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L STRAGT

Analysis of temperatures measured in an experimental coal bed
(uging the classical conductive-convective approach) confirm
previously published permesbilities of similer beds, and
furthermoxe validats tha usa of heat-transfer coefficients at
exposed surfaces of coal stockpiles, The range of the estimated
heat transfer oeafficients Is similar to natural convective
coefficients at flat hoerizontal surfaces, which 1s expaected,

An attempt is made to anslyss the dependence of surface heat
. transfer coefficient on particle gizs, but unaccapuably large
confidence intetrvals for the estimated coefficients prevent any
meaningful conelusions from being reached, Recommendations are
made for sxperimental design which would solve this problenm.

In follaw-up studies on the abovementioned experimsntal

temperatuzes, the rolation between the surface temperature

profile and the power input to the bed is investigatad,

rasulting in a simple, fundamentally sound model exwpressing the

ralation between the surface temparature and pewer input to 4
gimple one dimensfonal bed, It 12 demenstrated that the model is

essentlally a single parametar modal, that parameter being the
surface heat transfar coefflelent.

By simple extension the moedel is applied to the estimation of
energy relaase in exparimental beds, 4 showa to be highly
effsctive, Application te full-svale astockpiles, where suxface
temperatures varlations are not wadlal, iz digeussed, snd it s
axplained hew thes model can be affectivaly applied as a
comparative toocl in the absence of heat tramsfer coafficionts,
providad case historles are maintained,

It iz believed that this technique iz novel, and ean immediataely
be put te effective uge in tha cval stoeckpiling industuy by
providing practitioners with congistent estimates of combustion
pates and rates of pollucant produstion.

Ag discusgsed throughout this thesis, and elsewhere, the



parmesbility of a stockpile has a drastic effect on its
behaviour, partiecularly the tendsticy to combustion, The asffaet
of localigad flowas of alr in stockpiles (caused by inhomogenelty
within) on tendency to combustion i1s also well known,

A technique has therefors been developed which gives indicatlons
of permeability and inhomogeneity in beds of particulates, %The
technique is based on measurement of pressure at the surface of
a bed, in the region of a series of pneumatic pulses. Trends in
the amplitude-frequency behaviour allow conclusions vegarding
‘tha interior of the bed to be drawn; the ampllitude-frequency
curve can  in principle be analysed to give quantitative
information regarding the bad,

Eyperimental resulte on small secala inhomogeneous beds show
distinetly different behaviour comparad to those for simple
homoganeous beds, A simple model of the system demenstrates the
factors which affect the measurements; further devalopment of
the techmique 1s, however, required hefors it can be dizectly
applied in the f£iald, _ -
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1 INTRODUCTION

This thesls deals with the detection and preveuntion of
combugtion within coal stockpiles, using fundameneally based
models to develop scelentific metheds for this purpose. The study -
of heat and momwentum transfar is diveotly relevant to this aim,

but is also Important in many other applicatilens, both natural

and tachnoelogieal, This chapeer inmtroduces the main thome of the

thesis, and outlines some talated applications which could

benefit from a similar approach, Lf not some of tha actual
results of this thasls,

1.1 Powvous Media in Nature and Technology

The - £requency with which porous madla oceewr in natuye and.
applications In techrnology has resulted in a need to undavatand
the processes by which mass, momencun and energy ave transfarzed
within such modila, A vast body of published licexature has
thoxafors beor bullt up in & collactive sffort to undersvand and
quantify thess procassss, In the early 18007g, Davey published a
crearise which oxplored the varlation of water flowrave with
preseure-drop acyoss gand beds, resulting in the so-callad Darey
law, which expresces velooity as a funetlon of pressure-d¥op per
unit length, Flu:d viscossity p, and permsability, K of the -
madium, - .

vk

.3

S

(3.1}

Since Davey's work, the need for Fundamental understanding of
tyranport in porous madila lias grown, - ag enginecring design,
technology, geophysiee, and velated Flalds demand Increcsed.
lavels of aophistication, The appliestfon of modsls to
prodiction and doesign roquines confidence in the modols
themselves, as well as in the paramators which apply. It is
therefore important to oxamine the applicadility of mwodelas mm «
fundamental basia and to dovelop meany of woliably ond



accurately detsrmining the necessary parametera. Some possible
applications ara intraduced below:

L3

predicting the twansport of contaminante (pollutants,

radioactive Wastes atc.) in soils and perous rocks, ag an ald
to planning the prevention of, ox limiting the conrandnation
of praeclous groundwatersz., This is of parvicular ralavaras in
the 3outh Afrisan context, considering the shortags of
freshwater resources.

Pradiction of the transport of energy within sandstone strata
or other porous medls assists in the optimal wusage of
geotharmal rescurces aod artifieial thermal raservoilrs,

« Models of transilent depressurlsatiom behavieur of gus-pockats
‘in sandstene strata are useful te plan draw-off rates of
natural gas resources.

Insulation rolies on pockets of siagnant gas, held in place by
fibrous or pgranular wmatexrials, te raduce zatas of haat
transfor, The afficlensy of insulation is drastieally reduced
by intermal conveotilon, the onsat of vhich is depandent on &
nunber of Factors, most notably permeability. Mathemat:loal
models of insulation materials have beoen and will continue to
be used to determine optimal sonfiigurations and orxientavions,

- Ths dissipation of heat and pollutants within grovlar
radloactive matenials hasx been a tople of many studies, with
appaloations to disposal of radioactive waste, and strategles
for dealing with nusloar powerestation disasters. In such
applicavions, it is exitically important to produce satimates
with high dograss of confidence; walisble wodels and
payamaters ave of utmest importanco heras,

~ « The transiont behsviour of prossure In porous media son be
ugod to obtaln ogtimates of permeability ox of tha volume of a
porouy body which is iwbedded in wock, such asa iz the cage
with sandutone pockets, (This concept i3 developed and tested



in subsequent chapters,

« The behaviour of stockpiles of granular materials is better
understeod if wass, energy and nomantum transfar within these
plles isx properly characterisad. Large stockplles of coal
revresent substantial investments, and must thavefore be
adequately protected, GCoal, a material often stockpiled in
megaton quantities, has a teondency to spontansously Ilgnita
under certain circumstances. Improved understanding of these
eircumstances would make & substantial contribution to
protection of a valusble resou.ze; subsequent chapters discuss
this aspect in datail, and develop procedures for moultoring
cnal stockpiles, o _ :

The above cases constitute a minor portion of existing and
potential applications, and serva only to indicate the varlety
of £lalds which rely on an undéicstanding of  processes accurring
within porous media. In partliculay, the last thres items may be
used to advantage in the f£ield of stockpile monitoring, the
objestive of thiz thesis. Tt has been demoenstrated that porous
medlia and thelr behaviour are vitally Impoxtant to many aspects
of technology and the natural environment. It follows 'thet
fundamental work in the flald makes a positive contwibution to
our afforty to protact the environment, and to Improvement of
technology through understanding of the processes Invelved.

1.2 Provious studlas of relevance to this thesis

Two particulax studits are highly relevant to this thesis, and
large amounts of data £rom these sourdes were made avalalable by
the awthors, to whom % am indebted, A brief outline of thesse
studias is prasented balow; for further detalls, the weader s
refarrad tu subgoguent chapters where they ave diseuwssed In
dotall. Th- work of Youny, Williams and Bryson (1986} is
available in the literacure for reference, The work by
Benson-Armer and Leibewltz has not besn pravicusly published, s0

all of the relevant details have been ineluded. :



Young et al used the classical conductive-comvective model ta
duseribe enargy and momemtum transfer in coal stockpiles, and
find eptimum parameters by fittving model predictions Lo
temperatures messured within an  expesrimental acal bed
artificially heated by a thin rod. The internal temperature
profile was measured with and array of thermistors supported on
a grid of thin nylon strimg. The parametexs considered by Young
ot al are permeabllivy and affective tharmal conductivity of the
bed; this study assumed the temperature of the upper surface of
tha coal bad to ba ambient, which in thelr case gave reasonahle
reaults, Due to chis assumption, their study could not reach any
conclusions regarding mechanisms of haat transfer at the exposed
surface of ooal stockpilea, mschanigms which are of course
egsantial to tha understanding of the so-unlled 'hot spots'
vbserved on combusting stockplles. :

Thair smﬁy produced three main results of partisular importance
to this work: ' :

« thay produced a reliable astimate of the effective tharmal
conduetivity of coal beds in the temperaturs range of Intarest
to studies on spontanesus combustion,

- the correspondence of thair modal zesults with experimental
moasurements shewed that tha simplified comdustive-convective
modelling approach is adequata for this type of work

« thely results confirmed that natural thermal comvectlon is che
mechanism which maintaing the Fflow of alr to combugting
reglons in coal stockpiles.



Benson-Armer and Lejbowitz (unpublished) used Young et al's
apparatus, modified (see below) in a manner designed to shed
Light on two factors:

« the umechanlams of heat transfer at the surface of coal
stockpilea

+ the sffect of particle size on conveative haat transfar within
eoal stockpiles, including heat transfer at the surface

Younig et al’s apparatus was modified by replacing the thin rod
heater with a small centrally located cylindrical heater,
intended tu simulate a concentrated region of cembustion, and by
slightly rearranging the arzay of thermistoxs in anticipation ef -
small changes iIn temperature profile. The measurements were
repested For heds composed of three different charactarilstic
particle sizaa, '

As oxpectiad, " the profiles seasured in these heds were
significantly different to those measursd by Young et al. In
particular, higher surface temperatures were encountered as a
result of the concentrated heat source; thiz enabled soma -
Invastigation Into the mechanlsma of heat transfer at exposed
guyfaces of coal stockplles. Unfortunately, thaly numerical -
method of golving the equations was inadequate to deal with the.
numerical hehaviour of the solution, and they could not reach
any conelusions,

This thesis has . therefore analysed the measurements of
Banson~Armer and Lelbowitz’s, and Young et al, fleting surface
heat transfer coefficient and permeshility as parsmeters, The
results show that temperatures at the surface of coal stockpiles
may be adequately modellod wusing simple heat tranafexr
coefficients, though no conclusions could be reached ragarding
the efffact of partiele size on thiz parametern. This work ie
discussad extenalvaly 1s Chapter 5.

