expressions:

U - u where u = velocity at point (x.r)
te U, = inlet velocity (average)
r " where r « radius

kL
To

ro = radius of tube
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Z =

200z ) where r = axial distance from inlet
rolte ) i ro = radius of tube

Re a Fexnolds number

The étrangerpent of the grid resuits in axial velocities bging solved for near
rather than on the centre-line; this radial position was very close to the axis (
-~ 0.05). Figure '18 shows the- developing veloc.ities‘ at r/ro = 0.05 that were
obtained from the present work and compares them to- the published re’éults of
Friedman et al [15] A very close agreement is observed betweén the vélues.
The work peformed by Friedman et al compares well with t}1at of several other
authors [1, 13, 271, and hence the velocity predictions of the presént w;rk
were considered satisfactory. The solution of the momentum equations using a
numerical scheme resulted in the initial velocity profiles developing a 'bump’
near the wall (see Figure 19), as noted by several researchers [1, 15, 18, 27,
33] in developing ’pipe and channel flow. This '‘bump’ arises because the
reduction of velocity in the boundary layer at the wall forces the velocity to
increase outside the boundary layer This increase does not immediately spread
over the whole profile, because the rate of spread is limited by laminar
momentum diffusion, hence a velocity maximum al;ises. This phenomenum has
not been observed experimentally because‘ it is nearly impossible to produce a

truly uniform inlet velocity ( no inlet boundary layer).

5.1.2 Fully Developed Pipe Flow Subiect to Heating

The program was used to solve developing temperature profiles in fully

developed pipe flow with constant properties. This was carried out with the

’
same geometry and grid spacing as the developing pipe flow discussed in the

.

previous section {5.1.1).

r/ro
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* 6121  Constant Wall Temperature
The velocity profile to be studied in the tube was a fully developed
parabolic flow with an average velocity of 0.250 m/s. The air properties.were
-evalaéted' ;t the inlet temperature which was at 300 X and _the tube wall
: temper'atum was fixed at 1500 K. This resulted in an inlet Reynolds r;hmber.of
950 and a Prandt| number‘ of 0.700. The program was used to sélve the
energy equation only and a converged solution was reached after 2 iterations.

The temperatures and distances were made dimensionless by the following

expressions

1000z where r = axial distance from inlet
dRePr d = diameter of tube
Re . Reynolds number

Pr . prandtl number

R - where r = radial position

) re = radius of tube

) T - Ty where 7T = temperature at point {x.r)
T, = inlet temperature

T, = wall temperature at (x.ro)

Two radial positions were examined: one position close to the axié { rir. -
0.05), and‘the other close to the wall (r/r,= 08) The values obtained are
. compared to the finite difference solutions obtained by Grigull and Tratz [16]
and are shown in Figure 20. There ié very good agreement between the vresults

and it can be conclude_d that the program can predict the temperatures

accurately.
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} o 5122 Constant Heat Flux

| o In a.simila.r test, a fully developed constant p;operty parabolic flow through
a tube was subje.cted to constant heat flux heating. The tube had the same
geometry and gﬁd .spacing as in the constant wall temperature tests. The
av'er;age velocity. was 0.25 m/s and the properties were evaluated at the inlet
temperature of 300 K; this Qave a R_eynolds number of 950. The heat flux
J ‘m-toA the tube was 10893 W/m**2 and the Prandtl number was 0.708. The
‘ prografn was used to solve the energy equation only and the solution
converged after 2 iterations. The resultiﬁg temperatures and the distances

L

-were made dimensionless by the following expression:

- 1000z - see section 5.1.2.1 \(
dRePr .
\\
\ R see ‘section 5.1.2.1
To S C— — : .
\ ’/ ‘\
L s
. s
oy
o Tw ‘I where \Tw =~ wall temperature at (x,ro)
(Tw T.) .
“. . o~ - T =t t t
» \ emperature at (x,r)
. 3q.,d
(Yw hd Tﬂ) = _QI_,U'_ ~
. k.
- i“ }-.
whare ¢, = heat flux
d ' = diameter of tube
' Q k . thermal conductivity
_As the distance x approaches infinity, the temperature profile*becomes fully
- develuped. The difference between the wall and theé centre-line temperature is 2

¢

i
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constant and can be éxpressed in terms of the diameter, the heat ﬂux'and the
thermal conductivity [16] and this expression was used to non-dimensionalize
the temperature. Two fadial positions were examined: one position is very
close to the centre-line ( r/r,« 0.05), the other very close to the“tube wall (

= 0.90). The resuits are shown in Figure 21 ﬁ compared to t.h‘e solutions

obtained by Grigull and Tratz There is very good agreement with the published

results and it can be concluded that the program can accurately predict the

temperatures with constant heat flux.

52 THE FURNAGCE FLOW FIELD
As satisfactory results had been ‘gbtained for the different test cases of

pipe flow, the boundary conditions were now changed to conform to the actual

furnace geometry. The primary flow of air was chosen as 10.0 g/min,

* corresponding to a roughly stoichiometric air quantity for a coal feed rate of

1.0 g/min; this resulted in a 44 m/s average primary air velocity entering the
furnace. The primary tube in the burner was assumed to be long enough %o
allow theh primary'-ﬂow to. achieve a fully developed parabolic profile. The flow
visualization experiments led to the conclusion that the flow through the
furnace would be stable if the secondary flow velocity profile entering the
furnace was uniform and the flow fell within the range.of the stability diagram.
Two air nurbers { total air mass / stoichiometric air mass) were chosen: 5:1
and 10:1, giving secondary to primary air mass flow ratios *of 4:1 and 9:1. The
temperature of the primary flow entering the furnace was assumed to be 300
<o ’ |

The program was g_sed to solve the flow field in the furnace using this

data. Since the coal particles were assumed to travel along the axis of the -

'Y
L

/7o
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furnace, the centre-line flow velocilties and temperatures were of the most
interest. 'For a 300 K inlet, the calculated temperature values at the axis of the
furnace we'r_e‘!ow compared to a typical combustion temperature for coal (900
_ 1100 Ghthus it was felt that. the ‘secondary air flow would need a certain
degree of preheating. '

A study of the effect of varying certain parameters was conducted as

follows: ‘

1. Secondary flow temperature at 300 (no preheating) and wit;
preheating to 450, 600, 750, 900, 1050 and 1200 K before entering
the furnace. ‘

2. Air number equel to 5 and 10 (secondary mass/primary mass ratio
equal to 4 and 9)

3. Temperature of the surrounding glow bars (heating elements) at 1400
K and 1700 K.

 Because flow recirculation induced by buoyancy was deemed to increase
dispersion of the primary coal stream, one aim: of fhis study was to determine
under which conditions such recirculation could be avoided. It was felt that
the effects of bucyancy which could lead to recirculation would be stronger at
lower preheat te‘mperaturés; therefore, the secondary air preheat temperature
was reduced in ‘steps of 150 K from 1200 K down to the temperaturs where
recircutation was first noted As soon is recirculation was Expparent,
calculations were halted, because lowering the preheat temperature further
would only enhance recircdlati‘oru The minimum preheat temperature was 300 K.
The velocity profiles under dif‘ferent conditions are illustrated in Figures 22 to
43. In order to make the illustrations clear, only a selcted number axial

pesitions were chosen to show the developing profiles along the furnace tube
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length. The axial positioris are at 0.010, 0.052, 0.250, 0595, 1.000, 1.500, and

2.000 m measured frc'>m the furnace tube inlet plane.
5.2.1 Flow Field Stu;dx -~ Glow Bar Temperature 1700 K

For the first set of test;.s, the inlet mass flow of the secondary air was’
- specified as 40.0 g/min.: The primary air mass flow was fixed at 10 g/min;
therefore, the mass secondary/mass primary {ie M-S/M-P} was equal to 4.0.
The resulting axial velocity profiles are illustrated in Figures 22 tg‘ 26. As the -
preheat temperature increases, the centre-line velocity &ecreasea The buoyancy
forces are greater at the lower preheat temperature because of the greater
temperaturéA ifferences between the wall and the incoming %Iow. Since the \‘
momentum f rce; and the buoyant forces oppose each other, a deceleration of
the fiow at wall is observed, and this in turn causes an acceleration ot the

flow in the tube centre. The minimum preheat temperature required to avoid .
- flow reversal und to be close to 600 K: below this point flow reversal
near the wall results. Tha velocity of the flow reversal is small compared to

tha final centre-line velocity (0.1%) and the furnace could probably be operated '

&
with a secondary preheat temperature of 600 K without a significant increase
in dispersion of the primary jet Even without flow reversal. buoyancy is seen ~
to result in a much thicker wall boundary layer than is found in isothermai,' .
devebpmg flow. ‘ //
. —_—

For the second set of tests, the inlet mass flow of the secondary air/wds/_/
specified as 90.0 g/min (ie M;SIM—P - 9.0). The_-results are shown in Figures
27. to 33. The larger inlet mass (momentum) flux reduces the effect of
S L ]

b;ﬁ)oyancy and lowars the shear stress between the secondary and primary

//
T

/
/

Ve W f
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L W flpw,bdth of Which result in highel; velocities on the tube axis. There is no
recirculation apparent for any of the pfeheat temperatures with a 90.0 g/min

flow rate. For both secondary flows, the velocities near the axis change little-

with secondary inlet temperature; this suggests that particle transit times will

not be strongly affected by preheating. '
522 Flow Field Study — Glow Bar Temperature 1400 K

The same set of conditions in the previous section were examined at a
lower glow bar temperature. The results with the lower glow bar temperature
and 40 g/min air flow are shown in Figures 34 to 36; those with a 90.0 g/min

I
ity profiles with a 1400 K

- air flow are ébpwn in F.ig'ures 37 to 43. If the ve;loc
glow bar temperature are compared to the velocity profiles with a 1700 K
glow bar temperature using the same inlet conditions, very little differ'ence is
apparent The effect of buoyancy is seen to be slightly stronger at the lower
glow bar temperature, if results at 1700 K are _compared to resulis for the
same inlet conditions at 1400 K. One might expect that an increase in the glow
bar temperature would result in a greater di-stortion near the. furnace wall, buta
the reverse was observed The glow bars heat the _incoming gas, which

R
decreases in density and accelerates to conserve mass. Momentum increases

with the sqnuare of the vel9city while. buoyancy increases with the difference in
temperatures; sthus thel momentum forces increase somewhat more rapidly than
&the buoyancy forces as the temperature is increased. The momentum of the
i ffg? gas flow is greater at the higher glow bar temperature, thus the effects of
) buléay;ncy are redadBd. This effect is small, but can be seen most clearly by

comparing results for M-S/M—-P = 9.0 with Tinsec = 300 K at the two glow bar
4 ) _ : &

-

|
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temperatures. A reversal of the flow near the wall wasﬁnoted with 90.0 g/min

at 300 K but it was anmaII compared to the final centre line velocit*}- {0.1%),
This reversal re:;ult_ed from the relatively low fléw velocities and large buoyant
forces. The buoyancy effect at 1400 K is particularly strong for the 40.0
gimlin flow rate with a low prehéat terﬁperature. (see Figure 34) These

conditions represent the lowest momentum forces and the greatest buoyancy

forces. ) /

'\
53 PARTICLE VELOCITY AND TEMPERATURE / :

x*Four different §izes of particles that were considered representative of the
size to be tested in the furnace were examined; these were 10, 30, 100, 300
um particles. The tempera‘ture— increase and furnace rasidence times of these
particles were examined under each of the flow condit,?;}‘s studied in the
previous section. A series of heating curves were obtained ;and are shown in
Figurés 44 to 65. Particle heating rates were examined in preheated flows up
until recirculation waa noted; therefore, particle heating rates for some ofcthe
fléws at lower preﬁeat temperatures are not given

) .
531 Particle Heating - Glow Bar Temperature 1700 K . ' :
. . :

The four sizes of coal partic'ls, were introduced into the furnace flow wrgh
a 400 g/min secondary mass flow rate at preheat temperatures of 600 to
120(KK (see Figures 44 to 48). The five curves repreéent the gas cenise—line
temperature and the four particlé temperatures. Before the centra—line a;; can
increase in temperature, the heat from the éurnace walls must penetrate the

surrounding secondary flow; therefore preheatlng the secondary flow will allow s

.
\
/ “
h .
i ~
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the temperature of the central ;Srimdry stream to increase more rapidly. As

the particles enter the furnace, the initial particle heating is dependent on the
particfa size. The :,10 um ﬁﬁr‘_ticle has the Iarg&st initial tempgrature‘ increase
while the 300 um particle has the smallest initial temperature increase. This
pattisrn of heating for the different particles remains the same for each preheat

7L,perature. The 10 um partlcle then heats very quickly because of $mall

‘thermal inertia, and follows the centre—hne temperature closely The 10 um

particle also has the largest convective heat transfer coefficient because of its
small dia.mqtef. and most of the heat’it receives by radiation is convected to
the surrounding cooler gas. As the preheat temperature. is increased, the 10 um
particle approaches the centre line gas temperature more cIc{sely. The 30 and
100 um particles follow a similar pattern for each preheat :;mperatura'THe
convective heat transfer coefficient hecomes iess as the diameter becomes
greater; therefore, radiation from the furnace walls beckes relatively more
important, and the final temyeratu.re of ﬂmege particles rises with increasing
particle size. The 300 um particle has the lowest initial heating rate; because of

its large mass, it requires%a large quantity of heat to-héat up, and spends most

-of its time undergoing transient heating With a preheat temperature. of 750 K,

the temperature of the 300 um partidle actually falls below the surrounding
. - ,

gas temperature; the particle is then heated by both radiation and cqnvéction
By the end of the furnace, the ‘par;ticle temperature has intreased to, a
temperature close to that of the 100 um pariicla. Hig-her preheat temperatures
yield similar resuts. ) | .

The same sige particles were introduced into a 90.0 glhnin secondary air
.mass flow with preheating from 300 to 1%00 .K. The results are Sh_own in

:

Figures 49 to 55. Much lower particle temperatures wefe achieved because of

o~
N

/

.
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the #igher secondary mass flow rates. With the 900 g/min mass flow, the
preheating of the secondary flow does’ not have a strong effect on the heating '
hlstory, radiant heating is the main factor responsible for particle heatlng. At
gas ‘preheat temperature of 900 K and higher, the temperature of the 300 um

particle falis below the gas centre-line temperature, hence receiving energy by

LY
both radiatiw\

532 mmmz@guwmgu

A}

The four phrticles were introduced infdy the flow field obtained at a 40.0
g/min secondary air flow with a preheat of 900 to 1200 K. (see Figures 56 to
58) The 10, 30 and 100 um particles follow the gas.centre-line temperatures
very closely; however, the 300 um particle spends almost all its time (except
for a small initial distance) below the furnace gas temperature being heated by
radiation and convection. In contrast to the results with a 1700 K glow bar
temperature, the. 300 um particle re_aches‘ the lowest final temperature of all
the particles. The 100 um particle also exhibits a different t;ertaviour than the
results at 1700 K glow bar temperature: its temperature falls below that of
the 30 um particle rn the initial region of the furnace {05 m). An increase in
the preheating from 900 to 1200 results in the temperature of the 100 um
particle falllng below)the gas centre-line temperature however this partlcle
eventually reaches the highest particle temperature. The radiation produced by
the furnecs; walls is much less but the convective heat transfer coefficient

essentially remains the same, therefore the particles rem\\ain closer to the gas

temperature.
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The four particles were subjected tera 90.0 g/min secondary air mass flow
rateuwith preheating from 300 to 1200 K. (see Figures 59 to 65) The 10 and
30 um particles have curves similar to those of the other te'st con;iitions. The
thermal inertia of the 100 and 300 um particles is more noticable at the 1400
K glolw bar temperature. Much lower particle temperatures are achiaved at the
1400 K glow bar temperature. These results indicate the considerable loss of
radiation heat transfer to the partjclfys at the IoWer glovy bar temperatura.
533 parttls Heating Fates | :
One of the objectives of this study was to find the particle heating rates
under various flow and preheat conditions‘. The resulting heating rates for 10,
30, 100 and 300 um particles taken from the results discussed previously are
shown'in Figures 66 to 69, reaspectively. The heating rates were calculated by
taking the temperature achieved by the particle after travelling 025 m in the
furnace and di\;'iding by the time taken to travel that distance. A distance of
0.25 metres was chosen  beca it represents a point of continual and
relatively linear temperature-r_ij:—r\lall particig gizes. In all the heating rate
curves (Figures 44 to 65), the 1700 K glow bar temperature gives a greater
heating rate than the 1400 K glow bar temper/a.mre at the same preheat
temperature. This is expected owing to the greater energy received by
radiation. All the heating rates increase with thheat temperature, and the rat‘e

£y

of this increass is dependent on the particle size™The-heating rate of the 10
. \\ \ '

um particle is affected most by the preheat temperature; the 300 um is

affected the least, owing to the greater thermal inertia with large in partit;l'e\“/

i
diamaters.
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For all the particle sizes examined,‘the mass flow rate of the secondary
flow has a very small effect. Both mass flow rates give very ‘similar parﬁcle
heating ‘rates {see Figures 66 to 69). As particle siz‘e increases, the diffarencqr
in heating .r:;tes between the two glow bar temperitures becomes greater.
"This is true for the 10, 30 and 100 um particles; h<\>wev'er, owing to the large
thermal inertia of the 300 um particle, the ‘heating rate is somewhat less than
for the 100 um particle.

Figure 70 illustrates the effect of segondary air preheating\on the residence "
time of a 100 um particle. Increasing the preheét temperatufe results in a '
longer residence time for all flow rates because the centre-line veloc‘r'{y rises
less {see Figures 22 to 43). The mass flow rate of the secondary air has a
significant effect on the residence time. The larger mass flow rate has a high
initial velocity and is accelerated further in the furnace tuba. The smaller mass -
flow has a lower inlet velocity and is accelerated les ir; the furnace tube, thus
the residence time is longer for the lower mass flow. Varying the glow bar
temperature has a slight effect on the residence time. The higher glow bar
temperature heats the flow to a higher temperature which leads to higher

velocities and slightly shorter residence times.




. . Chapter VI .
CONCLUSIONS AND RECOMMENDATIONS -

The. objective of tllwis study wés to develop a numerical model for the’
CCRL drop tube furnace. The model examined the effect of the secondary air
mass flow rate, secondary preheat temperaturs and the glow bar {(heating
element) temperature. Inert, spherical E:oal particles with diameters of 10, 30,
100, 300 um ‘were introduced " into the furnace model and their velocities,
temperature and heating rates were computed.

The first section of this report examined experimental .result:; obtained
from isothermal flow visualization tests. These results yiélded two conclusions:

1.  The use of a flow straightener at the secondary air inlet is necessary
to obtain a dosired flow pattern with low dispersionl of 'the central
primary jet_-

2. The furnace should be operated within the range of the stability
_ diagram (Figure 7). ) *

Operating the furnace under the above conditions should result in the desired
laminar flbw pattern.

The finite difference model of the drop tube furnace was u§ed in a
parametric study o determine the effects of segondary mass ‘flow, secondary
preheat temperature and glow bar temm?ature. The, results led to the following
conclusions ' F ‘

1. Higherglow bar temperatures‘resulted in greater centreline velocities

and temperatures; buoyancy effects were reduced at tho higher glow
bar tamperature. ,' |

‘-."—74- _
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Higher secondary air mass flows resulted in larger, centre-line

velocities but lower centre-line temperatures; buoyancy effects were

reduced with the larger mass flow.

. . T .
Increasing the preheat temperature resulted in reduced buocyancy

effects, higher centre-line temperatures and ‘lower centre—line

velocities. . S

The introduction of the four different particle sizes into the furnace "flow

field under various flow conditions showed certain trends:

1.

5.

Particle heating rates increased with rising secondary gpreheat

‘ p -
temperatures. 3 v

&

The mass flow rate of the secondary air had a very slight effect on

the heating rates.

Higher glow bar temperatures’ significantly increase particle heating

-4
rates.

\
Heating rates are chiefly governed by radiant heat transfer from the

furnace wall.

Heating rates rose with larger particle diameters.

The residence time of a 100 pm particle was examined under various flow

conditions. Tha following conclusions were drawn from the results:

1.

A longer particle resfdence time was observed with larger preheat

“temperatures

¥

A larger secondary mass flow gives a decrease in particle residence
time.

Nl 3
A higher glow bar temperature gave a small increase in particle

residencs time.
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This fnodel has .been déveloped in conjunction with the actual drop tube
furnace ﬁt CANMET research laboratories. Calculated \}alu.t_-:-s of tempe.rature
predicted by the numerical model will be compared to measurements made in
the actual drop t'ub.vé":furnace. The experimental, cold flow apparatus used for
the flow visualization tests will be used to measure the developing velocity
profiles. These measure;'nents will then be compaged to the values predicted by
the numerical moael using the same inlet anrd'boundary cor';ditions (ie cold
ﬂpw).- Future research with the actual furnace and t‘he numerical model will

aeventually lead to the development of a pulverized coal combustion model. .

el
—
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Appendix A
" PARTICLE DENSITY

One of the assumptions mada.in de;feloping the particle. heating ‘model was-
- that ‘the conber;tratio'n Of, particles was .‘sr.nall and that the effect Jof the
pafticles on each other could be negl_ected. The fgrnac:e i_s a long narrow 2m’
fong, 0.064m |D. cylinder thr'ough‘which coal ‘and air are " passed. The‘ air flow
| rates were based on a‘ specified flow rate of coal. The total volum_e of coal

and the number of size graded cocal particles at any time can be calculated as

follows:

.

Desired mass flow rate of-coal:

t g/min = 0.01667 g/s

~
Average velocity of coal through furnace:

4.4 mis

Average residence time of coal in furnace:

(2m}/(4.4 m/s) - 0.4545 s S

Total mass of codl in furnace at any time: .
{0.01667 g/sX 0.4545 s)

~ 7576 *10*-3 g

Total volume of coal in furnace at any time:
k {mass of coal)/{density of coal)
density of coal =« 1300 kg/m**3
total volume = 5828 *10**-9 m**3
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Volume of each of the dlﬁferent sized spherlcal pa.rtlcles
10 pm = 5236 "10“ 16 m“3
BQ HM = 1414 *10**-14 m*3 . ) :
100 pm - 5.236 '1o*f-"13 m**3 ’

300 pm = 1414 *10%*~11 m**3

. ‘N&mber of particles of eacﬁ diameter in furnace at any time:
o (desnred volume of coal)/(volume of particle)
—for a 100 |.1m particle _ .l
' (5.828 .*10"-9)/(5.236 *10**~13)

‘= 1113 *10**4 particles

Si'milarly, number of particles in-furnace at any time:
10 um particle - 1.113 *10%7 partlcles
30 pum partlcle - 4122 '10“5 partlcles

300 pm particle = 4.12 *10**2 particles

The furnace consists 6f a 2m long cylinder. |f the furnace is sliced into a
series of disks, then a certain number of part.icles can be said to occupy each
disk. If. the thickness of a slice is large compared to the diameter of thie
particle, then the concentration of the particles is small and cloud effects can

be neglected.

For a 160 pm particle:
Thickness of slice = (furhace!‘ length)/(number of particles)
| 4ém)/(1.113 *10**4 particles)
-0.000180 m '

Number of particle diameters/slice



o
. M .;‘_ - .. "- .
. - . s 132
. ={0.000180)/(0.000100) ~ ~
-1 ~ h »

-
M

. Thickness of slice is 1.8 particle diameters. and ona 100 prﬁ particle occupias

-

each slice. Tha assumptiqh “thajthe b‘e;r:ticles are spaced sufficiently apart with

low particle concentration can*he said to be valid :
" o .
i Y

-~
»
-~

Similarly, .

10 pm particle = 0.018 particle diameters/slice thickness
. h - - +

30 pm pz;j'tir!;»- 0.16 * particle diameters/slice thicknass
. - - - L}

-

300 pm particle = 16 particle diameters/slice thickness

9
- -

For the 10..and 30 pm particle sizes, the slice'thic;kr)ess is smaller than the

.particle diameter; 'mqurefb‘re, more than cne particle will have to occupy each

K.
- e

) -~slice.