Although thaily results have not been applied in this_ thesis, the



articlas by Glasser, Williams, Brooks, Burch and Hwnrkiries (1991)

has shed some light on the natura of the heat transfer
voefficient on the exposed surfaces of pordus media. They used a

sinple mo'el (based on the summation of natural and forced

couvection flows) which explains variations in the heat transfex

coefficlent with flowrates. Any further developments In this

area will further understanding of the mechanisms involved at

the surface, as well as improving aceuracy of the approximats

mouitoring techniques devaloped here. No studies In existence
eould ba found regarding the in<situ detsrmimation of

permeability of laxge-scale stockpilea of coal or any other
gramilax matarials.

L.3 Admz of this study

Spontaneuts combustion within coal atiockpllas is always precedad
by the appearance of hot spots on the sgurfacs. Due to the
complexity and cost of rigorous multidimensionsl nmodals, an
approxrimate but fundamentally based tachnigua is ru'quired in
order to grade aud assess the hot spots, sinca not all hot spots
mark vegiotts of active combustion.

It has been shown that the parmeshility of coal stockpiles is a
parameter of much significance (zee pavticularly Brooks, 1986,
and the diseussion im 2.1). Little attentlon, hewever, has been
given in tha liteyature to tho in situ measurement of this -
paramater, by any means whatsoover, lat alone practical and
sagily applied metheds, The difficulty of determining this
paramater is enhancad by inhomogeneity amd by the fact that
labozatory analysis of extrasted samples can not give reliable
astimates of the yproperties of the pstockpile itmelf,
Furthermors, it 1s Impractical to apply the nlgowous methods
uged by Young et al and others each time any .ndication of
parmaability is requiraed,

- A need therefore exista for a simple non-intrusive methed te
sstimate permeabllity, ome which does uot mnecessarily raquire
the medium to ba contained Ingide solid, impermeable walls of



£inite extent.
The aimsg of this thesis may therefors be sumarised as follows:

+ to investigate the mechanisms of heat tvansfar at exposed
surfacas of cenal stockpiles, thereby devaleping techniques
which allow early daetaztion of combustion hazards via
scientific monitoring of surface temperatures. '

» to develop and verify z surface-based wmethed of maasuring
parmaability of large-scale stockpiles,

These aims are achieved by the systematie application of
theoretically sound yet simple models to the avalysis of
expsrimental data, bath existing and new. The models are shawm:
to indicate internal characteristics amd behavieur of cesl
stockpiles by Interpretation of measurements taken only =t the
surface, This is considered to be & aignificant contribution to
both the general states of kuowledge in the field of
sonduetive-convective anergy ‘transfar in porous media, and the
field of secientifis coal stockpile mansgemsnt,

L.4 Summary

The cumbexsoms vature of complex, rigowous models for heat and
momentum transfar in porous media has resulted in a search fox
simplified, yet theovetically sound models of these phenomena.
Since practical appl:‘.caﬁion of these models requires reliable
parameters, Some rellable estimates of thesge parameters have
been datermined, These investigations have yislded inaight into
the phanomena under consideration, and some approximate methods
for practical, scientific management of eoal stockpiles.



2 THEORY OF TRANSFER PROCESSES IN PORQUS MEDIA

Since the alm of the thesls is to develop methods of monitoring
porous media (in particular stockpiles of coal), the
characterisation of porous media is of relevance; a brief
introdoctiv, of tha tarminology and impoxtant parametars is
" presented below, ‘

The temainder of this chapter introduces the relevant theory of
transfer in porous media

2.1 Chayacteriatica aud Description of Por-us Madia

The permeability of a porous medium depends on the shapa, size,
and distribution of the pores, and ou the void fraction of the
medivm, Strictly speaking, models of flow in a porous gedium
should account for the multitude of different patha by wki. the
fluid could flow through the medium, as well as the continual
mizing and splitting ¢the fluid would underge. The model should
account for the drag the £luid experiencaz as as it flows -
through the pozes. : ' '

Since such models would cleaxly be impracticsl for everyday uso,
and the quality and appilcability of the results unlikely to
Justify the enormous effort involved, porous media are generally
daseribed in terms of a number of baslc parameters, These are
permaablility, porosity or voldage, nature of the solid material,
nature of the fluid F£illing the volds, pore shapes and
tortucsities (affectad by granule shape, 1f applicable), and the
directional mnature, or anisotropy, ¢of the medium, These
- quantitias, clearly dependent on each othexr to a large dapree,
are discusszed briefly below. '

2.1.1 Permeshility
Except in cases where partisle shape and packing are ragular

(single-sized spheres packed in body-centred cube arrangements
for example) permeability sust generally be determined



experimentally, since it iz intimataly affected by pors-shape
and tortuesity, ate.. Various genexalised expressions .for
permeability are posgible In certain cases, frat accuracy and
reliability usually dictate experimental measurement of soxts,
The ﬁoidaga, pa.rticla' size and shapa-fﬁctnr all have marked
effeets on the permmeability, and unfortunately accurate
independent detetmination of those parameters i1z very
difficult. Excepting cases whare particle geometry and packing
are regular, permeability of the mediuvm is usually measured as.a
single pearameter, and thir messurement is of no use if the
medium is physically disturbed. '

In an attempt to fundamentally understand the effects of scale,
geometry and packing on this parameter, some workers have
modelled £low in computey-simulated random media and have
ecaleulsted permeability and other traﬁ'sport.proparties' diyectly
(Vrettos, Imakoma & Okazaki 1989a & 1989b). The results of this.
werk are encouraging, though substantial amounts of computer
time are requited to generate results, : '

2.1.2 Voidage, ot woid fraction

4 womplicating facter in the study of porous media is  the
tendency of beds of particles to have significant Local
variations in voidage (and thus permeabili:y) particularly near
 walls and other solid intvusions, Several workers have addressed
thesa aspests, for axample Haughsy and Bevarldge (1968) examined
local voldage ~.ariation in beds, uging measurements of
soordination number and actuan voidage to  verify their
soordination-number based thaorf. Roblea, Bzird & _Ti.arﬁey.
(1958), and Benenati and Brosilow (1962) examined variations in
voldage at wvessal walls; since vold fraction is unity at the
walls of packed vessels, this effect is of much lmportance below
gertain particle-diameter to bed-dimemsiom ratics. A Ffurther
domplicating factor is that it is diffioult to measure even
average voldage in randomly packed bads withliout using intrusive

methods; in uncontained media, direct measurement of any sort Is ‘

usually impossible, Local wvoidage warfation ia difficult and



tedious to measure in situ, and in general, destructive
mathods of measurement (see Hoblee ar al, 1958} are required,

Thus, woid fractiom of porous media, although a simple concapt
in principle, is a topic wurthy'of study sll on its own. In the
casa of eoal stockpiles, inhomogeneity iz of special
significance, gince local wariations in particle size cause
looal variations in permeability, resultlng in localised £iows
of oxygen, which in turn promote the formation of hot spota and
_ combustion. This aspact £z discussed 1In moxe detail In
subzequent chaptars

2.1.3 Properties of the solid material

- Thermal energy transfer isn'ths process most likely ta be
‘affected by properties of the solid portion of the bed. Although
mazsurement of thermal conductivity of a solid is not trivial by
any standards, the technology and tachniques are well davéldpad
by comparison 'to messurements on haterogensous materials such
porous media; in dealing with cnergy transfer in porpus media,
thermal cnnductivity'of the solid-phase i: enerally considered
to be hmown. : ' )

Mazss transfar in porous media 1s not affacted by the nature of
the solld {surface roughness exuopted), unless the solid itself
ig porous (e.g. activated carbon), or otharwise accessible to
the migrating spaecles in guestion (e.g. lon-erzhanges r+cins).
The behaviour o¢f such aystems is extzemely complex amd is a
fiald of research - n its cwn; such systems are not considered fn
this work at all; Gunn (1970) gives a conclsge, clear analysis of
various situations invelving intra-particle transfer.

2,1,4 Properties of tha fluid
Hass,' energy, and anomentum transfer are clearly all affected
very strongly by the physicsal and tramsport properties of the

fluid which £ills the volds of the medium, Since knowledge in '
this field 1is comparatively well advanced, thesa parameters
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prosent no difficulties to a study such as this, There are in
fact several publishad studies whizh expliciluly examing the
effoct of wvarylng fluld properties, for example, Bertin & Ozoe
{1986) examine the offect of DPraodtl numbar on natural
eottvaction patterns; Horhe & 0'Sullivan (1978)  examine the
effect of temperaturs dependent viscesity and thermel expansion
coefficient, to mantion only twa,

Fluld preperties, theraefora, although exceptionally important te
work in this fleld, are sufiiciently well undexstood for the
purpasas of studying transfer proco ses fn porous media,

2,1.3 Igotpopy and anizouropy

Transport properties in lsotropic medida dv not vary with the
dixection of tramspoert, while variavion with dizeetion in
anigotropic materials can he marked. Anizotiropy can be elther
maorosaople or mlcroscopis, A medium consisting of parallel
layers of different materials pogsesses macyoscople anigotropy .
{sae McKibbin & Tyvand 1962), A medium conslating of £ibrea with
nonrandem orientation wlll alse have atiisotrople transport
propertles, as shown by Koch & Brady (1986), L

Tao anfgotroplze behaviour of layerod media can be used te graat
pavantage in tha design of systems to preotect groundwaters from
tedlution, as shown by Yoh, Gelhar & Gutjshr (1985) in o
threa.part study of wnsastursted flow In porous media, Kvaxmvold
& Tyvand (1979) show how Insulation orientation «an be used to
optimize parformance of Lnsulation materd, al, by talking a.dvanta.ge
of anlsetropy.

laotxopy and anisotropy thersfore, wropresent f£ar more ¢han
theoratieal abatractions. However, the aims of this study ane to
devalop a means Ffor monitering <oal stoekpiles walng only
" surface messuxements, ond thoory Is mot yet sufifieiosanly
developed to cope with the consequencss of anlactropy In
general, Regatding the pneumatlc pulsestesting of artlfielally
congtitutad anizotropic porous media (see submequent ehaptars),
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praliminary indications are that Inhomcgenelty can be detected

to some dagree, though net yett quantitatively.  Further

discussion of thaowlaes of tu. sport in anfactroplc porous media

would therafore not contribude positively to the theasiy in any

way, and the raader is geferred to the litersture for details of
is aspeoct.