10 pm = 56 particles/slice thickness

30 pum = 6.3 particles/slice thickness

The concéatration_ of the 10 and 30 pm particle is still 'relativély small when
spread out “over the cross-sectional area of the slice (slice diameter based on
diamater of primary inlet = 6400 pm). ‘

-
. L



Appendix B

VIEW FACTORS

[

T

2z -

Frw =1 - Fpp - I'ps  Fpy
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.
C———CCRL COAL DROP FURNACE NUMERICAL MODEL——EMR CONTRACT
¢ ' : o
C———WRITTEN BY ROBERT J. FLAXMAN —— MASC. MECH. ENG. THESIS
c - _ _ ’
c THIS PROGRAM- PREDICTS THE VELOCITY AND TEMPERATURE PROFILES INSIDE
C- A LAMINAR COAL DROP FURNACE UNDER SPECIFIED FLOW CONDITIONS.
¢ THE PROGRAM USES THESE CALCULATED VALUES TO SOLVE TEMPERATURES
¢ AND VELOCITIES OF SIZE GRADED PARTICLES AS THEY TRAVEL THROUGH
c THE FURNACE.
c
C
c

DMIENSION hZUU(9) ,HEDV(9) ,HEDP(9) ,HEDT(9) ,HEDM(S) . HEDD(9)
COMMON
1/UVEL/RESORU, NSWPLl, URFU, DXEPU{32) . DXPWU({32) . SEWU(32)
1/VVEL/RESORV ,NSWPV , URFV,DYNPV{32) ,DYPSV(32) , SNSV({32)
1/PCOR/RESORM, NSWPP , URFP,DU( 38, 38) .DV(38,3@) . IPREF . JPREF
1/VAR/U(38,30),V(30,38) .P(30,30) ,PP(3D. 39)

T/ALL/IT,JT NI, NJ,NIM1 ,NJM1 ,GREAT

COMMON

1/GEOM/X(32).Y(32) .DXEP(32) ,DXPH(32) .DYNP(32) ,DYPS (32},

1 SNS(32),SEW(32).XU(32).YV(32) .R(32) ,RV(32) .RCV(32)
1/FLUPR/VISSEC, DENSEC, PRANDL ,DEN(38,38) , VIS (30, 38) ,CONST,
1 VISPRM, DENPRM, SECMAS , PRWMMAS , SPRAT

. COMMON

1/PROB1/UINPRM ,UINSEC ,GRAVTY , FLOWIN NI TER
1/COEF/AP(30,30) ,AN(38,30) ,AS(38,30) ,AE(38,38) , AW(30,38),5U(30,308) .,
1 SP(38,38)

COMMON

1/TEMP/T(38,38) ,GAMH(30,30) ,RESORT . NSWPT, URFT,
2 TINPRM, TINSEC, TGB(3@) ,HTFLX(38) ,HFXOLO(38)

LOGICAL INCALU, INCALV, INCALP, INPRO, INCALT , INCLUP
READ(5,@18) HEDU,HEDY,HEDP, HEDT , HEDM , HEDD
818 FORMAT(9A4)

c
C " CCRL FORTRAN C
C )
CHAPTER 1 1 1 1 1 PARAMETERS AND CONTROL INDICES t 1 1 1 1 1
C
C——GRID
C THE GRID CONSISTS OF 28 AXIAL POSITIONS AND 20 RADIAL POSITIONS.
Cc
GREAT=1.E30
NITER=0 .
IT=30 .
JT=30
I MON=5
JMON=5
JPREF=2
IPREFm2
NSWPU=3
HSWPVm3
NSWPP=5

NSWPT=3
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Nl=28
NJ=2@
NIM1=NI-1
NJIM1=NJ—1

c

THE FOLLOWING ARE THE AXIAL POSITIONS OF THE GRID 'IN METERS.

X(1)=—2.e02
X(2)=0.0082

X{3)=0.0087

X{4)=0.813

X(5)=0.028

X(6)=0,028

X(7)=0.040

X(B)=d.065

X(9)}=0.105

X(18)m=B.155
X(11)=0.215 P

x(12)=0 285 .

X(13)=0.365 i
X(14)=D. 455

X{15)=0,545

X(16)=0.645 _

X(17)=8.745 -

X(18)=8.845

X(19)=@.945

X(20)=1.855

X(21)m1.175

X{22)=1.3e5

X(23)=1.435

X(24)=1.565

X(25)=1.695

X(26)=1.815

X{27}=1.935

X(28)=2.0865

C THE FOLLOWING ARE THE RADIAL POSITIONS OF THE GRID IN METRES
Y{1)=—0. 0004

Y(2)=0.0004

Y(3)=0.0012

Y(4)=0. 0020

Y(5)=0.0028

Y(6)=2.0036

Y(7)=0.0044

Y(8)=2.02852

Y(9)=0.0060

Y(18)=0.0@68

Y(11)=0. @080

Y{12)=0.0100 ' o7
Y{13)=0.0148

Y{14)=0 2180

Y(15)=0.0220

Y(16)=a.026@



v

Y(17)=0.0278
Y(18)=2.0294
Y{19)=0. 23102
Y{20)=0.0326
C
C———DEPENDENT VARIABLE SELECTION

c THIS DETERMINES WHICH SUBROUTINES ARE TO BE USED
c
INCALU=, TRUE.
INCALVe. TRUE.
INCALP=_ TRUE. X
INCALT=.TRUE. ~
INCLUP= . TRUE . .
INPRQO=. TRUE .
C A
CC—=INITIALIZE GLOW BAR (HEATING ELEMENT) TEMPERATURE '
C

TMPGLB=1400.0
0O 211 [=2,NIM)
211 TGB(1)=TMPGLE

C .
CC——INLET FLUID PROPERTIES
C -
c AIR MASS FLOWS IN KG/SEC (1.0 G/MIN COAL FEED RATE)
PRMMAS=(@.81/68.8)
SECMAS=9 . @+PRMMAS
SPRAT=SECMAS /PRMMAS
RATIO=1.B+SPRAT
c
c TEMPERATURES IN K
TINPRM=308 . 8
TINSEC=3080.90
c

C—-—DENSITY IN KG/Mes3 AND VISCOSITY IN KG/MsS (DYNAMIC)
DENSEC=181325,8/(287 .0 TINSEC)
VISSEC=1.5E—6eTINSECe#1 5/(TINSEC+130.8)
DENPRMa 101325 .8/ (287 .0+ TINPRM)
VISPRM=1.5E—6¢TINPRMes1.5/(TINPRM+138.0)

C

C-——AVERAGE PRANDTL NUMBER FROM 800—1200 K
PRANDL=8 . 700
PATM=101325 .0
RR=287.@

CONST=RR/PATM

c -

C——PROGRAM CONTROL AND MONITOR
MAX [ Tm300
URFU=@ 5
URFV=@ .5
URFP=d .2
URFT=1.0
SORMAX~G . 810
GRAVTY=9 . 8826
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CHAPTER 2 2 2 2 2 2 INITIAL OPERATIONS 2 2 2 2 2 2 2 2 2
c
C———CALCULATE GEOMETRICAL QUANTITIES AND SET VARIABLES TO ZERO
CaLL INIT
c
C———CALCULATE AREAS '

c AREA OF PRIMARY BURNER INLET
C=1.9
Pl=#.@sATAN(C)
APRM=(RV(6)ee2)ePI
C AREA OF SECONDARY FLOW
ASEC=(RV(NJ)»s2-RV(10)ee2)sP]
C t
C SPECIFY INLEY CONDITIONS

UINPRM=PRMMAS / ( APRM» DENPRM}
UINSEC~SECMAS/{ ASECsDENSEC)
0O 203 lm1,NI
DO 208 Jm18,NJMI
200 U(1,J)=UINSEC
DO 202 J=2.9
IF(J.LE.5) U(I.J)=2.@sUINPRMs 1.08-(R(J)/RV(6))e+2)
IF(J.GT.5) U(1.5)=0.0 .
202 CONTINUE
203  CONTINUE
c
c

THIS CALCULATES THE MASS FLOW ENTERING THE FURNACE
FLOWIN=G .9
XMONIN=0 .8
DO 111 Jm2,NJMI
ARDEN=DEN(1,J) »RCV(J)=SNS(J)
XMOMN [ N=XMON T N+ARDEN®U( 1, ) s U( 1 jub)
FLOWI N F LOWIN+ARDENsU( 1, J)
111 CONTINUE
c
c

INITIAL OUTPUT

WRITE(6,313) TMPGLE
WRITE(6.213) RATIO

WRITE(6,219) UINPRM

WRITE(6,228) UINSEC

WRITE(6,221) TINPRM

WRITE(6,217) TINSEC - .

REPRM=UINPRM+© . 0832+ 20 DENPRM/VISPRM

C———HYDRAULIC. DIAMETER" IS USED BELOW IE-HYD DIA = 4eXS—AREA/WET PERMTR
RESEC=UINSECs (4.82ASEC/®.24) «DENSEC/VISSEC

WRITE(6,223) PRANDL '
WRITE(6,229) REPRM

WRITE(6,230) RESEC

WRITE(6,250) VISSEC
WRITE(6,260) DENSEC

r

IF{INCALU) CALL PRINT(2,2.NI.NJ,IT,JT.XU.Y,U, HEDU)
c IF(INCALY) CALL PRINT(2.2,NI,NJ,IT,JT, X, YV,V HEDV)
c IF(INCALP) CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,P HEDP) o



141

IF(INCALT) CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,T.HEDT)
IF(INPRO ) CALL PRINT(1,%,NI,NJ.IT,JT,X,Y,VIS,HEDM)
IF(INPRO ) CALL PRINT(1,1.NI,NJ,IT,JT,X,Y,DEN,HEDD)

OO0

C—————CALCULATE RESIDUAL SOURCE—NORMALIZATION FACTORS
¢
CHAPTER 3 3 3 '3..3 3 3 ITERATIONLOOP 3 3 3 3 3 3 3 3 3
C
308 NITER=NITER+1
C———UPDATE MAIN DEPENDENT VARIABLES
IF(INCALU) CALL CALCU

[F(ENCALV) CALL CALCY . .
IF(INCALP) CALL CALCP ‘3i-
IF(INCALT) CALL CALCT _ W

C s N K <

ol THIS CALCULATES THE MASE FLOW LEAVING THE FURNACE

. o
ARDENT=8 .8
FLOW=3 .0 -
DO 196 J=2,NJM1
ARDEN=@ ., 5¢ (DEN(NEM1  J)+DEN(NIMI—1 J) ) »RCV(J ) #SNS(J)
ARDENT=ARDENT+ARDEN

196  FLOW=FLOW+ARDENSU(NIMS, J)
o
C THIS ADJUSTS THE FINAL VELOCITY IN ORDER TO CONSERVE MASS

UINC={ FLOWIN-FLOW) /ARDENT !
DO 197 J=2,NJMI
U2, d)=Uf1,d)e(T(2, J)+T(1 JYy/(2. e-m J1
197  U(NI,Jd)=U{NIM1,J)+UINC
C
C———UPDATE FLUID PROPERITIES
IF{INPRO) CALL PROPS
o
C——INTERMEDIATE OUTRUT -

C THE VALUES ARE NORMALIZED WITH THE INLET CONDITIONS
RESORM=RESORM,/FLOWIN
RESORU=RESORU/XMONTN
- RESORV=RESORV/XMONIN )
RESORT=RESORT /( FLOWIN« T INPRM)
c .
c AFTER EACH ITERATION, THE RESIDUAL SOURCE TERMS, A MONITORED
c GRID POINT (5,5) AND THE HEAT FLUX 1S PRINTED
c

WRITE(6, 199)NITER,RESORU,RESORV,RESORM, RESORT ,U(5,5) ,V(5,5) ,P(5,5)

. JHTFLX(2) JHTFLX (NIM1) _ . '
199 FORMAT(IS,7F11.5,2F14.5) '
INTERMEDIATE OUTPUT AFTER 48 ITERATIONS "
IF(MOD(NITER,48).NE.®) GO TOQ 301 ] .
IF(INCALU) CALL PRINT(2,1,NI,NJ IT,JT,XU,Y,U,HEDY)
IF(INCALY) CALL PRINT(1,2,N1.NJ.IT,JT,X,YV.V,HEDV)
IF(INCALP) CALL PRINT(2,2.NI1,NJ,IT,JT.X,¥,P,HEDP)
IF(INCALT} CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,T,HEDT) !
IF(INPRO ) CALL PRINT(1,1,NI.NJ,IT,JT,X,Y, VIS, HEDM)
IF(INPRO ) CALL PRINT(1,1,NI,NJ,IT,JT X,Y, DEN, HEDD)

c

O O 0000



381 CONTINUE

c

c TERMINATION TEST
SORCE=AMAX 1 (RESORM , RESORU , RESORV , RESORT )
IF(SORCE.LT.SORMAX) GO TO 302 C
IF(NITER.EQ.25.AND.SORCE.GT.1.0E4sSORMAX) GO TO 3e2
IF(NITER.EQ.MAXIT) GO TO 382 ]

¢ .
GO TO 308

382 CONTINUE
c ) -
¢ FINAL OPERATIONS AND OUTPUT ‘

c v
UINC=U(NI,2)~U(NIM1,2) a
WRITE(6,311) NITER,RESORU,RESORV,RESORM,RESORT,UINC
IF(INCALU) CALL PRINF(2,1.NI,NJ.IT.JT.XU.Y,U,HEOU)
IF(INCALV) CALL PRINT{%,2,NI.NJ,IT,JT,X,YV,V.HEDV)

C IF(INCALP) CALL PRINT(2,2,NI,NJ,IT,JT.X.Y,P,HEDP)
IF(INCALT) CALL PRINT(2,2.N1.NJ,IT,J7,X.Y.T.HEDT)
o IF(INPRO ) CALL PRINT(1,1.NI,NJ.IT,JT,X,Y.VIS,HEDM)
C IF(INPRQ } CALL PRINT(1,1,NI,NJ,IT,JT.X.Y,DEN, HEDD)
C
ce «NOTE — THIS SUBROUTINE 1S SPECIFICALLY FOR THE CALCOMP PLOTTER
. .
C PLOT SUBROUTINE——VELOCITY PROFILES
C
XAX15=32.0
IF(INCLUP) XAXIS=50.€ ot
CALL PLOTS(XAXIS,27.5)
o
c DEVELOPING VELOCITY PROFILES——RADIAL ¥S. AXIAL DISTANCE
c .
CALL PLOT(2.0,2.2,-3)
C -
. C-—£:~THIS DRAWS THE FURNACE WALL
e .
CALL PLOT(22.©,15.95,3) -
-~ CALL PLOT(-1.9,15.95,2)
DO 166 lwi, 46
TIC=(1-1)#0.5-1.@
TAC=I+8.5-1.25 F
CALL PLOT{TIC,15.95,3)
CALL PLOT(TAC,16.25,2)
166 CONYINUE
c CALL SYMBOL(13.9,16.5,.35, '"FURNACE  WALL'.@.@,14)
c
C THIS DRAWS THE CENTRE LINE

DO 165 I=1.8

SPCim3.0e1-4.0 _
DASH=SPC1+2. 9 f
SPC2ZmDASHHD . 45

DOT=SPC248 . 1

.
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c

165

177

CALL PLOT(SPC1,8.0,3)

CALL PLOT(DASH,8.98,2)

CALL PLOT(SPC2.8.8,3)
IF(1.LT.8) CALL PLOT(DOT+8.0,2)
CONTINUE

DO 177 I=1,3
PEP={I—1)e7.5+8-18
PEPIm(I-1)e1.0

CALL NUMBER(PEP,7.2,0.35,PEP1.90.08,~1)
CONTINUE .

CALL SYMBOL(2.2.6.2,0.35,'X',98.8,1)
CALL SYMBOL(7.58.S.2.B.35.'M',Qa.e.1)

~

Y

C- ——THIS DRAWS THE BURNER MOUTH

c

v

* CALL PLOT(-1.0,8.8@,3)

701

CALL PLOT(®.2,B.80,2)
CALL PLOT(®.2,9.60,2) i
CALL PLOT(-1.9,9.68,2)

DO 791 J=1,3.
TICA=(Js2.5)+8.8 =
TICB=TICA-8.25
RRNUM-J+ 100

CALL PLOT(8.0,TICA,3)
CALL PLOT{—®.3,TICA,2)

CALL NUMBER(-@.4,TICB.@.35,RRNUM,90.0,~1)

CONTINUE
CALL SYMBOL(—®.4,11.6,0.35,'R',90.9,1)

" CALL SYMBOL(—0.4,14.2,08.35,'md’,58.0,2)

99

98

CALL PLOT(@.2,15.95,3)
CALL PLOT(®.08,7.7,2)

DO 98 I=4 NI, 4
XX=XU({I)e7.5 - -

CALL PLOT(XX,15.95,3)

CALL PLOT(XX.7.7.2)
NX=XX+8 .25
RR=R(2)+250.0+8.0 :
UU=(U(T,2)/UINPRM) 3. 75+XX
CALL PLOT(UU,RR,3)

DO 99 J=3, NJM1
RR=R(J)»258.8+8.0
UU={U(L,J)/UINPRM) 3. 75+XX
CALL PLQT{WI,RR,2) -
CONTINUE

CALL PLOT(XX,15.85,2)
CONTINVE

CALL PLOT(6.82,5.8,3)
CALL PLOT(0.8,5.9.2)

DO 191 K=1,9
D=(K-1)¢D.8523

CALL PLOT(D,5.@,3}) .
CALL PLOT(D,4.8,2)
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DD=0+0. 18
DND=(K—1)+1.0

CALL NUMBER(DD,4.4,8.35,DND,92.0,-1)
181 CONTINUE
CALL SYMBOL{2.8,3.35,0.35,'U’,90.9,1) )
CALL SYMBOL(4.9,3.9,0.35, 'M/S',99.0,3)
CALL SYMBOL(22.€,9.5,0.35, 'M=S/M—P = ',90.9,18)
CALL SYMBOL(20.5,9.5,8.35," T-GB = K',90.9,16)
CALL SYMBOL(21.2,9.5,9.35,' T7T-SEC = K’,90.0,16)
CALL SYMBOL{21.5,9.5,0.35,' U-SEC = M/S’,90.0,18)
CALL NUMBER(21.5,13.0,8.35,UINSEC,90.9,2)
CALL NUMBER(20.5.13.0,0.35,TMPGLB,90.9,~1) e
CALL NUMBER(21.2,13%@,9.35, TINSEC,90.9,-1)
CALL NUMBER(22.8,13.8,0.35,SPRAT,96.0,1)
CALL SYMBOL(®.5,23.8, .84, 'CCRL FURNACE VELOCITY PROFILES'.2.9.30)
CAUL SYMBOL(0.5.21.5,.35, AVG. PRIMARY ;INLET VELOCITY M/S*
. .8.9,37) ' _ :
CALL NUMBER{12.3,21.5,.35,UINPRM.9.9,3)
CALL SYMBOL(@.5,21.8,.35, "AVG. SECONDARY INLET VELOCITY M/S*
. .0.9,39) .
CALL NUMBER(11.@,21.8, .35,UINSEC,9.8,3)
CALL SYMBOL(P.5,20.@,.35, 'PRIMARY INLET TEMPERATURE K'..0.32)
CALL NUMBER(9.9.20.0, .35, TINPRM,©.0,-1)
CALL SYMBOL(®.5.19.5, .35, 'SECONDARY INLET TEMPERATURE X', .@
. .54) . . ’
CALL NUMBER(19.2,19.5,.35,TINSEC.90.0,-1) ‘ ’
“CALL SYMBOL(®.5,18.5,.35, "PRIMARY THLET REYNOLDS NUMBER'.¢.©.25)
CALL NUMBER(11.2,18.5, .35 REPRM,.©.0,-1)
CALL SYMBOL(®.5,1B.@, .35, SECONDARY INLET REYNOLDS WUMBER' @ 0, 31)
CALL NUMBER(11.9,18.8,.35,RESEC,8.08,-1) ’ ;
o ‘ .
c THES SECTION MUST BE CHANGED MANUALLY 'FOR CHF OR CWT
CALL SYMBOL(16.5,21.5,.35, ZONE §1 TEMPERATURE 140@ K’ .8.8.30)
CALL SYMBOL(16.5.21.@,.35,"ZONE §2 TEMPERATURE 1409 K'.8.0, 380}
CALL SYMBOL(16.5,28.5,.35, 'ZONE #3 TEMPERATURE 1400 K',2.0,30)
"CALL SYMBOL(16.5.20.8, .35, ZONE §4 TEMPERATURE 1400 k' .0 .0, 30)
- THE FOLLOWING STATEMENT CALLS THE PARTICLE HEATING SUBROUT INE
. . y . A .
IF{INCLUP) CALL CALCUP
CALL PLOT(0.9.0.9,999)
STOP . oo
C
C———FORMAT STATEMENTS
313 FORMAT(1HO,5X, 'GLOW BAR TEMPERATURE ' ,T5@, ', iPE11.3)
213 FORMAT (1HO,5X, ' LAMBDA ©. TS50, '=' ,1PE:1.3)

221 FORMAT(1H®,5X. ‘PRM INLET TEMPERATURE *,T58, ‘=" TPE11.3,2X, 'K")
217 FORMAT(1H®,5X,'SEC. INLET TEMPERATURE ';T5@, ="', 1PE11.3,2X, 'K"')
219 FORMAT(1HO,5X, 'PRM INLET VELOCITY (PABB)'.759.'-'.1PE11.3.2X.

T8

W/S')

220 FORMAT(1H®,5X, "SEC INLET VELOCITY (UNFM)',T5@,'=’ 1PE11.3.2X.

W/S)

223 F:ORMAT(1HB.5X.'AVG. PRANDTL NUMBER' ,T5@, =" 1PE11.3)
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- 145
229 FORMAT(1H@,5X, 'PRM REYNOLDS NO.*,TS@,'=’,1PE11.3,2X, ' (INLET)")
230 FORMAT(1H,5X, *SEC REYNOLDS NO.*,T5@,'m',1PE11.3,2X, ' (INLET)")
250 FORMAT(1H®,5X, ' LAMINAR VISCOSITY (VARBL)'.T5@,’s=',1PE11.3,2X.

. 'KG/MeS (INLET)")
260 FORMAT(1H®,5X, "FLUID DENSITY (VARBL)',T5@,'=',1PE11. 3 2X,
. *KG/Mes3 {INLET)'} .
311 FORMAT(//1H@,5X, "NUMBER OF ITERATIONS',T50.'-‘.II5./.1H6.5X. .
. 'U VEL RESIDUAL'.T3@,'=",1PE11.3,/,1H8 5%, 'V VEL RESIDUAL',
. © T5e, =", 1PE11.3,/,1HD,5X, '"MASS RESIDUAL',T58, =", 1PE11.3,
. /. 1H® 5%, "TEMP RESIDUAL’,T5@,'=',1PE11.3,/ 1H®, 5%,
. "FINAL U VELOCITY DIFFERENCE®,T5@, =" ,1PE11.3) Cj}
.. END ' :
c
c -
SUBROUTINE INIT
c

CHAPTER @ © 8 © © @ P © PRELIMINARIES © © @8 & © @ @ ©
c

COMMON )

1/UVEL/RESORU ,NSWPU ,URFU, DXEPU( 32}, DXPWU{32) . SEWU({32)
1/VVEL/RESORV ,NSWPV , URFV, DYNPV( 32} ,DYPSV( 327, SNSV( 32)
1/PCOR/RESORM,NSWPP , URFP , DU(3@,30) ,DV(3@,38) . [PREF , JPREF
1/VAR/U(50,30),v(38,38),P(30,30),PP(38,30) ﬂ,</’,
1/ALL/TT,JT NI NJ.NIM1 ,NJM1 . GREAT
* COMMON

1/GEOM/X(32) ,Y(32) ,DXEP(32) ,DXPW(32) ,DYNP(32) ,DYPS(32),

1 SNS(32),SEW(32),XU(32).YV(32),R(32).RV(32) .RCV(32)
1/FLUPR/VISSEC,DENSEC,PRANDL,, DEN(30,30) ,VIS(3@,38) ,CONST,

1, . VISPRM,DENPRM, SECMAS, PRMMAS , SFRAT

COMMON .

1/PROB1/UINPRM, UINSEC ,GRAVTY , FLOWIN, NI TER

1/COEF /AP (3@,38) ,AN(30,30), AS(36 30) . AE(38,32),AW(30,30).5U(30,30).
1 sp(se 30)

COMMON

1/TEMP/T(30,30) ,GAMH (3@, 30) , RESORT ,NSWPT , URFT,

2 TINPRM, TINSEC, TGB(38) ,HTFLX(30) . HFXOLD(3@)

DO 108 Jm1,NJ
180 R(J)=Y(J)
DXPW( 1)@ .0
DXEP(NI)=8.p ‘ -
DO 181 I=t,NIMI o :
DXEP(I)=X{I+1)-X(1) . ¢
121 DXPW([+1)~DXEP(I) '
DYPS{1)=0.0
DYNP(NJ)=d .0
DO 162 J=1,NJMI
. DYNP{J)=Y (J+1)=Y(J)
102 DYPS(J+1)=DYNP(J) .
SEW(1)=e.0 ’ ' -
SEW(NI)=0.0 .
DO 183 =2 ,NIMI . -
103 SEW(1)=0.5+ (DXEP(1)+DXPW(1)) : ‘
SNS(1)=0.0
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&

-

SNS(NJ)=0.2

DO 104 J=2,NJM1 .
184 SNS(J)=8.5¢ (DYNP(J)+DYPS(J))

XU(1)=a.2

DO 105 I=2,NI - -
185 XU(1)=@.5e(X(I)+X(I-1)) = ' -
- DXPWU(1)=2.@

. DXPWU(2)=0.0
DXEPU(1)=R.2
DXEPY(N])=2 .28
DO 186 [=2,NIMI
DXEPU(T)=XU(I+1)—Xu(1)

106 DXPWU(I+1)=DXEPU(I)
SEWU(1)=0.2 N
DO 187 I=2,NI
107 SEWU(1)=X(I)-X(I-1)
YV(1)=0.0"
RV(1)=0.0
DO 188 Jm=2,NJ
RV(J)=8.5e (R(J)+R(J-1))
108 YV(J)=0. 50 (T(J)+Y(J=1))
RCV(1)=R(1) .
T RCV{NJ )=R({NJ)
DO 113 J=2,NJM1
113 RCV(J )=, 5« (RV{J+1)+RV{Y))
DYPSV(1)=0.@
 DYPSV(2)=0.0
DYNPV(NJ)=8.@
DOT109 Jm2,NJW]
DYNPY {J )=V (J+1)=YV(J)
189 DYPSV(J+1)=DYNPV(J)
SNSV(1)=0.0
DO 110 J=2,NJ
118 SNSV(J)=Y(J)=Y(J4—1)
c

CHAPTER 2 2 2 2 2 2 SET VARIABLES TO ZERC 2 2
C

-

-

DO 281 I=1,NI

DO 200 Jm=1,NJ

u(l,J)=0.0

V(1,J)=0.0 .