2.2  Momentum Transfor in Poreus Madia

As disoussed in 2.1, due o the complex natuxe of most porous
media, approximationa are used to modal transfer processes. Ia
many applications losal spatlal avadages of twansfer varlables
are ascoptable for the purpesa; in such cases, maercseople laws
-deseribing the averages are adequate. The scope of this work is
adaguately served by sush appreozimata laws, and ths puwrpose of
this chapter 1s to outline existing theories, and rafer tha
readeor to the livezature for further, detalled informatlon, and
supporeing proof of the medols or theories.

2.2.1 Empixicel thaowy of Darcy

As discussad briefly In 1.2, the earlisst known Sormal .theoxy
for momentum transfer in powvous medle 1s thac of Daxuy.
Followlnp obsexvation and oxperiment:, Daray ps:opoaad 4 relation
in the form of squation 2.1, :

v R (2.1)

v is the suporfleial velocity of the £luid - {m.a"ll :

K s the permosbility of the medium L md)

P is the pressure : [Pa]

% is the apauial coordinate ' (m]

4 18 the viscosity of the fluld [k.g..m"l.s"l]

This squation models the porous wmedium as an axray of Infindtely .
smull peint-particles which resiss flow to a degres quantified
by K, so that v, tho wvolagiry, 1s equal ta the £flowrate

12



divided by tha total axea,
The Laminar poreien of tha Ergun equation can be reduced to the

form of (2.1} to glve m exprassion for permeability of media
compasad of particles:

. _ . .
A 150(1~e) uv (Laminar portion of Erpgun equation)

T 3 2.2
d ¢;hp
where AP Ly the preassura diffarence (¥al
' L 14 the distance over which AP 1s measured (m]
is the diamcter of tha particles [ut]
@y lo the shape factor (-]

¢ 1s the yoldage _ i~
Bird, Stowart and Lipghtfoot (1960) dofine the shaps factor #g.

Tha obeve aquation may be roarrangod and comparad tu"(;.’;t.) o

glvot
saltpgd ]2 ' L

150(¢L-e)%

Noto that for nenapherleal partivles the quantities ¢y and dp _
ars fot uniquely defined, and that veltewga of the modium has a
marka) affoct, 2t 1z therefore net posaible to waleulats
porxmaab:lity of partioulate media by aualysias of a loose sample
and wpplication of (2.1). Doi (1976} prepogea & varlexioenal
method of caloulating pormeability of medla based. em _spaniél
corrolation Funeclons, the measurement of which roquires
undigturbed portions of the medium with the particles ’frozan’
in place wich wax or resin. This wmethod in time-consuming,
erpensive, and highly complex, and vequires the use of axpensive
image-~analysis machines, and as sweh cannot he easily applied,

§inse tha proposition of the above ompirieally derived
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squations, many astudies ‘have bean doveted to yigorous
dorivations of modasls for momentum transfer In perous media,
Ampng thege studies ave Whitskawr (1966), Slattery (1969}, and
Laben & Cloot (1986). In all of these studies, it is shown that
Darcy's law may be applied {n eresping-flow situations, with
small on unegligible spaclal variations in permeability of the
modium, amony other yestrictions wnot of relevanee here. The
Impery of rthesa and other studlas goes £far heyond mere
vorlfication of Darey's law under restrietive assumptions)
howavexr, for the purposes of this work, it iz adequate that
. oy's le7 has been shown to be apyliceble under suitable
. watoneoy, The readar is voferred to thesa works for despex
- daee tne problem,

2.2.2 Limitariors of barey’s law

It is el.ar thac the socond-ordey spatial derivatives of
voloeity ave mnet pregent In (2.1), as cthay are in the
Novlez-Stokes ‘equaniona for flow of froa-flulds, - 43 a wesult,
boundayy eonditions for zero-allp st sslid, cenfinlng boundariles
(if any) cannot be applied. It happens that this i» of Iittle
songaquence to the aims of tha theajd, since solid ecpntainer
walla are gencyally absent or bhava little affect,

© In ovases where £low at fmpormeabla houndavies 18 of prime
intexest, the Darey law is totally fnadaquate. Cases in which
Elov at wallys is of eritical Importance include haat ané mass
transfer at the walls contalning porous media, ond where
bypassing of £low along the walls is significancly laorge. Hsu &
- Cheng (1985) diseuss the Inadeguacy of the Davey law in eanes
such aa these, and use the Brinkmen law (amse 2.2,3) &o model
flow in o porous medium in which a wvextiecal plate is submerged.

A further, levs sorious limitetlon of Darey's law is that it
applies only to laminar f£low. ' '

14



2,2.3 Empirical theory of Brinkman

Brinkman (1947) added second spabial derivatives of velocit:y'-ta
the Darcy law, arguing that momentum transfer equations for flow
in porous media should display conaistent Limiting behaviour.
Althouph this modification was not riporously motivated at the
time, 4t has since been Justified 1in the woxls by Whitaker
(1966), &latrvery (1969), and Lebon & Cloot (1988), Tn thess
works, it is showa to be 4 spacial cass of rigoxous equations,
as iz Darcy's law. Briokman's law 1s adequate for a wider class
of sgituations than Darcy's law; since it I3 not used in this
work due to the absence of any wall-effects of impoxtance, it is
not repreduced hets, or discuszed any further,

2.2,4 Gonclusions

© Although Dayey’s law is not justifiable Ffor all conditions, a
vagt body of patural senvection literaturs leduing heavily on 1t
18 in exlstencd, The reason for this iz that Ln many cases, the
flows 4re small enocugh o be well within the laminax
- flew-regime, and fimpermesble boundarfes are nonexistent or
of limited significance. This work deals with such aases, and as
a rooult Darsy’s law is usaed exelusively teo desoribe momentum
tranafor. ' o

Whichever momentum transfer equation is used, the dependence off
prasgure on spatial wvariables must be properly allowed for,
Consfider the case where  thers dre wvertical Cemperature
variations; in such a4 casze, the spatial pressurs derivative
depends on the temparature gradient as well, TUnder thass
elroumstanees, momentum anmd heat transfer become linked, an -
important phenomevon which is discussed in 2,3 balow,

2.3  Heat Tranafer in Povous Madin
Theze 15 extensive literaturs dealing with this topie, mush of

it concerned with natural comvectlon. daturally, in such cé.sas: "
heat and momentum transfar are Intimately linked and must be

15



eonsidared simultaneously. This section outlines current thaovwy
‘¢f heat transfer; simultaneous leat and momentum transfer is
disgussad at a later stage, Balakrishman & Pei (1979), and
Brooks (1988) xeport om extensive literaturd surveys on thermal
‘energy transfar In porous media, and the reader is refevred to
thoge for details of work not referenced here,

Note that in this work #s well as in the majority of published
work in this fleld, local thaymal equilibvium between fluid and
golid is agsumed, Obviocus exceptions to this are studles which
foeus on the gynamics of zolid-fluid heat-exchange, see Guin
(19703, Hughas,' Klain & Closge (1976), and Martin (1978), to name
only & few examples of such studles,
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2.3.1 Mechaniems of heat trangfer in potous media
radiation

Radiation occcurs between solid snd solid, gas and solid and
vicasvarsa, and gas absorbs radiation In betwean, Even in cases
whate peomatzry Lz regular and well-defined, analyeis  of .
yadigtive heat-exchange 1s not a zimple mattez; in this worl:, as

wall as the vast majority of work inm the fleld, pore gecmetzy is

Jeregular and wvery much ill-defined, and rigerous analysis of

radiation iz highly complex, 1if not lmpossible, Whitaker (1980)

has pexrfommed & detalled analysis of radlation in poroua media

- fior sasea in which the £iuwid is stegnent, Due to the complaxity

of the resulbting tranaport equation, and the fact that ir holds
only for stagnant systams, Whitaker's result is not applicable

to tils work. ' o '

‘Young (1975) has shown that the role played by rwadlatiom is
important in buds of lmm particles ¢ avound 400°¢, and that aa
particles Decoms smallex the temporature at which radiation
effacts . become miguificant Increases,  Since this work
concantrates on temperatuvas well belaw 400°C and paxticle
diameters betwsen lmm and 20mm, it Lz net necess:.y to account
oy radlation effents, Furthermore, 1f temperaturs pradlents
ara gmall, linearisation of the radlation squaticns ls possible
(Buooks 1988), and the radiacion sffect may he incorperated inte
 the affective condustivity of the wmedium, measning that thae
madium is conslderad to be a wontinuwum, (Jee alse conduction
balow,)

Clearly, the approach of radistion as a contribution to
effective conductivity of the mediuvm L2 only of wse when -thisg
uffactlve conduetivity is m:parimantaliy mesaured, slies a
priord caleulation is difficeult and unyeliabla, Beveridge and
Haughey (L971) prasent a detailed discugsion of radiation
models; howevar, sincs radiation 1z mot significant hore, the
reader is referred to that work Ffor daetalls ’
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conduction

Conduction ocours In parallel, through both the solid and £luid;
only in sintersed media (partially fused particulate media) is
there littla or no resistance to conduction at the contact-pelnt
betwesen particles. In particulate media in general, dirsct
contact botween particles is wvary scarse, so eonduction acrpas
gaps hetwean particles congtitutes a large potrtion of the
candyctive registance. The mazked effect of gontact-point area
on  the ability of & medium &o condust heat -is  clearly
demenatratad by Beverldge & Haughey (1971). ' :

The nature of econdugtion fn porous media is best conceived if
the medium is visualised as a seriss of ‘'reds’ of sgolid
surxounded by pasi, or simply as & single lump of solid in
contact with a body of gas, There ls also exchsnge of heat
between solid and 7luld of courge,  sa that neilther the saries
nor parallsl conductlon sufficiently -explaine exporimental
results, Actual heat tramsfer in porous wedia is very complex,
so  oomplex geometric models are wequired ko obiain
approximations of this. Beveridge & Haughey demomstrate several
typas of gaometric approximations, but as thesa models ara not
not spplicable te this work, they are not discussed any further.