P(1,J)=0.0 ‘ /4/
IF(J.GE.18) T{I.J)mTINSEC
IF(J.LT.18) T(I,J)=TINPRM
PP(1,J)=d.8

1F{J.GE.18) DEN(!,J)=DENSEC
IF(J.GE.18) VIS(I,J)=VISSEG =
IF(J.LT.12) DEN(I,J}=DENPRM
IF(J.LT.18) VIS(I,J)=VISPRM
IF(J.GE.10) GAMA(],J)=VISSEC/PRANDL
IF(J.LT.18) GAMH(I;JU)=VISPRM/PRANDL
DU(I,J)=B.0@ ‘

DV(I.,J)=d.08

Su(l,J)=8.8

2%

P

-



200
201

202

SP(1,4)=8.0 ' '
CONTINUE

CONTINUE - =
DO 282 [m=1,N]

HTFLX(I)=d.2 -

HFXOLD(1)=d.0

" RETURN
- END

c
CHAPT
C

"1 VISPRM , DENPRM, SECMAS , PRMMAS , SPRAT

c
c
C—

100

C
CHAPT
C

SUBROUTINE PROPS

ER @ 8 © © 0 0 © @ PRELIMINARIES 6,0 © © © © o o

COMMON
1/FLUPR/VISSEC , DENSEC, PRANDL . DEM(38,38) ,VIS(38,38) ,CONST,

1/VAR/U(30,38),V(308,30) ,P(30,30),PP(30,30)
1/ALL/IT,JT,NI,NJ NIMt NJM1  GREAT
1/TEMP/T(30,38) .GAMH(30,38) ,RESORT ,NSWPT, URFT,

2 TINPRM, TINSEC, TGB(3@) ,HTFLX(30) , HFXOLD( 3¢)

SUTHERLAND EQUATION; B AND S CONSTANTS
B=1.5E—6 '

S=130.

DO 182 [=),NI]

DO 180 JE1 NJM1
DEN(IL,J)=1.8/(T(1,J)sCONST)
VIS(I.J)=Be(T(I,J)ee{1.5))/(S+T(1.J))
GAMH(1,J)=VIS(I, ) /PRANDL

CONTINUE

RETURN

END

SUBROUT INE CALCU
ER © @ 2 @ © © © © PRELIMINARIES 2 8 © @0 © € 0 @

COMMON
1/UVEL/RESORU, NSWPU , URFU ,DXEPU( 32 ) ,DXPWUI(32) . SEWU(32)
1/¥VEL/RESORY ,NSWPV  URFV, DYNPV( 32}, DYPSV(32) , SNSV(32)
1/PCOR/RESORM, NSWPP ,URFP ,DU(30,30) ,0v(3@,38), IPREF, JPREF
1/VAR/U(22,38).v(30,30) ,P(30,38) .PP(30,30)

1/ALL/IT, JT NI NJ NIM1 ,NJM1 ,GREAT -
COMMON

1/GEOM/X(32),Y(32) ,DXEP(32) ,DXPW(32) ,DYNP(32) ,DYPS(32),

1 SNS(32).SEW(32),XU(32),Yv(32),R(32),RV(32).RCV(32)
1/FLUPR/VISSEC, DENSEC, PRANDL ,DEN(38,30),VIS(30,30) ,CONST,

1. VISPRM, DENPRM, SECMAS , PRMMAS , SPRAT

COMMON '

1/COEF/AP(30,30) ,AN(3@,30) ,AS(3@,30) ,AE(3@,30) ,AW(3D0,32) ,SU(3e, 38),
1° SP(30,30) .
1/PROB1/UINPRM,UINSEC,GRAVTY , FLOWIN, NI TER
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_ COMMON
1/7EMP/T(30,30) ,GAMH(3@,30) .RESORT ,NSWPT ,URFT, N
2 . TINPRM, TINSEC,TGB(30) ,HTFLX(3@) ,HFXOLD{38) )
c . _
CHAPTER. 1 1 1 1 1 1 ASSEMBLY OF COEFFICIENTS 1 1 1 1 1 1 1
c . '
DO 160 =3, NIM1 -
DO 181 J=2 NJM1
C——COMPUTE AREAS AND VOLUME
AREAN=RV (J+1)«SEWU(I)
AREAS=RV(J)*SEWU(I)
AREAEW=RCV(J) #SNS(J)
VOL=RCV(J)»SEWU(I)«SNS(J)
C——CALCULATE CONVECTION COEFFICIENTS -
GN=@ .5« (DEN(I, J+1)4DEN(T , J) )V (I, d+1)
_ GS=8.5e(DEN(I,J—1)4DEN(I,J))sv(1,J}
' GNWm=@ S5 (DEN(I-1,J)4+DEN(I-1,J41) )sV(I-1, d+1) .
GSWe=d . 5« (DEN(I—1,J)4DEN(I-1,J-1))ev(1-% Y} . =
; GEm@.S5¢{DEN{I+1,J)}+DEN(I,J))eU(I1+1,J)
GP=0 .5« (DEN(I,J)+DEN(I-1,J})=U(1,J)
GW=0 .5« (DEN(I-1,J)+DEN(I-2,J))eU(1-1,J)
CNm=8 . 5% (GNAGNW) » AREAN
CS=0 .5 (GSHGSW) s AREAS
CE=D .5 (GE+GP) s AREAEW
. Cw=0 .5 (GP+GW) s AREAEW o
Z—— CALCULATE DIFFUSION COEFFICIENTS -
- VISN=0.25¢(VIS(I,d)+VIS(I,J+1)+VIS(I=1 J}+VIS(I~1,J+1))
VISS=8.25¢ (VIS(I,JY+VIS(T . J=1}+VIS{1-1,0)+VIS(I-1,J-1))
ON=Y ISNeAREAN/DYNP{J)
DS=V [ SSeAREAS/DYPS(J)
. DE=VIS(1,J)«AREAEW/DXEPU(1)
DW=VIS{1-1,J)«AREAEW/DXPWU(1)
C———CALCULATE COEFFICIENTS OF SOURCE TERMS
SMP=CN—CS+CE-CW Ce
CP=AMAX1(0.0,SMP)
CPO=CP
C ASSEMBLE MAIN COEFFICIENTS
C IF{DS.EQ.6.0) DS=1.0E-25
AN{1,J)=AMAX1 (ABS(@.5CN) ,DN}—@.5+CN
AS(1,J)=AMAX1{ABS(@.5CS).DS)+8.5+CS
AW( 1, J)=AMAX 1 (ABS(0.5¢CW) ,OW)+0.5:CW
AE(1, J)=AMAX1({ABS(®.5¢CE) ,DE)-0.5+CE
AN(T,J)=DNeAMAX1 (0.0, (1.0-8.1«ABS{CN/DON))»s5)+AMAX1{—CN,©.8)
AS(I,J)=DSsAMAX1(0.0,(1.0-0.1vABS(CS/DS))ee5)+AMAXT(CS.0.0)
AE(I,J)=DEsAMAX1(@.0,{1.06-0.1sABS(CE/DE))%+5)+AMAX1(-CE.8.@)
AW, JY=DWe AMAX1 (0.0, (1.0-<8. 1sABS{CW/DW) ) »»5)+AMAX1(CWH,0.9)
DU(1.J)=AREAEW
DUDXE=(U(I+1,J)}—U(1,4))/DXEPU(I)
DUDXW=(U(1,J)-U{I-1,J})/DXPWU(T)
SORCE1a(DUDXEsVIS(1,J)-DUDXWeVIS{1-1,J))/SEWU(I}
DVDXN=(V(1,J+1)=v(I=1,J+1) )} /SEWU{1)
DVDXS={V(I,J}-v(1-1,4))/SEWU(I)
DYVDYE=(RV(J+1)aV (1, d+1)-RV{J)sV(I,J})/SNS{J)
DYVDYW={RV(J+1) oV (I-1,J+1)RV(J)eV(I-1,5)}/SNS{J)

QO O 00
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SORCEZ2={RV{J+1) ¢« VISNeDVDXN-RV(J) »VISSeDVDXS) /(RCV(d ) sDYNPY(J))
SORCE3=—(2.0/3.9)e({VIS({I,J)s(DYVDYE/R(4)+DUDXE)- VIS(I—' J)e
. (DYVDYW/R(J)+DUDXW) ) /SEWU(1))
SU(I, J)=CPOSU(I,JI+DU(T, J)e({P{1-1,4)—P(1.J))
SU(I,J)=SU(I, J)+(SORCEI+SORCE2+SORCES)-VOL
SP(I,J)=CP
DENU=(DEN(I,J)4DEN(I-1,J))/2.
DENA=(DEN(1,2)}+4DEN(1-1.2))/2.
SU(T,J)=SU(1,J)+GRAVTYs (DENU-DENA) »VOL
181 CONTINUE i . . .
180 CONTINUE
c ) ) P L.~
CHAPTER 2 2 2:2° 272 2 _PROBLEﬂ MODIFICATIONS 2 2 2 2 2 2 2
e . .
CALL MODU
c -
CHAPTER '3 FINAL COEFF. ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3 3
C .
RESORU=Q , 8
DO 38d I=3,NIM1
DG 381 J=2,NJM1
AP{T, JymAN{T, J)+AS(T, JY+AE(T, J)+AW(]1,0)=SP(I,J)
DU{I,J)=DU(],J)/AP(I J) -
RESOR=AN(T,J)oU(I,J+1)+AS{I J}eU(T,Uu=1)+AE(]. d)eu{1+1,J)
1 +AW(I,J)eU{I-1,J)-AP(I, J)eu(l, J)+SU(1 J)
VOL=RCV(J ) »SEWU(1)eSNS(J)
SORVOL=GREAT#VOL . ‘
IF(-SP(1.J).GT.0.5«S0RVOL) RESOR=RESOR/SORVOL )
RESORU-RESORU+ABS (RESOR)
C———UNDER—RELAXATION
AP(1,J)}=AP{],Jd)/URFU
SUCT, J}=SU(T, J)+{t . —URFU)«AP(],J)sU(T,d)
DU(I,J)=DU(I,d)=URFU
"301 CONTINUE
30@ CONTINUE
C . .
CHAPTER 4 4 4 SOLUTION OF DIFFERENCE EQUATICN 4 4 4 4 4 4 4
C .
DO 480 N=1,NSWPU
48@ CALL LISOLV(3.2,NI.NJ,IT,JT.U)
RETURN
END

SUBROUTINE CALCY
c .
CHAPTER. 2 ® 8°® © © © © PRELIMINARIES © @ @ @ @ @ o o
. -
COMMON :
1/UVEL/RESORU ,NSWPU , URFU, DXEPU( 32 ) ,DXPWU(32) , SEWU(32)
1/VVEL/RESORV,NSWPV ,URFV . DYNPV(32) ,DYPSV(32) , SNSV(32)
1/PCOR/RESORM, NSWPP . URFP DU (38, 38) ,DV(30,38), [PREF, JPREF

1/VAR/U(30,38),V(30,30),P(30,30).PP(30.30) '
COMMON

1/GEOM/X(32),Y(32) ,DXEP(32) ,DXPW(32) , DYNP(32 ), DYPS(32)

s



18C

1 SNS(32),5EW(32).XU{32),YVv(32).R(32) ,RV(32) .RCV(32)
1/ALL/IT,JT NI, NJ,NIMT ,NSMT ,GREAT
1/FLUPR/VISSEC, DENSEC, PRANDL ,DEN( 30, 38),VIS(308,38) ,CONST,
1 VISPRM,DENPRM, SECMAS , PRMMAS , SPRAT
COMMON ]
1/COEF/AP(30,30) ,AN{32,30) ,AS(30,30) . AE(30.30) .AW(30,30) ,5U(30.30),
1 sP(3e.3e)
1/PROB1/UINPRM, UINSEC , GRAVTY , FLOWIN NI TER
c .
CHAPTER , 1 _1 1. 1 1 1 ASSEMBLY-OF COEFFICIENTS 1 1 1 1 1 1 1
c . e

.. 000 186, 1 2s NI

DO 181 Jm3 NJM1
C———COMPUTE AREAS AND VOLUME .
AREAN=R{J §»SEW(1) '
AREAS=R (J—1)»SEW(1)
AREAEW=RY'(J )} «SNSV (J)
VOL=RV{J)+SEW([.) o SNSV(J)
C———CALCULATE CONVECTION COEFFICIENTS
GN=@. 58 (DEN( T, J+1)+DEN(E, J))ov( I, J+1)
GP=9.5¢ (DEN(I ,J)+DEN(I, J-1))eVv(I,J)
GCS=0.5¢ (DEN{T,J-1)+DEN(I,J-2))eV{1, J-1)
GE=@ .5 {DEN(I4+1% J)+DEN(T,Jd})eU(I+1,4d)
GSE=® .5+ (DEN(L,J—1)+DEN{I+1,J=1))sU{ 141, J=1)
GW=@ .5+ (DEN(1,J)4+DEN(1-1,J))}eU{1. J)
GSW=B .58 (DEN(1.,J=1)+DEN(I—-1,J=1})sU{] 41}
CN=D . 5¢ (GN+GP ) « AREAN
CS=a .5+ (GP+GS) s AREAS
CE=@.5e(GE+GSE) s AREAEW
CW=0 . 50 (GWHGSW) s AREAEW
C——CALCULATE DIFFUSION. COEFFICIENTS :
VISE=R. 25 (VIS(I,J J4VIS(I+1,)+VIS(1, J=1)4VIS(1+1,J-1))
VISW=0 . 25 (VIS(1,J)+VIS(I=1, J)4VIS(I.J=1)+VIS(I=-1.,J-1))
DN=VIS{1,J)*AREAN/DYNPV(J)
DS=VIS(1,J—1)eAREAS/DYPSV(J)
DE=VISE«AREAEW/DXEP( 1)
DW=V I SWe AREAEW/DXPW(1)
C——CALCULATE COEFFICIENTS OF SOURCE TERMS
SMP=CN-CS+CE—CW
CP=AMAX1(0.0,5MP)
CPO=CP :
C ASSEMBLE MAIN COEFFICIENTS
C [F(D$S.EQ.0.8) DS=1.8E-25
AN(I,J)=AMAX1(ABS(0.5eCN),DN)—@. 5eCN
AS(I,J)=AMAX1(ABS(0.5+CS),0DS)+0.5eCS
AE(T,J)=AMAX1 (ABS(.5+CE) ,CE)—8.5+CE
AW(T,J)=AMAX1(ABS(@.5eCW) ,CW)+8.5¢CW N
AN(T,J)=DNsAMAX1(@.8,(1.0-0,1¢ABS(CN/DN))++5)+AMAX1{—CN,9.8)
AE(T,J)=DEeAMAX1{@.8,(1.6-0.1eABS(CE/DE))+s5)+AMAX1(—CE.0.0)
AS(1,J)=DSeAMAX1(0:@,(1.0-0.1eABS(CS/DS))we5)+AMAX1(CS.0.0)
AW L, J)=DWe AMAX1(0.0,(1.0-0, 1-ABS(CW/DW))--5)+AMAX\(CW 9.9)
DV(1,d)=@.5« (AREAN+AREAS) -
DUDYE=(U{ I+1, J)—U(I+1,J-1) ) /SNSV(J) -
DUDYWs (U(T,d)=U(1,J=-1))/SNSV{J) - ’

O 000



+

c

CHAPTER 2 2 2 2 2 2 2 PROBLEM WMODIFICATIONS 2 2

c

c

CHAPTER 3 FINAL COEFF. ASSEMBLY AND RESIDUAL SOURCE CALCULATICN 3 3

C

“PSORCE1=(DUDYEsVi SE-DUDYWsVISW) /DXEPU(T )

" DVDYN=m(V(I,J+1)=V(1.J))/OYNPY(J)
DVDYS=(V(1,Jd}-¥({I,J-1))/DYPSV(J)
SORCE2=(VIS(I,J)«RCV(J)eDVDYN-VIS(I,J=1)eRCV(J—1 )«DVDYS)

; /(RV(J)#SNSV(J))

a1

DYVOYN= (RV(J+1)oV{I,J+1)-RV(J)eV¥{I,J) ) /DYNPV(J)
DYVDYS=(RV{J)eV({I, J)-RV(J-1)eV(I,J=1))/DYPSV(J)
DUGXN=(U{T+1,J)-U(1.4))/SEW(I)
DUDXS= (U(I+1,J-1)—U(I,J=1))/SEW(1) .
SORCE3=(2.8/3.8)s(VIS(I,J)«(DYVDYN/RCY(J)+DUDXN)-VIS(1,d=1)s
| (DYVDYS/RCV(J—1)+DUDXS) ) /SNSV(J)
SU(L,J)=CPOsV(I J}+DV(I , J)e (R 1.J=1)-P(1,4))
SU(1,J)=SU(I,J)+({SORCE1+SORCER+SORCES) »VOL
SP(I,J)==CP
SP(I,J)=SP(1,J)—(VIS(I,J)+VIS(1,J=1))aVOL/RV(J)ss2
CONT INUE ‘ *

180 CONTINUE

.

CALL MODV

v

RESORVeS . D

DO 380 I=2 NIM1
DO 301 J=3 ,NJM1
AP(T,J)mAN(T, JJ+AS(T, J)+AE(L, 4 )+AN(T, J)=SP(1,4)
RESOR=AN (1, ) eV(1,J+1)+AS(T,J)eVv( 1, d—1)4AE(], J) eV (1+1,J)
1 +AW(L, J) eV (I=1 J)-AP(1, J)ev(1,J)450(1,J)
OV{1,J)=DV(I,J)}/AP(1,)

VOL=RY(J)«SEW(])eSNSV(J)

SORVOL=GREAT «VOL

IF(~SP(1,J).GT.0.5+30RVOL) RESOR=RESOR/SORVOL
RESORV=RESORV+ABS{RESOR)

C———UNDER-RELAXATION

c

g

380 CONTINUE

APET  J)=AP(I,J)/URFV

SU(L,J)=SU(T,J)+(1 . —URFV) AP (1, J}eV(1,J)
OV(1,J)=DV(1,J)eURFV

CONT INUE

.

CHAPTER 4 4 4 SOLUTION OF DIFFERENCE EQUATION 4 4 4 4 4

c

C

CHAPTER 0 2 @ @ © @ @ & PRELIMINARIES @ © © © @ © @ @

c

DO 480 Ne1, NSWPY

400 CALL LISOLV(Z.3,NI,NJ,IT.JT,V) :

RETURN 4 . .
END i
SUBROUTINE CALCP

COMMON
1/PCOR /RESORM , NSWPP +URFP,DU(3@,30),0v(3@,30), IPREF, JPREF

.
[

2 2 2 2

e

2
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es-';‘\

1/VAR/U(3@,30) ,v(30,30) ,P(30,30) ,PP(30,30)
1/ALL/IT,JT, NI, NJ,NIMT ,NJM1 ,GREAT

COMMON

1/GEOM/X (32) ,Y(32) .DXEP({32) .DXPW{32),DYNP(32) ,DYPS(32)

<

1 SNS(32) ,SEW(32),X4(32).Yv(32),R(32) ,RV{32) ,RCV(32)
1/FLUPR/VISSEC,DENSEC,PRANDL ,DEN(30,30),ViS(30,32) ,CONST,

1 VISPRM, DENPRM, SECMAS , PRMMAS , SPRAT

1/COEF/AP{38,30) ,AN(38,30) ,AS(30,30)  AE(30,30) ,Aw(30,30),5U(30,30),
1 " SP(3e,30)

RESORM=3. 0

c
CHAPTER 1 1 1 1 1 1 ASSEMBLY OF COEFFICIENTS 1 1
C
DO 100 I=% NIMI
DO 181 J=2,NJM1
C——COMPUTE AREAS AND VOLUME
AREANRY(J+1)eSEW(I)
AREAS=RY (J) «SEW(1)
AREAEW=RCY (J ) *SNS(J)
VOL=RCV(J) #SNS(J) «SEW(1)
C———CALCULATE COEFFICIENTS
DENN=® . 5% (DEN( 1, J)+DEN(I, J+1})
DENS=® .5« (DEN(I,J)4DEN(],J-1))
DENE=®. 5« (DEN(I,J)4+DEN(I+1,4))
DENW=® S5« {DEN(I,$)+DEN(I-1,4))
AN(1,J)=DENNeAREANSDV{,J+1)
AS{1,J)=DENSeAREASDV(I,J)
AE(,J)=DENE«AREAEWsDU([+1,J)
AW( ], J)=DENWeAREAEWDU(I,J)
C———CALCULATE SOURCE TERMS
CN=DENNeY (1, J+1) +AREAN
CS=DENS»V(1,J)*AREAS
CE=DENEsU{I+41,J) s AREAEW
CW=DENWsU( [, J ) *AREAEW
SMP=CN-CSHCE-CW .
SP(1,J)=0.0 :
SU(1,J)=—SwP
C——COMPUTE SUM OF ABSOLUTE MASS SOURCES
RESORM=RESORM+ABS (SMP)
181 CONTINUE
188 CONTINUE
¢
CHAPTER 2 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2
o
CALL MODP
c

—

1

2

3

2

1

2

1

‘2

CHAPTER 3 3 3 3 3 FINAL COEFFICIENT ASSEMBLY 3 3 3 3 3 3

C
DO le@ [=2 ,NIMI1
DO 381 J=2,NJM1
301 AP(T,Jd)=ANCL,J)+AS(1,J)+AE(T, J)+AW(1,J)-5P(1.J)
308 CONTINUE
c
CHAPTER 4 4 4 4 4 SOLUTION OF DIFFERENCE EQUATIONS 4

N

4

T
-~

1

2
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c
c

CHAPTER 5 5 3 5 CORRECT VELOCITIES AND PRESSURE 5 5 5 5 5 5

DO 480 N=1,NSWPP
400 CALL LISOLV(2,2,NI NJ,IT,JT,PP)
c
C

VELOCITIES

DO 500 I=2,NIM1

DO 301 J=2,NJM1

IF{I.NE.2) U(I,J)=U(1,J)+0U(1,d)e(PP{I=1,J)=PP(1.4))
IF(J.RE.2) V(I,J)=V{I.J)4DV(I,J}«(PP(1,J=1)—PP(1,J))
581 CONTINUE

50@ CONTINUE
C———PRESSURES {WITH PROVISION FOR UNDER—RQLQxATION)

PPREF=PP ( 1PREF, JPREF) ~
DO 582 I[=2,NIM1
DO 503 Jm=2,NJM1
P(I.J)=P(1,J)+URFPs(PP(],J)-PPREF)
PP(1,J)=0,8

583 CONTINUE

502 CONTINUE
RETURN
END
SUBROUTINE CALCT
COMMON )
1/VAR/U(30,30),v(38,30) ,P(30,.30).PP(30,30)
1/ALL/IT,JT. NI, NJ NIMI ,NJM1 ,GREAT '
COMMON

1/GEOM/X(32),Y(32) .DXEP{32) ,DXPW(32),DYNP(32),DYPS(3%).

1 SNS(32), SEW{32),XU(32).Yv(32) .R{32) .RV(32) .RCV(32)
1/FLUPR/VISSEC, DENSEC,PRANDL , DEN(3@,30) ,VIS(30,30) ,CONST,

1 YISPRM,DENPRM, SECMAS , PRMMAS , SPRAT
COMMON .
1/PROB1/UINPRM, UINSEC,GRAYTY, FLOWIN,NITER

1/COEF/AP(3B.3B).AN(JB.J@).AS(JB.JG),AE(JG.S@)_AW(JB.JG}.SU(30.