Whatever approximation is used to describa comduction, the
rasult is that the medium %s modelled as a homogenaoua,
continuous solid with a themal . conductivity equal to the
sffootive oversll conductivity, Effective thermal conductivity
obtained from yelisble experimental work and theoretfeal
agalysia are used In this work. .

convectlon

Gonvection in poyous media 1s a complex phenomenon, as are the
other modes of heat transfer. Howsver, ag - in desezibing
radiatiion and conduction, wrecourse ls made to a continuum
dascription of the £luid, The convecting fluid, as for momentum
trangfor models, is considered to be flowing through am avray of
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infinitely small point-particles, which resist flow as discussed
in 2.1, Thus, the usual equations describing convactive heat
transfar ars uged, with suitahle intarpratation baing piven to
the therimal conductivity variable.

2.3,2 Sumpary

Alrhough several elaborate theories for a priori asleculation of
radiation, conductisn, and momentum tyansfer propertiss of
ponous media are referrved to abova, these are not used due to
thieir approzimate nature and codplexity. This work uses Daroy's
law teo deseribe momentum transfer, the concept of affective
thermal conductivicy of porous media to deseribe conduction heat
trangfer In porous media, and the clasaleal equatlons - for
convective heat transfer, The reault of this is that the
overall equations deseribing heat transfer in the bed take the
ugual convective-conductive Fform (Bi:d Stewart & Lightflact
1960} .

2 .

£g0pgY VT - BT = Q _ (2.3)
where p; is the density of the gas  [kg.m"3)

COpg 35 the econstant pressura heat capacity of tha gas

(3. xg k1]

¥ valocity vector [m.a” 1]

T is temperatura - [K]

¥ is the gradient operator o -1

Q i3 powar inpuc per unit volume [(W. m‘3]

ky, is the thermal canductiw.ty of the bedW.w :.x1)

The terms in the velocity wector ¥, obtained by applicaticm of
Darcy’s law, must satisfy the esquatisan of continuity so thak
mass balance iz maintained,



2.4 Simultanecus Momentum and Energy Transfer in Natural
Convection

In this cage the effacts of energy and momentum transfsr on aach
other are best modelled using stream-fumations, and application -
of the Boussinesq sassumption (which 1s that density Iis
considerad constant everywhere except in the body-force term of
the mernt wm equation). Fressure is sliminated by application
of stream funeitions, snd the resultant equations, for vertiecal
cylindrical geometry in dimensionless form, are :

2, 2
a% 1o, 8%, 80 | |
g & ae*’agz _faﬂae | (2.
1o0) oo (Lowjoe 1ee o0 af ol
£ agy o€ § 9§) af & 08 652 8;2 kao ST e

Tha following quant:;z.tia-s have been used in ths
nondimensionalisarion of the above squations: '

lavarel veloeity " m/=]

u

v vartical valocity _ - Im/s]

u*  dimensionless radial velocity = ufl,

+*  dimenaionless vertical valocity = va/L

L a characteristic length scals {m]

o thermal d.ffusivity T kb/(a"gcpg)
¥ dimensicnleas stream function

3 dimensionless radial coordipate =~ 1/L

¢ dimensionless vertical coordinate = z/L

] dimensionless temperature = (TTy) /Ty
Te referznce temperature 4

pp Fluid demsity at T, ' kg3

Q. input powar (see below) W.m3

A coefficient of tharmal expansion

_ of the Fluid K1

¢ viscosity of the £luid ' kg.m‘l.sf‘l
Ra Rayleigh number m KgLe o814/ (par)

Note that @, the input powsz, mey be a funct_inh of position or
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temperature,

Boundary conditions are as f'ollows:

$(O,0) = ${1,6) = 0 0=¢ sl
$(£,0) = U_ 0=s£=1
8 . .

3¢|e-1 = 0 0sesl
&y - '

3¢ gm0 ~ v] 0=¢=s1l
a#

'3'?;._1“'31" 05551
6(€|0)‘=‘0_ D=xé&x1l
8(1,;) =0 0=l

Equations (2.3) and (2.4}, with houndary conditions axe used to
model natural convection in wvertical cylindews fFilled with
porous media, Havstad & Burns (1982) present a completa
derivation of these squations in dimensional form. '

2.5 Copclusion

The basics of the theory of tramsport in porous media have heen
degcribed above, and the roles of the major parameters
introducad. Tt is not the intentiuvn of ths thesis to introducs
any new theories regarding the fundamentals of transfer
processes, so the theorles as discussed above are adeguute for
the purpose of this work. There is a considerable amount of
contention veparding the wvallidity of the above theories,
particularly in the case of inhomogeneous media. Slattary (1969)
and Whittaker (1966) have investigated in preat detall, and an
the most fundamental lavel, some of the more asubtle aspeets, and
the readaer Is veferred to thege publications for datails,

Despite the approzimate pature of the theories discussed above,
it will be seen that in general, adeguate rasults may be
obtained over the wange  of yelsvance to coal atockplle
monltoring,
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3 EXPERIMENTAT, METHODE AND EQUIPMENT
3,1 Heat Transfer Experiments

All of the heat-transfer measurements used here are from
) _pravi.ous work. The experimental mathods and equipmrmt used in
the unpublished studies will be digcussed briefly. '

3,1.1 Bed fitsed with a rod-shaped heater

" Yourg et 4l (L986) measured the steady-state tempstatures on a

cross-section normal to the centrally located horizental
rod-heater (intended to approximate a line heater) in the bed.
The objective of the study was to experimentally verify the
conduetive-convactive medel described in 2.3, and to eatimate
both the effective tharmal conductivity and permeability of the

bed by minimizing ths sum-of~squared tamperature prediction

errora, 45 thermistors were placsd on a plans perpindicular to
the horizontally-placed heater. Young et al's bed was Im

squars and 0.3m dsep, and packad with coal partiecles nominally

L0mm in difamster, Fig. 3.1.1 shows placement of the thermistors

and heater in the bed, '

Thes. aeasurements were repeated for varlous power Inpputy, and
the ":ed was not disturbed in any way between successive runs, 80
a8 tu ensure ldentical permeability of the bed at all times, See
Joung et al’y publication (1986) for Ffurther discussion of
methods and equipment,

3,1.2 Bad fitted with a oylindrical heatar

Bengon-Armeyr. & Leibowitz (unpublished) used Young et al's bed,.
but placed a amall cylindrical heater (30mm diameter by 60mm
long) wvertieally, at the centre of the bed, 0.3m from the
bottom, .Furthermors, they also puxformed the measurements on
thres different coal-beds, each comprised of different nominal
particle sizes (under Smm, 10mm, and 20mm vespectively). Fig,
3,1.2 shows a schematic diagram of the bed and heater, and
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Fi1g.3.1,3 shows thermistor and heater pasitinn In the bed,

_ Hote that tharmlstor positioning, due to anticipated diffaerencas
in measured results, was slipghtly differsut from that in Young
et al's study. The motivation for repeating Young et al's
noasuroments and analysis with a lecalised source was twe-fold:

- to mora accurately reprdducs and. glmulate a locallaad snergy
source in a packed bed, since so-called 'hot-spote’ tend te be
lacalised, mot streteched out in a line, Alzo, due to the
_eoncentrated nature of the source, higher temperavursa ara to
be erpocted both in the bed and on the asurface, Thisz allows
soma invastigation fnto mechanisms of heat tyansfer on the
gurface of the bed,

«» to obtaln results which would allow the effects of particle
size on the heat- and momentum transfer parameters To be
deteymined,

As Banson-Armer & Leibowitz’s report 1s unopublished, thelr
experimental procedute is described helow: :

The procedure for aach bed type began with packing the bed,
taking special care in the visinicy of the arzay of thersistoers.
Cnoe paeclod, the bed was purped with nitrogen to provent
~ spuntaneous combustion of the coal, and the hoater was turnod
~on, It was found that Fflve days ware required fFox the
temparatures te reach steady state, at which time the _
tomperature roadings were atored on tape, Thereaftew, pover
Input to the bheater was Iucrasded in prep_ara-tion for the next
runt. The temperature Imeasuremonts mads by Jenson-Armer &
‘Leibowitz ar: contained in Appondix B, in their antirety, sime
thosa yapuliy have not been published bafore,

3.2 Momentum Transfor Experiments

& method o quulitatively inveatigate the Intetior of a porous
madium  without weing dntrusive or destructive methods is
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proposnd here. The methed was originally conceived as a means
of probing porous madia in a mammer which would elucidate the
intermal structurs, an ocbjective which cannot be achiaeved by the
usual staady-flow methods., In the case where the medium i=
freely constituted (L.e. not contained within lmpermeable walls)
the usual steady-flow metheds are In any case not applicable, as
pressure ‘drop’ and area Ffor flow sra both 1ll-defined. The
procedure consists of varying the volume of a eylinder, the open
end of which is placed om the surfaca of the medium, and
measuring the time wvarying pressura at the surface of the
medium, Applleatien of the procedure and vesults may be Ffound
in 5.2.1; the oquipment and procedurs used is discussed in
detail below, :

3.2.1 Mensurement of tha fraquency response of A porous medium
mechanical design of the sq. .ment

The eguipment desipgnad to make these meagurements conglsts. of a
plsteon inside z coylinder conmected to a flat plate, which is
held in place on the surface of a bed of granular matevial
contained iInside a larger c¢ylinder, The f£lat plate made a- seal
with the inside of the larger cylinder, preventing  the Hluld
(air) from leaking out, A pressure tyasnaducay was placed at the
base of the smsller ceylinder to somse the pressure at the
surfaee of the bed. The piston was reciprocated approximately
sinugoidally, using a varilable-speed moter, A shkateh of the
apparacus is shown iu Fig., 3,2.M. ' :

meaguroment system and eiectronies

Fig. 3,2.2 shows a simplified diagram of the measuroment syibem,
& Data Instrumenta High Performanco pressure  transducsy

{data-sheat in APPENDIX A) was used, The transducer wuses
atraln-goupes connacted to a Wheatstone bridge, which produces a
voltaga proporticnal te the presaura. The power to drive the
‘Wheatstone bridgs was taken from a PC-68 atxalu-gauge amplifier
{aee APPENDIX A for details), and the Wheatstons output was fad
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back inte the PC-68, which filtered and amplified the signal.
The filter vemovad any components of the signal with frequencies
higher than 100 Hz, considerably highaer than any signal actually
sxpacted from the transducer, and the gain was set at 100. The
conditioned, amplifisd analog gignal was fed iInto a high-speed
analog-to-digital converter, which was in turn connected to an
1BM-compatible XT computer., The computer was used to sst up and
contral the sampling procedurs, and to store and view the
resultz, The AD eard controlling software allowad selactlon of
desired sampling frequevicy and length of data collectlon.

To enpure that all measurements commenced at & predetermined
palnt in the cycls of the piston, a limit-switch circult was
connected te tha trigger-bit of the AD converter, A small amm
was attached to the plston, and positioned so that 1t just
cloged the Limit-switeh at the bottom of the plston’s eyele,

method

A bad was prepared in the contalmezr by loading the desived
gratular materiazl or combination thereof: the bed was ralsed to
ensure that the piston and sealing disk made comtact with the
surface of the medium, and the plstom was ralsed to the centre
of its travel bafore sealing the system by shutting valve 2,
The motor was fun, at a slow pace to hagin with, and the
pressure was sampled at a suitable rate. ' .

In all casea, tha sampling frequency was squal to or greatey
than 100 per second. The reason for such high sampling rates is
that maximum pressure had to be measured as aseurdtaly . as
possible, and afinee the pressure-vime txace is likely to be
approximitaly simuseldal, high sampling vates ave requirved to
achieve this. Note that a sampling frequensy of 100 per sesond
ls wall above the minimum required te suaxd against allasing,
since the frequaney of the reciprocatliapg pleton was loess than 5
Hz in all cases.

Since sampling frequency was very ascurately known, it vas not
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necessary to measure reciprooaticn frequency independently. This
could be determined from the perioed of thae measured trace, After
the samples were stored on disk, the speed control on the motor
was adjusted slightly wupward, and the procedure repeated.
Attaimment of steady-state, for the heds and volumes used hera,
was sesn to be yapld encugh that waiting was not necessary,

The amplitude of the trace, and ita phase (compared to the
preasure trace expucted for a hlocked plston outlet)' pozition of
the plston) wers determined Tor -act vur, mumerisally as well as
by inspection. Inspéction waa used to ansura that rvandom splkes
(1f any) did mot spoil the results, though no unacéeeptablae
features (spikes or irrvegularities) were found in any of the
traces, Repeatsbility of maximum pressure waz 10 Pa for any
given run and the pericd of the trace {caleculated  £rom -
pazk<to-paak) was yapeatable within the Limits of sampling
frequency (l.e, within 0.01 gaconds for a sampling fraquency of
100 per sescond),

3.2,2 Measurement of the permeability of a porous madium

In order to have independent measurements of the bed
permeabilicies, it was arranged to have a measured flaw of air
at low, measured presgure drop passed through the entire bed,
8inee toval bed arsa, and dapth could be measured, this allowed
ealeviation of permeability using Darecy's law, The asquipment
assoeiated with these measurements is shown In Fig, 3.2.3,

It was necegsary te prevent the granular material from f£alling
out throvgh the exit-hole at the bottoem, as well az to ensure .
utiiform flew-distribution throughout the length of the bed, The
only way to achiave the former was to have the bottom axit hole
covared with material impervious to the granules, and the only
way to achleva tha lattsr was te have a small alr-space actoss
tha sntire crosg-section of the bed, both at top and bottom,
Achieving the air-space at the top was simple: the dise at the
top was kept a small distance off the bed-gurface during theee
measvrements, It was necedsary, howover, to support the hed at
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the bottom with a oloth, stretched ovar a very coarse mesh which
was in turn supported on 20mm studs on the bottem of the
container, Granules were thus prevented from f£alling sut, and
uniform flow distribution was ensured by the air-gaps at top and
hottam,

The presance of the retaining cloth, however, presented a
-problen when measuring the peymesbility of the coarser material,
‘since cloth resistance was found to contribute significantly to
pragsure  drop, Thus, for the coarser material,
preasure~drop/flow characteristics were measured for two
differeunt bed depths, allowing the reslataucs of the cloth-mesh
combination to be determined. When subsequent meagurements wera
made, the cloth resistance as pruvicusly determined was waed to
arrive at the corract permeability of the bed,

Note that during the freqﬁancy-rasponsa messuratients discussed
in 3,2.1, the presence of the cloth presented no problem, as
pressura pulsas did not have sufficient time to propagate to the
bottom of tha bed; this was egpeclally true for runms in which
the bad contained any reasoriable depth of fine granules,
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4 EXPERIMENTAY, RESULTS

The results of the momentum transfey experiments (described in
the preceding chapter) are presented in this chapter, The
meagurementas of leibowitz and Bengon-Armer (unpublished}, avs
teproduced in their entirety In Appendix B; all other heat
transfer exXperimental results hava been published elsewhere.

4.1 Momentum Transfer Experimsntal Results
4.1.1 Staady momentum trensfer tresulty

The permeability of  two beds Jcomposed of the 0,5mm nominal
particles and the Zmm nominal particles were meamsured aa

R=3x101l wd  2wm partieles
Km 2 x 10732 g2 0.5 mo particles

Parmieabllity was measured over & pressure-drop ranga of 400 Pa/m
to 4000 Pa/m. Ths psrmea'iaility ‘ecaleulatsd at the highest
pressure drop was approximately 75% of that caleuleted at the
lowest measurable pressure drop. The reagon for this was not
investigated at all, since only an approximate permeabllity wag
rejuired for the purposes of peneral comparison with wmedsl
results! no further attention is paild to thess results.

4.1.2 Unsteady momentum transfer results

Measurements as desoribad im 3,2 were made on a number of .
different bed types (summarised iIn Table 4,1 below). As’
dezeribad in 3,2, pressure was logged with sufflclent frequency
te get accurate representatlon of its maximum value, and to
prevent allasing, For each run the amplitude of the prossure
trace, and its phase with respeet to piston position were
calculated, It iy the auplituds and phase of the pressure trace
that are presented and used in this woxk, awd all of these
results appear in the graphs presented in this chaprex,
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Table 4.1 - Pneumatic Tese Experimental Beds

Bed

ARAAAN
1

ASAARN
2

NS
3

IASASANY
4

ARARANY
3

ACTRRR
[

AW
7

ANAANAY
]

ASANANY
B

ASAANAY
M

ASSANN
L

FELAEELERRAREAR LR SR AR AR AR AN

Deseription
AREARR LR AL L LR R R LA RNY
230 mm of 2 mm
ANERRLLRRRULRRRL R
340 om of .2 mm
ARERRARTARE A AR R AR RANY
455 mm of 2 mm
ASLARERRERAARRRRRREANNY
350 mm of O, 5mm
ASALEARAREARAARARRARANN
70 mm of 2 mn
on top of
350 mm of (,5mm

ANSRRRRRNRARNNRARNANNNG

130 pm of 2 rom
on top of
240 wm of O,5mm
ASERRARELERRALL R AR AARAN
200 am of 2 mm
 on top of
240 mm of 0.5mm
AALHARALLRRARA VAR
200 mu of 2 mm
ou top of
240mm of O, 5mm
{repeat run 7}
AREERRERRRRRRAR R RANANY
3 om diam,
orlfice
ASERRLARRLALAN RS RR RN
6 mm diam,
orifice
ASRRLRRRRARRA SRR RRARNY
10 mm diam,
orifice

ASEIRRARAAERARARARNRARAARN AN

3

repeat of run 7

after 2 weeks

FERAY/ AN

kb




The graphs pregsented in Flg.’s 4.la through 4.1la, and 4,1b
through 4.1lb show the dapendence of pressure amplicude offsat
(Ppaw-Fuor Where Fp.. is the amplitude of the pressure and P,
is the pressure orm’ituda at low frequenay), and time lag on
rociprocation f£requency Loy sach of the above bed conflgusdtions
snd oriflce sizes, Fig, 4.14a and 4.14b show overlays of
Poaw-Pue end lag raspectively for puns 1 through B, The
pregsure omplitude offset vesults In 4. lde eleawly display
suffialent resolution to dfstinmguish one bed from another, but
the lag tesulta in Fip. 4.14b ore not weselved £y the same
extent. HNote that ¥, 1s the pressurs measured low fraguency,is
and corvasponds to the case where pressure ls evenly digtributed
throughout the entira aystem. 2,, approaches ambient pressure
for piston volume variatlons small in comparison to hod volwme