1 SP(30,38) -
COMMON :
1/TOP/T(3@,30) ,GAMH(30,30) ,RESORT ,NSWPT ,URFT,
2 TINPRM, TINSEC, TGB(30) ,HTFLX(3@) ,HFXOLD(30)
C : o
CHAPTER 't 1 1 1 1 1 ASSEMBLY OF COEFFICIENTS 1 1
c
DO 10@ I=2, NIM1
DO 181 Jm2,NJM1
C COMPUTE AREAS VOLUME
AREAN=RV{ J+1)sSEW(I}
AREAS=RV{J)*SEW(I)
AREAEW=RCV(J)»SNS(J)
VOL=RCV(J)#SNS(J)*SEW(1)
c CALCULATE CONVECTION COEFFICIENTS
GNw8 . 5o (DEN(E,J)+DEN{L,J+1) ) oV{I, J+1)
GS=@.5s (DEN(I,J)+DEN(I,J=1))ev(I,J)
GE=D .5+ (DEN(1,J)4DEN(I+1,4) ) eU(1+1,0)
GWe@ . B (DEN( T, J)4DEN{I-1,4))eu(1,J)

1

%
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CN=GNsAREAN
CS=GS*AREAS
CE=GE*AREAEW
CH=GWs AREAEW
c CALCULATE DIFFUSION COEFFICIENTS
GAMNEO , 5 (GAMR( I, J)+GAMH( T, J+1))
GAMS= . 5o (GAMH( T, J }+GAMH{ 1 ,J-1)})
GAME=D . Se {GAMH{ 1, J)4+GAMH( I+1,4))
GAMW=d . Se (GAMH( T, J )+GAMH(I-1,0))
. DN=GAMN « AREAN/DYNP{ J )
DS=GAMS s AREASADYPS(J )
DE=GAME s AREAEW/DXEP{ 1)
DWe=GAMW s AREAEW/DXPW( 1) N
c SOURCE TERMS
SMP=CN-CS+CE-CW
CP=AMAX1(@.8,SMP)
CPOmCP
c ASSEMBLE MAIN COEFFICIENTS
c IF(DS.EQ.©.9) DS=1.0E-25
AN(T, J)=AMAX1 (ABS(@.5sCN) ,DN)-0.5+CN
AS(1,J)=mAMAX1(ABS(®.5C5),DS)+8.5CS
AE(1,Jd)=AMAX1{ABS(©.5eCE) ,DE)—.5eCE -
AW(1,J)=AMAX1(ABS(@.5+CW) ,DW)+0.5+Cw
AN(I,J)=DNeAMAX1(@. 0, (1.2—0.12ABS(CN/DN) ) =5} +AMAX1{-CN,2.0)
AS(T,J)=DS+AMAX1(@.9, (1.0-0.1+ABS(CS/DS)}ee5)+AMAX1(CS,8.0)
AE(T,J)=DE=AMAX1({©.9,(1.8-0,1¢ABS(CE/DE) }»+5)+AMAX1(—CE,0.0)
AW(T,J)=DWe AMAXT1(2.0,(1.8-0. 1sABS(CW/DW) ) e e5)+AMAX1(CW,0.0)
SU(L,J)=CPOsT(1,J)
SP(I,J)=CP
181 CONTINUE
188 CONTINUE
c

CHAPTER 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2 2 2 2 2
c

OO 0O0

CALL MODT

CHAPTER 3 FINAL COEFF[C-IENT ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3
o

RESORT=0.8
00 300 =2 ,NIM ~
DO 301 Jm=2, NJMI
AP( T, J)mAN(T,J)+AS{T  J)+AE{],J)+AW(]1,J)=SP{I.J) _
RESOR=AN(T,J)eT(1,J+1)+AS(L, J)eT(I,J=1)+AE(],J)eT(1+1.J)
1 +AW(L, )T (1=1,0)—AP(L,J)eT(1,J)+SU(L,J) -
VOL=RCY(J)+SEW( 1 )sSNS(J) :
©  SORVOL=GREATsVOL
IF(-SP{I.J).GT.0.5+SORVOL) RESOR=RESOR/SORVOL '
RESORT=RESORT+ABS (RESOR)
UNDER-RELAXATION
AP(I,J)=AP(I,J)/URFT ‘
SUCT,J)y=SU(T,d)+(1. 0URFT)saAP(1,J)eT(I,J) *
381 CONTINUE '
380 CONTINUE
C

CHAPTER 4 4 4 4 4 SOLUTION OF DIFFERENCE EQUATIONS 4 4 4 4 4

O

-
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155

"7 DO 42@ Ne=1, NSWPT |
408 CALL LISOLV(2,2,NI.NJ,IT JT.T) ‘

RETURN
END
c . y
SUBROUTINE LISOLV(ISTART,JSTART,NI,NJ,IT,JT,PHI) oo
C ) *

CHAPTER @ © © © ® © © © PRELIMINARIES © @ @ © © @ o @
o
DIMENSION PHI(1T,J7).A(32).8(32),C(32),D(32)
COMMON ‘
1/COEF/AP(3@,38) . AN(3@,38) ,AS(3¢,38) ,AE(30,30),AW(3@,30) .5U(3e.30).
1 . SP(30,39)
NIMI=NI-1 :
NJM1wN)—1
JSTMI=JSTART-1
A{JSTMI1)=0 8
C————COMMENCE W—E SWEEP : .
DO 180 I=I1START ,NIMI
C{JSTMI)=PHI{I,JSTM1)
C——COMMENCE S—N TRAVERSE
DO" 181 J=JSTART,NJM1
ASSEMOLE TDMA COEFFICIENTS - .
A(J)mAN(T,J) N
B(J)=AS(I,J)
C(J)=AE{T, J)oPHI (141, J)4+AW( T, J)+PHI{I=1,J)+SU(I.J) .
D(J)=AP{I.,J)
C———CALCULATE COEFFICIENTS OF RECURRENCE FORMULA
TERM=1./{D(J)-B(J)eA(J-1})
A(J)=A(J)*TERM
181 C(J)=(C(J)+B{J)*C(J=1))eTERM
C——OBTAIN NEW PHI'S
DO 182 JJ=JSTART,NJM1
JeNJ+ISTMI-JJ
182 PHI(I,J)=A(J)ePHI{I,J+1)+C(J) . .
180 CONTINUE .
RETURN
END

C

e

SUBROUTINE PRINT(ISTART,JSTART ,NI,NJ,1T,JT,X,Y,PHI HEAD)
DIMENSION PHI{IT,JT),X{IT).Y(JT) HEAD(S),STORE(52)
DIMENSION F(7),F4{11) .

DATA F/4H(1H .4H A4, 4HI3, .4H111 ,4H10, ,4HTX, . ,
14HAB) /

DATA F4/4H 11 ,4H 21 ,4H 31 ,4H 41 ,4H 51 .4H 61
1 4H 71 ,4H BI _4M 91 ,4H181 ,4HI1] /

DATA HI,HY/4H 1= 4H Y =/

ISKIP=1

JSKIPm1

WRITE(6,110)HEAD

ISTA=ISTART—12

160 CONTINUE
ISTA=ISTA+12

At
it

A

14



156

IEND=ISTA+11
IEND=MIN@ (NI, IEND)
F(4)mF4(IEND-ISTA) )
WRITE(6.F) HI, (I,I=ISTA,IEND,ISKIP), HY
WRITE(E,112). '
DO 181 JJ=JSTART,NJ,JSKIP
J=JSTART+NJI-JJ -
DO 120 I=ISTA, IEND : - ¢
A=PHI (I,d)
IF(ABS(A).LT.1.E-28) A=d.@
128 STORE(1)=A ..
WRITE(6,113) J,(STORE(I),I=ISTA, [END.ISKIP),Y(J)
. 181 CONTINUE
WRITE(6,114) (X(I),I=I1STA,IEND,ISKIP)
IF(IEND.LT.NI)GO TO 100
118 FORMAT (1H®,20(2He—) ,7X.9A4,7X, 28 (2H—»))
112 FORMAT(3H J)
113 FORMAT(1H ,13,1P12E1@.2,0PF7.3)
114 FORMAT(BHOX=  ,F7.3,11F18.3)

RETURN

END
c

SUBROUTINE PROMOCD
c

CHAPTER @ 8 ® ® © @ © PRELIMINARIES ® @€ @ @ 0 ®» o ¢ ¢
c . . .
COMMON
1/VVEL/REsohv,Nsva,URFV.DYNPV(Jz).DYPsv(Jz).snsv(az)
1/UVEL/RESORU ,NSWPU ,URFL, DXEPU(32) ,DXPWU(32) , SEWU(32)
1/PCOR/RESORM, NSWPP , URFP,DU(38,30) ,DV(30e, 38) , IPREF, JPREF
1/VAR/U(38,308),V(38,30) ,P(30,30) ,PP(32,30) -
T/ALL/IT,JT NI NJ NIMT ,NJMT, GREAT N
COWMMON L. -
1/GEOM/X(32) . Y(32) .DXEP(32),DXPW{32) .DYNP(32) ,0YPS(32).
1 SNS(32) ,SEW(32) . XuU(32),YV(32),R(32),RV(32) ,RCV{32)
1/FLUPR/VISSEC ,DENSEC, PRANDL ,DEN{30,30),VIS(30@,30),CONST,
1 VISPRM,DENPRM, SECMAS , PRMMAS , SPRAT
COMMON
1/PROB1/UINPRM, UINSEC,GRAVTY , FLOWIN ,NITER
1/COEF/AP(30,30) ,AN(38,30) ,AS(3P,30) AE(30,30) , AW(3@,30),5u({30,30),

1 SP(3e,30)
COMMON
1/TEMP/T(3@,30) , GAMH{3@,30) ,RESORT , NSWPT , URFT, :
2 TINPRM, TINSEC, TGB(30) . HTFLX(38) . HFXOLD{ 38) :
-(‘: ) 19
“CHAPTER 1 1 1 1 1 1 1 4 PROPERTIES 1 1 1 1 1 1 1 1 1
c

, ENTRY MODPRO
C———NO MODIFICATIONS FOR THIS PROSLEM
c
RETURN ..
CHAPTER 2 2 2 2 2 2 2 2 UMOMENTUM 2 2 2 2 2 2 2 2 2
c .
ENTRY™ MODU



-

C———TOP WALL
YP=YV(NJ)~Y(NJM1)
JmHJIM1
DO 218 Ia3,NIM{ ,
TMULT=(VIS(I~1,J)}4+VIS(I,J)}ee.5/YP
SP(1,J)=SP(1,J)—TMULTSEWU(T)*RV({NJ)
218 AN(1,J)=0.0

c SYMMETRY AXIS
DO 203 I=1,NI
AS(1,2)=0.0

203 u(l,1)=U(I,2)

c LEFT SIDE WALL

DO 287 J=2,NJM? “
207 U(2,4)=U(1,3)e(T(2,3)4T(1.43)/(2.0eT(1,J))
DO 208 J=6.8
208 AW(2,J)wd. 0
C———RIGHT SIDE WALL
¢
DO 206 Jm=1,NJ
AE(NIMY,J)=0.0 .
206 CONTINUE
RETURN ‘-
c
CHAPTER 3 3 3 3 3 3 3 3 VMOMENTUM 3 3 3 3 3 3 3 3 3
. .
ENTRY MODV
LEFT SIDE WALL :
DO 383 J=6, 10
XP=X (2)-XU(2)
TTMULT=(VIS(2,J)+VIS(2,J-1}) 8. 5/xP
1F(J.BQ.6)SP(2,J)=SP(2,J)-TTMULT«{R(J)se2-RV(J)++2}/2.0
IF(J.EQ.10)SP(2,4)=5P(2,J)-TTMULT» (RV(J)ee2-R{J—-1)es2) /2.0
IF({J.NE.B).OR.(J.NE.10)) SP(2,J)=SP({2,J)-TTMULT«RV(J)+SNSV(J)
383 AW(2,4)=0.0
. !
C———RIGHT SIDE WALL
c

C

DO 312 Jm=2,NJMI
312 AE(NIM1,J)=8.8
RETURN
C

CHAPTER 4 4 4 4 4 4 PRESSURE CORRECTION 4 4 4 4 4 4 4 4
c

ENTRY MWODP
¢ ) ' -
C———NO MODIFICAT ION
c
RETURN
c
c
ENTRY WODT
C———TOP WALL {2.@ M VARIABLE WALL TEMP )
J=NJMT

YT=YV(NJ)-TY(J)
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DO 508 [=2,NIM1
C—— SPECIFIC HEAT CORRELATION
CPP=(T(1.J)-350.8)8.212+1089.
TT=VIS(I,J)/(PRANDLeYT)
RSTGw1.0/(CPPeTT)
TWLOUT=T{T,J)+HTFLX( 1) (RSTG+RSTW)
C——C1=RV(NJ)/{ROUT+SIG+EPS1)