The general teond present in the results, a9 expmetad, is thaw
amplitude inereages with frequeney, The oxplanation for this is
that as froquenoy Increases, pas veleoeittles ingide the bed
{through the orifice} incrosase, roquining larger prosguve
gradients. This is diseussed in detall in Chaptexr 5§, with
regand to interprotation of mudol remslts, Alse, as expected,
ag frequency ineresses, time lag docreasas, This is satisfying,
singe a3 frequency inercassa, ome would expect the ayatem to
bohave sore and moxe like a blocked piston, which would display
ne lag at all (by dofinition of lag wused here, which is
raferonced to a blocled plston),

Maaguremonts similaxr te thope on the packed hods wore made on a

gystem Lin which the roalstuncs of tho bed was roplaced with an
Jrifico, placed right at rhe mouth of the vociprocator. The
motivation for this was to see 1f thers was any correspondense
betwaon the distrlbuted vesistunce case (poclked bods) and the
peint resiotance of the orifice, and o sen If thern wers
congiotontly ldentlfiahbla trends. Pusthermors, the wesiztonce of
the oxifice platea could bo vory utightly contyellad, since thoy
wore proclsion machined with square odged holes. Thoye ecould
therefora he no voom for doubt about which had the wmest or least
rogistaneo., The moasured amrlitude offsots are shown in Fig.'s
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As expected, the amplitude offset increases with Ffrequency, and
with increased wresistance, as can be seen in Filg. 4,15a, which
shows overlays of the presaure anplitude offset for the three
orifice sizes. The main motivation for doing the measurements on
the orifice plates, however, was to wverify the Iintuitive
conclusion that lag detreasas with increasing frequahcy and
inereases with Increasing realgtance, This is Indeed the case,
as 1m clearly chown in Fig., 4.15b. One could use this
information to assist in the interpretation of measurements on

packed bads, by asaigniug lumped xesistances to varfous sectfen
of tha bed, This iz further investlgated in Chapter 5, '

4.2 Diseuasgion,

A marked feature of Fig.'a 4.la through 4.8a is that the
composite {layered) hedy (no.'s 5 to B) diasplay sharp changes in
slopa (see Fig.’s 4.5a to 4.8a), The results for bads 5 and 6
are overlaid in Fig. 4.12a to emphasise the behaviour. This
feature could be an indication of inhomogeneity within beds, and
poseibly the difference im slope betwesn the low and high
fraqueney sections could be correlated wizh permeabllity ratlo.
It may also for instance be Found that the location of the
guddan incresase in 2lope gives an Indication of the depth at
wiich the permesbility changes.

One would alsc expect (as shown in Chaptex 5} that time lag
behaviour could assist In deduation of the internal strusture of -
the bed., Fig. 4.12b shows an overlay of the lag plota for heds
5 and 6, and thers appozrs to be a digrassion above a frequenay
of 9 xad/a, However, examination of Fig. 4.14b revesls that
there ig little real wvariation in the *ime lag plota for the
differwnt bads §f one takés measurement uneartainty Inte
desount, certainly tea little to make gemeralised comclusions.

Fip. 4,13a shows the pressure amplitude offset for runs 7 and 8
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(the same bad, laft undisturbed for two wealka) . Apart From an
inexplicabls deviation between 7 and § ¥ad/m, the correspondence
between these two runs ig good, thus confirming that thesze
measuyements are yeprodusible. Note, howaver, that the lag plot
for thesa same two runs in Fig. 4,13b shows that the later xun
(zun 8) has a congistently lower lag at any given freagquency, Neo
reasonable sxplanation for this could be found, though future
studies should address this issua,

4.3 Summary

Due to shortcomings in the dasign of the apparatus, it was
diffieult to locate the compressor on the surface of the bed

without disturbing the bed at all, As & result of ihe .

disturbancs, which generally tock the form of compression of the

bed, it is not pessihle to compare measurements on an sbhsoluie

basis, fThis, howevex, is not a serious problem when considaring
application in the fileld, siuce the matheds of atacking the
piles axe notf well controlled, and even ' sgparently identical
piles will have different intexnal struatures,

In any ease, th~ major application envisaged -for this techi\iqua'

is the identlfication of grosa differences in behaviotr, which
would indicate whether one had (oxr a region of a hed) was
substantially more permeable than anothex. The presenca of a
Lavge veglon of high permeabilicy might Ffor instance make & bad
mora susceptible to combustion, so i dentification of gross
differences in parmeability is considered a worthwhila pursuit,

little of valus could be deduced from measured lag curves due to

lack of resolution in the results, Thia is possibly due to

‘disturbance of the different beds during Location of tho
veciprocating device on the surface, which geverally bosk the
form of compression. The ¥eaultd bhave, however, bean reported
"here in caso any future analysis is to be attempted,

1t fs believed that some information of value san he deduced '

from the pressure smplitude results reported hers, In any case,
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bafore the method can be applied to the analyais of large scale
badg, it fs necessary to address faur main lssues:

1 the apparatus uust necesgarily make cofibact with the bed in
queation., It is essential that disturbance In the r&gion of
contact be kept to a minimun,

2 some mepns must be Ffound to pravent the majority of alr

escaping from the bad surface immadiately adjacent to the
compressor, ¢r a means o account for these loysas,

These first two lssues are net of crucial importancs, aince it
s envisaged that the method will be used for romparative
analysis of beds, just as the surfase temperature method for
astimating tots) energy release within a bed doas not raquire
exact heat transfer coefficfants if comparison is required.

"3 4in the case of a mega-ton stockpile, lt is clear that a
substantial pneumatic pulse would be raquired to probe the
bed to any significant depth: furthermore, the avaraga cogl
particla in such a pile has a diameter f£o the. ordsr of
10-30mum, The permeability of such a bed, even with a sigable
portion of fines, 18 two ovders of magnitude prester thum
that: used in the wwmerleal experviments discuszaed above and
the measuremants described in Chapter 4, A large bed composed
of 10-30mm particles would therefore require elther wvery
ranid pulses of alr, or impoasibly largs pulsss in ordar to
reglster any Increass in pressurae, In asuch a oase,
alternative pulse methods would have to be Investigatad,

4 The apalysis of the amplitude-freguency curva to produce

quantitative information about the bed is elearly a diffieult

task, and & lasge amount of work fs required in oxder te
develop such an analysis,

Tt is belfeved that ths technique could be daveloped into one
which can be used to make meaningful and effective deductions

rogaxding the Interxier of a bed,
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5 Development of Seme Surface-basad Measurement Technlques

#s discussed in 1.1 and 1.3, modelling transfer processes in
porous media is exceedingly important to developing the state of
understanding, and Improvement of systems in a wide remge of
fields. In this chapter models wre appliad to different
artificial systeams to¢ astimate parvameters and attempt to
undargtand the phenomena imvolved, Published attempus to model
trangport in porous bodies In both mnatural and srtificial
surroundings have shown that: :

« little is known about velevant boundary conditions at exposed
surfaces, The sarliest warning of combustion deep within a
eosl stockplle is the appearance of 'hot spots’ on the surface
of the pile. Knowledge of the relationship batwgem the surface
temperatures and the state of the interior of the stoukplla iz -
vital ta the early diagnosis of combustion dangers,

- multidimensional convectiva-condustive mndelling :'.'s'
computationally very expensive, and often of limited use in
precticnl applications due to lack of kuowledge regarding
internal strusture. Alternative approaches to these extremely
expensive and complex caleulatlons ave required, for reasons.
of economy of both time and effort,

This chapter aitempts to speelfically address the above twe
fsguss, with a view o daveloping a system for the practical
monitoring and management of ooal stockpilea, using only
realistically attainable weasurements and parameters,

5.1 Nudelling Natural Thermal Comvection inm Porous Hedia

Although the applicabllity of conductive-convective aquatlons
has bpeome accepted, a number of guestions remain unanswerad,
one of which is *he tveatment of houndary conditions, Boundary
conditions are uaken for granted, but no evidence of research
inte validity and efficacy of the boundary conditions was found,
tne of the aims of this seetion was thersfore te test the
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application of surface heat transfer coefficients to convectiva
heat kransfer modelling in porous media. '

In partieular, the surfacs heat transfer coaffilclent of an
exparimental coal bed was estimataed by fitting model predictions
to measured temperatures. An attempt was made to determine the
dependence of eoffsctive permeability and surface heat-transfer
cosfficient on particle sizae, by fitting caleulated internal
-temperatures iIn a packed bed to experimentally measured

temperatures, No gemeral conclusions could be reached regarding

.dependence of surface heat transfer coefficiént on particle
size, due tn inadequacies In experimental design, but wvalues
commensurate with free convection f£rom solid bodles were

obtained, and may be uszed as & guldaline Ffor future gtudies,

Since mno evidence of any studies regarding heat transfer
coefficient at the axposa;_l'aurface of porous media are evident,’
this aspect ls tonsidered worthy of study, :

Due to the gohplaf_:ity of two-dimensional conductive-convective
simulations, several workers (Brooks & Glasser 1986, Hughes,
Klela & Close 1976, Audibert & Gaudet 1987, to name tmly a few)
have developed simplified medels, These models are useful for
general applications such as the general monitoring of
stodkpiles of coal or other fuels, or tharmal storage beds, In
partlicular, modals dealing with the grading of coal-gtockpila
combustion hazards, aod the approximate analysis of thermal
storage beds have bésn published (Brooks & Glasser 1986), The
gtudies mentioned do not directly addreas the issue of

moritoring internal processes using only measurements accessible

at the surface of the beds, and since indications £xom the field
are that such methods would ba welcome, & simple, Ffundementally
sound medal was developad and tested, The tactinique was foumd ta

produce consistent eostimates of snergy release in coal beds

using only surfsce temperatures and the heat transfer
coelficionts discussed above, '

.Tha malor application efivisaged for thism model is in the |
management of solid-fuel stockpilam, which oZten represent large
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investments, and considerable enviromment hagards in the case of
combustion, The strength of the model is that it is inherently
~ fundamental in nature, is very simple to apply, and effectively
has only ome parameter, namely the heat-transfar coefficient at
the exposed surface of the body, Since this parameter can
reasonably take om ai':".‘.}' a limitad rangs of values, it is
possible to use ths wodel to consistently gréd.e and compars
hazards over a perloed of time, or between varicus stockpiles,

5,1.1 Two-dimensional conductive-convective modalling
The work and results discussed below culminated in & publicatidn
by Anderson & Glassar (1990), the content of which has bhsen

extracted from this thesis.

Gon&uctive-caﬁzrective models are discussed and justified in 2.3,

and at pgreat lemgth in the literature, The motivation fox .

undertaking Further work in this much-studied fiald is to

develop an understanding of the model parameters permeability

and surface heat-transfer coefficient. Youmg et al (1988)
. estimated permesbility and effective thermsl condustivity of one
bad-type by minimising the sum-of-squared errxozs in model
temperature predictions, but subsequent investigations (see

below) have shown that the surface hesat-transfer coefficient is .

- an  extremely important parameter Lf the yesults of such
modelling awe to be of real use, '

A large volume of work on thermally driven convectiom In porouy
media has been published, much of which is discussed in a review
" artlcle by Cheng (1986) . The early work was by Lapwood (1948),
who analysed the stability of free convection of flulds in

horizontal porous layers heated from below. Lapwood made use of

the Darcy-law and the Boussinesq approximation and asgumed tha
tamperatures of both the upper and lower surfaces o ba knowm,
An approximate analysils was applied to the simplified equations
to show that there existed a critical walue of the Rayleigh
nunbar; below which no convectlion occured, '
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More recent work by Bejan (1978) dealt with flow and temperatufe
distributions about a concantrated energy sourcz in an fafinite
porous medium. An approximate analysis of the model equations
made comparisong between coupled convectlon/conduction snd puze
conduction teuperature profiles. This clearlj demonstratad the
affect of corvectlon, which is to distort temperdture profillas
from those of pure conduction, shifting them loecally in tha
direction of the convective flow.

Bejan (1981) alse investigeted the phenomenon of lateral
penstration of comvection into the vertical sides of heated
porous mediz. The two dimensional model was shown to be
essentially one-dimensional due to the large difference In the
natural horizontal and vertical scales. Approximate anaiysis of
the ona-dimensiomal model gave information on tha amovnts of

penetration to be expected under various circumstances; this was .

11lustrated by applization of the rasults to a helitm-coolad
winding. '

Further work by Bejan (1984) on wvertlcal penetration iInts the

basa of porous structures caused by local surface-temperature -

variations (hot- or ¢old-spots) examined the degree of
penetration of flow- and tampexaturs disturbances. S

In all of the work mentionad sbove, the porous bodies have been
infinite {(no surfaces), ot the surface temperatures have been
assumed to he knowm, or of known spatial variation, and in every

case the physical geometry was well definsd. However, in

practice, surface temperaturas are seldom explieitly kuowm, but
rather take on wvalues dependent on internal temperatures and
power dissipation. Young et al (1988) assumed that the
temperature of the top surface of the coal hed was approximatély
ambient, which for a line heater pave acceptable xesults,
However, the asgumption of ambisnt surface tenperatura is, by
definition, of mo direct use in the study of boundary conditions
and gurface hot spots, This wnecessitates the uge of boundary
coriitions dependent om the 1local surface temperature dnd
temperature gradiants, (Cauchy boundary conditions), The usa of
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a Cauchy bouadary condition for tamparatﬁrs at exposed su.rfacés
of the bed is examined In this work.

Various reliahle and corroborating estimates (including Young
et al's) for effective ecoal-bed thermal conductivity are
available (se# Brooks 1986). Young et al’s temperature data
waere used,; but this time permeability and surface heat-transfer
coafficient were sstimated. :

' The two-dimensional conductive-convestive model equations (sue
2.3) wers solved using a Galerkin finite element method with &
graded mesh, (see Gresho & Lae 1981}, using 4-nodad bilinear
alements, aa well as 8-noded gquadrilateral elemants. Using the

guideleines presented by Gresho and Lee, it was found that a

15%15 bilinear mesh, graded finer in the vicinity of the surface

and the heater, adeguatsly yepreasented the solution (gee’

dppendix C for a representation of the mesh), The parasueters

wete estimated by minimising the ruz-of-squared errors in
predicted temperature at the thermlstor positions. APFENDIX ¢
eemtaina a detailed desaription of the procedure used to solva
the equations for a given set of parahatars, as well as a
representation of the finite slement mesh used. Michelsan (1979)
deseribes in detaill the procedure used to f£find tha best-Ffit set
of parameters,

The resultant parameter estimates are listed in Table 5.1, along
with their 90% confidence intervals (seae Michalsen 1979),
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Table 5.1 - Fitted Parameters - Rod Heater

Q h hmin | hmax R Kmin Kmnx
W) ) [th:3¢§'11 [m2x 107 ]

15 6.8 2,9 1.5 [ 1.5 1.3 1.8

20 6.9 2.7 15.7 | 1.4 1.2 1.6

30 8.9 2.9 15.8 | 1.9 1.8 2.2

It 1a claar from Table 5,1 that little confidence can be placed
in the surface heat-transfer coefficlents. Part of the reason
for this is that surface temperatures ware small, and
heat-transfer at the surface was very much convection dominated.

"he messuraments of Benson-Armer. & Leibowltz (unpublished) have
been analysed as described above, The results are summarised
below. :

In analysing thelr results, a 15%15 mesh, similarly graded to
that mentioned above, was used to solve the equations, this time
using the eylindrical equations (sse 2.3). Fig., S5.l1.%1 shows an
idealised sketch of the afrangement of Benson-Armer and

Lalhowltz’s experimental apporatus., The $£itted parameters are

summarised in Table 5.2.
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Teble 5.2 - Fitted Parameters - Cylindrical Heater

Q h hmi:.;x hmax K Kmln Kmax dp
[ (w2 k72 [mx 107 1 [om)
5 1.7 .0 2.9
7.5 0.6 0.5 1414 o0 0 0 | <5
10 1.6 1.0 2.6 0 0 0
5 j10.8 53 157| 167 1.4 L9
10 9.6 5.0 15.4 | 1.43° L1 1.5 10
18 §.3 4.8 151] 131 1.1 1.4
5 3.5 2.3 5.2 | 2% 2.7 3.6
7.5 | 4.0 L9 7.1 2.7 2.6 3.1 20

10 3.1 1.3 5.5 2.3 2.2 2.7

Fig. 5.1.2 shows contours of measured and hest-fit temperature

profiles in the bed, in the x-z plane, for a LOW source in a bed

composed of partieles mominally 20mm in diaueter, Agresment

batwaen measured and caleulated temperatures i acceptsble, thug

dempnstrating that suitabllity of this type of modal to the

situacion, Fig, 5.1.3 shows the streamlinas of the velooity
field corresponding to the tempevatuye profile in Fig. 5.1.2,
Fig. 5.1.4 shows an altovnative comparison betwcen experimantal
.and - ealeulated temperaturas; expewimental = temperaturas are
plocted apainst ecaleulated temperatuzes for sach thermiuter
position, IF temparatuyes were Fittad exactly, all the polnts
would lie on the 45 degree line (TexpeTmod). The figure shows a
digtributlon of polnts around the line, as oxpacted,

Plots eimilaw to Fig.'s 5.1.2 theough §,1.4 wera viewsd for each
of the remaining estimation rune, . There was littls to

digtingulsh them from those already plotted, aside from changes -

in scale, ao thoy have not been ineluded hane.

Fig, 5.1.35 showa a plet of the aum of agquared errovs contours
vy, Ra and Bi (equivalently K and k), for the sylindvical heater
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5.1.1 Sketch of ldealised bhed with oylindeical heater
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5.1.2 Plot of experimental and.hestaﬁit't:emparat:u:a- :

conteurs (Q=10W, dpmzom). Contour Intervals
are 1°C fior solid lines, and 10°C for broken
Lines. Bold=experimental, Faint=caleulated
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(power ~ 18W, nominal particle diameter = 10mm), The contour

ghapa for all of the remaining cases was the sams, however, with
variations In scale only, so no further contour plots have been

included hers.

8ince the sum-of-squarad erxors gcontours are approximately
- allipses with thelr major and minor axes aligned with the
Rayleigh and Biot number axes, it may be concluded that there is
little covariance hetwean these paramstets.

It ean be seen by comparing Tables 5.1 and 5.2 that therse ia
reasondble agreement between permeability eztimated for beds of
10mm particlas for tha different heater types. Furthermoxe, the
confidence intervals for heat transfer coafiflcients in Table 5.2
are a little better than those $n Table 5.1. The variations are

still too large, however, Tha réason for this is that the -

permeability variable is wery influential In cumparison to
heat-transfar coefficient, that 1is, 2 small variation in
permeability affects the prediction considayably more than an
aquilvalent change in the heat«tyansfar coefficlent.

. §ince the beds (listed in Table 5.2) were not disturbed between

tuns using different powers, the permeabilities should he
identical; ideally ome permesbility only should be fitted for
sach bed type, allowing only Biot number to wary for the
differant power inputs. Such an approach was found to be highly

inconvenient, so individual permeabilities were fitted for esach.

rvun; the wvariation In pemmeability »btalned for a single bed
(1.3 « 1,7%x10°7 u? for 10mm particles and 2.3 - 2.9x10°7 m? was
for 20mm partisles) deamed acceptable, Note that since the

particle aizes quoted are nomimal, Lt is¢ quite accaptable that

permeabilivy of the bed comprised of 20mm pavtieles Lz not four
times larger than that of the bed comprised of 1Omm particles,
as would be pradicted by the Ergun-derived volation in 2.1,

An attempt was made to solve the prublem of cbtaining reliable
estimates for heat-transfer coefficient by assigning a single,

(congtant) average permeability to  each ‘badetype and
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re-egtimating the heat-transfer coefficlent only, wusing the
methods _dasuribed above, These results are summarier ! in Tables
5.3 and 5.4, '
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Tabla 5.3 - Fitted Heat Tranafar Coefficients - Rod Heater
Q h hlnin hmax K dp _

) [ ekt [infe 107 | (om)
15 6.8 2.9 11.5 -
20 6.9 2.7 157 | 1.6 10

30 | 8.9 2.8 15.8

Table 5,4 - Fitted Heat Tramsfer Coafficients - Cylindricsl Heater

Q B Bptn  DPhax k dp 1

) walx e 107 )| fom)
5 | 148 0,99 1.97 :

7.5 | 076 0.48 L5 | o <3

10 | 0.33 0.13 0.66

5 10.78 6.74 16.17. |
10 11,04 6.36 15,72 | 1.468 | 10
18 [ 10.89 6.85 14 94 .