C ROUT=2.75 IN = ©.034925 M 7
c EPS1=0.9@ EMISSIVITY OF MUULITE ALUMINIUM/SILICON/OXYGEN
Cim1.7846E7 , .
C———RSTW=RY(NJ ) ¢ALOG(ROUT/RV(NJ ) ) /KWALL .
[ KWALL = 2.876 W/M K (MULLITE - FROM CRC HANDBOOK) .
RSTW=1.43585E-3 -

RSTR=C1/((TGB({1)+TWLOUT) e (TGB(I)» e 2+TWLOUT»=2))
HTFLX(1)=(TGB(I)-T(I,J4))/(RSTR+RSTW+RSTG)
HTFLX(1)=@ . @5eHTFLX([}+0.95¢HFXOLD(1)
HFXOLD (I )=HTFLX(1)
SU(T,Jd)mSU{T,d)+RV(NJ)«SEW( 1)} «HTFLX(L) /CPP
T(I.NJ)=T{I,J)+HTFLX(I)*RSTG
AN(I ,J)=0.0
580 CONTINUE
c LEFT SIDE WALL
c %
DO 581 J=6,9
XTeX(2)-XU{2)}
XTTmv1S(2,J)/(PRANDL*XT)
SP(2,J)=SP(2,J)-XTT«R(J)*SNS(J)
SU(2,J)=SU{2,J}+XTTeR(J)eSNS(J)eT(1, J)
501 AW(2,J)=0.8
SYMMETRY AXI1S
DO 582 =2 ,NIM1
T(E,1)=T(L,2)
502 AS(1,2)=0.0
C—RIGHT SIDE WALL-
c

C

DO 583 J=2,NJ
583 T(NI,J)=T{NIM1,6J)
C 503 AE(NIM1, J)Y=0.0
RETURN
END

SUBROUTINE CALCUP

DIMENSION DIST(500),UP(500),TP(500) -
1/GEOM/X(32) ,Y(32) ,OXEP{32) ,DXPW(32),DYNP(32).DYPS(32),

1 . SNS(32),SEW(32),XU(32),YV(32).R(32).RV(32) .RCV(32)
1/FLUPR/VISSEC,DENSEC, PRANDL,DEN(3@,30),VIS(30,30),CONST,
1 VISPRM, DENPRM, SECMAS , PRMMAS , SPRAT
1/vm/u(;e.:sa).v(aa,:.e),P(se.aa).PP(J&,se)
1/TEMP/T(30,30) ,GAMH(30,38) ,RESORT ,NSWPT ,URFT,

2 TINPRM, TINSEC, TGB(39) HTFLX(38) ,HFXOLD(30)



N1=28
NJ=20 . *
NIM1wNI—1 ;
TMPGLB=TGB(15) -
C . - '
C———«NOTE — THIS IS FOR USE WITH A CALCOMP PLOTTER
c THIS PORTION DRAWS THE AXIS FOR THE TEM® VS DIST CURVE
c .
* CALL PLOT(32.9,1.9,-3)
CALL PLOT(®.9,15.98,3)
CALL PLOT(0.9.8.9,2)
DO 121 Kmt,16 v
PR=(K-1)e1.0 .
PPRR=PR-2, 18
TMPR=1008 . @ (K—1) .
IF,(AMOD(PR,5.2) .EQ. 8. )CALL NUMBER(~1.4,PPRR,.35,TMPR,2.0,—1).
CALL PLOT(.@,PR,3)
CALL PLOT(®.25,PR.2) - .
121 CONTINUE -
CALL SYMBOL(~1.7,5.9,0.35, 'TEMPERATURE K',90.0,14)
c .
CALL SYMBOL(®.8,12.65,0.35, "M-S/M—P = *,0.9,16)
CALL SYMBOL(®.B,14.15,8.35,° T-GB = K',0.8,16)
CALL SYMBOL(9.8,13.65,0.35,' T-SEC = K'.8.8,16)
CALL SYMBOL(®.8,13.15,8.35," U-SEC = - M/S’,2.0,18)
CALL NUMBER(4.3,13.15,08.35,U(2,10),0.0,2)
CALL NUMBER(4.3,14.15,0.35, TMPGLB.0.0,-1)
CALL NUMBER(4.3,13.65,8.35,TINSEC,8.0,-1)
CALL NUMBER(4.3,12.65,0.35,SPRAT,@.0,1)
C .
CALL SYMBOL(15.0,2.8.8.25,°1 - 1@ UM PARTICLE'.2.8,19)
CALL SYMBOL{15.8,1.5,8.25,'2 — 3@ UM PARTICLE',0.9,19)
CALL SYMBOL(15.8.1.8,8.25,"3 ~ 100 UM PARTICLE',2.2,19)
CALL SYMBOL(15.8,8.5,0.25,"4 — 300 UM PARTICLE',0.0,15)
CALL SYMBOL(15.€,2.5,8.25," - GAS TEMPERATURE',0.8,13)
CALL SYMBOL(15.8.2.625.0.10.11,8.0,—1)
c
CALL PLOT(20.0.,0.0,3) N
CALL PLOT(®.2.0.0,2)
DO 122 I=1,5
PPR=(1~1)e5.8
2Z=PPR/10.8
ZZP=PPR-2 . 40
CALL NUMBER(ZZP,-1.9,.35,22.8.0,1)
CALL PLOT(PPR,®.25,3)
CALL PLOT(PPR,2.@,2)
122 CONTINUE

CALL SYMBOL(B.©,-2.0,0.35, 'DISTANCE M’.8.2,11)
CALL PLOT(®.2,3.8,3)

DO 134 =3, NIMI
TG=T(1,2)%0.01
2G=X(1)e10 ©

CALL SYMBOL(ZG,7G,2.10.11,08.0,-2)

134 CONTINUE

——
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c ) ‘ : .
C—-THIS SUBROUTINE USES 4 DIFFERENT PARTICLE DIAMETRES

DO 191 W=1,4 ’

IF(M.EQ. 1 )DIAPAR=S . 000010

IF(M.EQ. 2)DIAPAR=Q . 3080830 oot

* IF(M.EQ.3)DIAPAR=D . 000100
IF(M.EQ.4)DIAPAR=O Q02300

< .

. WRITE(6,11) DIAPAR N .
11 FORMAT(///.'DIA M’ E10.2,3X,'TIND S',3X, VEL M/S',5X, 'DIST M 7X,
' 'RE'.7X.'H W/M2C',2X, 'QRAD W/MZ' , 3X, QCON W/ M2' 4%, TEMP K- ./)
GRAVTY=9 . 806 ~ :
DENPAR=1300.0 _
CPPAR=1380.0
EPS=0.8
S1G=5.669E—8 ~
UU=U(2,2)
VSC=VIS(1,2)
TMP=T(1,2)
TWL=T{2,NJ)
TP(1)=T(1,2)
FEXIT=TINPRM
DST=DEN(1,2)
. DELTMP=5 .9
DIST{1)=0.8 .

C

THIS GIVES INITIAL DISTANCE TRAVELLED

UP(1)=UU+({SQRT( (576 .0eVSCee2)/(DIAPAR+»4sDENPAR=#2)+(32. QeDST e
. GRAVTY)/(3.0+DENPARDIAPAR) )—24.0+VSC/(D]APAR« 24 DENPAR) )«
. (DENPARSDIAPAR) /(4.ReDST)

VFPE=@.5+(1.0-1.8/SQRT{1.04+RV(NJ)ee2/XU(N]}re2))

VFPW=1 @-VFPE-9.5
QRAD=SIGeEPS+VFPWe (TWLe s 4—TP (1) ¢24)

" RELC=R.9

HTC=2 .0
QCONV=2 . @ _ N
TIME=@.8
k=2

Lm2

78 CONTINUE ]
DELT=DENPARsCPPAR«DIAPARDELTMR/ (6. 0eABS{ QRAD—QCONY) )
IF(DELT.GT.0.205) DELT=0.885
- DIST(K)=DIST(K~1}4UP(K=1)«DELT

WRITE(6,95) TIME,UP{K—1),DIST(K~1) ,RELC,HTC,QRAD,QCONV, TP(K-1)

95 FORMAT(17X.F7.5,2X,E1@.3,1X.E10.3,2X E19.3,2X, F8.2,2X,E11.4,2X,

. £10.4,2X.F7.1)

IF{DIST(K).GE_ XU(NI)} GO TO B@

Jmb .

DO 96 Iwd, NI

IF((DIST(K).LE.X({I)).AND.(DIST(K).GT.X(I-1))}} L=I

98 CONTINUE
CST=(DIST(K)—X(L-1))/(X{L)=X(L-1))



. ’
.

VSCaVIS(L=1.2)+(VIS(L.2)-VIS(L-1,2} ) eCST .
DST=DEN{L—t,2)}+(DEN(L,2)}-DEN(L-1,2) )oCST
TMP=T(L—1,2)+(T(L.29T{L=1,2))CST
TWL=T{L—1 ,N#F+(T{L,NJ)-T(L~1,NJ})sCST
TF(DIST(K).LT.XU(LY) Uu=l{L—1,23+(U(L,2)-U(L-1.2))(0IST

»

. (K)=xu(L-1})/(XU{L)-XU(L-1))
IF(DIST(K).GE.XU(LY) Uu=U{L,2)+(U{L+1,2)—U(L,2))e(DIST(K)

. =XU(L) )/ (XU(L+1)-XU(L))
c .
c THIS CALCULATES FILM TEMPERATURE PROPERTIES
C

VSCF-(1.5E—6-TP(K-1).-1.5/(rP(Kfﬁ)+130.e)+vsc)/2.a .
’ DSTFe(1.0/(CONSTeTP(K—1))+DS1)/2.0
c ' .

RELC—ABS(UP(K-I)—UU)-D]A{ﬁ§[USTF/VSCF

AUP=18.@¢VSCFe(1.040. 15¢4RELC «+0.687) /(DENPARSDIAPAR«+2)

UP (K )=UU—( (GRAVTY—AUP s (UP (K- 1 )~UU) ) «EXP{—AUPsDELT )-GRAVTY } /AUP
c

CPP={TMP-350.0)+0,212+1000.0
VFPP=8 . 5¢(1.0-1.0/SORT(1.4+RV(1@)ee2/DIST(K)»»2}) -
VFPS=D.5+(1.8-1.8/SQRT(1.84RV(NJ)*»2/DIST(K) »»2))-VFPP
VFPE=0.5+(1.8-1.8/SORT (1. 8+RV(NJ ) ee2/(XU(N1)=DIST(K))s+2))
VFPW=1 . 8—VFPP-VFFS-VFPE .
VSCPw1, SE~BsTP(K—1)ee1.5/( 130, 0+TP(K~1))
HTC=(2.34{0. 4sRELCes +8 . 06eRELC##(2/3)) e (PRANDL=+0 4
. }#{VSC/VSCP)es@ . 25) e VIC+CPP/(PRANDLeD 1 APAR)
HPPaS1GeEPSeVFPPa ( TINPRMWTPY =1)) e (TINPRM»¢2+TP(K—1)se2}
HPS=S1G+EPSeVFPSe (TINSEC+TP(K~1)) o { TINSEC»#2+TP(K—1) r a2}
HPE=SIGeEPSSVFPEs (TEXIT+TP(K—1}) ¢ (TEXITen24TP(K=1) ¢ +2)
HPW=S1G e EPSeVFPWe (TWL+TP{K—1) ) s (TWLe e 24TP (K1) ee2)
ATP=6.8e (HPP#HPS+HPE+HPW+HTC ) /(DENPAReCPPARSDIAPAR)
BTP=6, 6-(HPP-T]NPRM+HPS-TINSEC+HPE-TEXIT+HPW-TWL+HTC-TMP)/ Too.
. (DENPAR«CPPARSD I APAR)
TP(K) ‘(BTP+(ATPe TP (K—1}—BTP) o EXP(—ATP«DELT) ) /ATP
QRAD=SIG#EPSe (VFPPe (TINPRIfs «4—TP(K) 224 )+VFPSe (TINSECe e 4—TP{K)+04)
. HVFPEs (TEXITo e 4—TP(K) s 4B +VFPWe (THLe e 4—-TP(K) s +4))
QCONY=HTCs (TP (K )—TWP) '
TIME=T IME+DELT
L Ca
GO TO "o

88 CONTI'WE -

L

TTP=TP(1)e0.01

C IP=25.5 act

CALL PLOT(@.0.TTP,3)

Kok~ ¢ ) o .
DO 89 [=2,.KK . \a
ZPuDIST(1)e10.0 )

TTP=TP(])e8.01
CALL PLOT(ZP,TTP, 2)

189 CONTINUE

191 CONTINUE _ ‘e
RETURN . “ v .
oo

161

A
{e!