5 4,02 2,31 553

7.3 5.25 3.35 6.82 2,63 20

10 4,57 3.31 6,32

Two further attempts were made to improve confidence in
-eotimatad parameters: firstly, variation of surface heat
tr..msfer coefficfent with surface temperature was allowed, in
two forms, Tha fixst form Followed the well known result for
convection from flat horizental plates, whexe £ilm coefficient
varies aceording to the one-fourth power of the temperature
A fPerence betwesn surface and asnbient temperatures. The second
form allowed ‘for a different comtribution depending on whether
alr was entering or leaving the hed, Neither of these models
showed any discernmable difference in the ecaloulated results,
fitted Raylaigh number or surfase heat-transfer coefficient.
Further, following the methods wused by Horme & 0’ Sullivan
(1978), tempexature depemdence on vlscesity and density of the
alr (i.e. not making use of 3Bousainesq's assumption) were
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allowed for, This measure did not result in better confidencs
lavels in estimated parameters, possibly due to experimental
design or measurement inaccuracy; these results are therefore
not included here.

Secondly, a2ll of the paramaters were re-sstimated to determine
what effect {.: any)} would result from allowing the hemtar to bs
solid {note that the parameters reportad above weve estimated
using a model that assumed the heater %o be porous. Fig, 5.1.7
shows the streamlines calculated assuming a solid heater. A
porous - heater would most acourately represent the case of a

combusting stoekpile, but no notlceabls difference in the
caleulated reaults or parametera could bhe -etected, This is -

shown clearly im Fig. 5,1.8, which comparss caloulatad surface

temperatures for a porous heater and a.solid heater. There is "

elearly little to be gained by rigorously representing the
heater as solid. ' o

1t may ba coneluded that heat tramsfer in porous media may bse
adequately modelled using conductive-convective equations, with
parmeabllity and surface heat-transfer cueffigieﬁts ag
parsmeters, Furthermore, the parameters estimated above may be
used with fair confidence in situations not far removed from the
Laboratory conditions, particularly since it was shown thaik the
presence of the golid heater makes no notlcable differsmnce to
the modal results. :

5.1.2 Development of & simplified ome-dimensional model

When attempting predictive medalling of coal stockpilles the rats
of combustion (if any) is not known, and a simple model such as
that applied above, iz of 1little use, and ls furthermore
exceptionally expensive to solve fer bede of any apprecicble
size. Also, the actual temperature and Flow profile in the bed
are of 1little direct use in assessing combustion  hazards,
I¢eally, one would like a model which allows xeasonable

prediction of energy dissipation from simple and accessible

(therefore restricted to the surface) measurementa, This was

68




the motivating facter in the development of a simplified medel
for astimation of energy dissipation from readily accessible
measurements. : '

Examination of the contours in the region z=1 in Pig. 5.1.2
shows that surface temperatures are adequataly represanted by
the conductive-convective model. Fig, 5.1.6 shows this more
clearly on a T-r plot at the surface. Prompted by the above
obgervation, an attempt was made to astimate power Input from
measured surface temperatures alone. Aftex fiximg surface
heat-trangfar coefficients and permesbility .as originally
egtimatad (see Tables 5.1 and 5.2), the sourss power which
oinimised the sum-of-squared temperature prediction errors on
the surface only (internal tempsratures ware not Fitted) was
calculated, '

Nete that in these "calculat:ions the position of the source w"as_'

not varied, and was asaumed to be the same as in the
experiments. The results of these early attempts are mnot
reported here since they ars of no constructive usa, Tn all
cases, however, a close f£it to the surface temperaturs was
obtained, and the predicted powsr imput in every case wag within
102 of what was actually used in the experiments, demonstrating
that surface temperature may ba used as an Indivator of the
enexgy imput to the bed. This concept is clearly applicable to
golid bodies, and is easy to Justify iIn the absence of
convection currsnts through the body itself.

Encouraged by these numerieal axperiments, davalopuent of a
aimplified one-dimensional modsl was undertaksti, The model was
developad to investigate tha vaviation of suxface temparature
with surface heat-transfer coefficlent and energy input.

The system medelled consists of a horizontal porous layer,
heated along tha bottom surface Ly a porous heater (see.Fig,
5.1,9 for a schematic sketch of the system). Note that the lLayer
dees not trest ou an impermeable support, as In Lapwoed (1948)
oxr varlous other similar studies, TUsing the Boussinesq
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5.1,8 Comparison of saleulatad surface temperature
profiles for porous and solid heater
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5.1,7 Sketch of theorstical one-dimenslonal layer

5.1,8 Variation of energy dlssipation with surface
tomperatuye di fference and heat transfer
coofialent
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agsumption, the Darey law, and the equation of continuity;
the following expressions ara obtained for temperaturs and
valoeity of coavection in the layer (sea Appendix C for
dexivation):

1
KgLp ' '
v*w-—g[l-j dg* : ] (3.1}
= om L+ 8(¢,v,,q,B0) |
. |
whera

1G4, B = & [1 - axp[v:@»lu] ] (5.2)

v, v, *+ Bi

The temporatuws -and velowity in the lﬁyez, as expectad, age

interdépendent on each other. For piven physical propertics amd
enargy input per unit area, 4, v: must ba caladatad by solving
aquation 5.1, which s tlearly transcendontal in vi. Solution
19 only posaible Lf done mumerieally, and a FORTRAN 77 program
ecalled 'LAYER! (see Appendix C) was written to achlave this,
Pig, 5.1.10 shows the variation of the surface temperature (f=1)

with q and Ray (Kg.Lpu/(M)) .

A most interesting foature of Fig. 5,1,10 1s that dospite the
vorlation of Ra; over two decades (40 wo 4200}, very litvtle
variation in the surface temporature diffevenze appeaxs (for a
glven hegt-tremsfer coofficiont). The surfoce temperature
difference w - therofore bhs taken te dspand only on energy inmpuv
per unit axea, g, and surface heat-transfer cosfficient A,
Since Ra; botweon 40 and 4000 covers most situations of
practical interast, and since that parameter includer both the
vertical length scala and the permeability, it 1s possibles %o
caleulata the cnergy input to the layer kmowing only the surface
temparature and surface hoeat-tranafor ceeofficlent,  Surface
temperature of a wosl stvoskplie is zelacively anay to moasure,
thua leaving oniy the gurface heat-tuansfor ceoffliclent to ba
determinad, This noed for a rolisble surface hoat-tramsfor
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coafficiont was a major factor motivating the research on that
parameter, discussed abava,

This result 1z applied to practiaal situstions ag follows:

The teomperature ia magsured ab an sadequate number of points om
the surface oif tho madium, In the cass of coal stockpiles, this
may be donm by aerfal thermography The energy input per unit
ares fa edleulated using the above method and the meassured

- surtace temporatuxes, and these contributlons are summed o

intogroted over the sarface of the medium,
f :
i QIﬁTﬂ(gJ] as ' I E 193]
Whore § ig o axposed aurféée, and vector ® 13 poaltion on 5. (
tion fa tha teigl energy heing dissipated im the bed. The

appticabilfzy "of the model has baen tested, as discussed below,
opd found te bo adoguate for the intendsd purpose,

Teat of the one-dimensional modal
For ooeh met of meagured exporimental roesults the power
disasipation waas escimated as shown above, For the eylindrieal

heater agu.(%.3) takes the followlng foxm:

0.5 | |
Q = 2:-:_[ rq[A’l‘s(r)}:dr - (5.4)
o | | |

In doing theso caloulations vhree separate walues of h(3.0,
7.0 and 11,0 W2, K} were wsed. The results are
. presoentoed In Table 5.5 below.
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Table 5,54~ Energy Estimated £rom Measuted Surface Temparatures

~q q h2 ) CH N
[w] [W.m™ " K™ im] [m}
| _input| estimated
5 . 5 3 " 0
5.0 11.0 7,0 0.005 0.3
16,3 11,0 '
11,3 3.0
7.5 21.6 7.0 0.005 0.3
31,6 11,0
9.9 3.0
10.0 18,9 7.0 0.005 0.3
27.5 11.0
_ 2.8 5.0
5.0 5.6 7.0 0.01 0.3
B.6 11.0 '
5.9 3.0
10.0 11,0 7.0 0.01 0.3
ST I Y - 11.0 '
133 3.0
18.0 23.8 7.0 0.00 0.3
32.4 11.0
3.2 3.0 _
5.0 6.2 7.0 0.0 0.3
9,3 _11.0
F.G 3.0
7.5 8.4 7.0 0.02 0.3
12.4 11,0
4‘ 7 3 - 0
10.0 8.7 7.0 0.02 0.3
12.2 11.0

- Clearly, 1f a relisble heat-transfer coefficient 1 used when
applying the simplified model, the accuracy of the sstimated
power input 1s quite accoptable, and the model 1s suitable for
appl.tcatioh ag supgeated, :
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Sitce independent data om power inyut and surface temperatures
of porous madia ara axtremely scarce, it was necessaxy to
simulate additional results with which the model could be
further tested, Surface temperatures on a large, cylindrically
synietrical bad wars  thevefore simulated wusing the
conductive-conveckive model dimcussed above. This is Justified
gince it has besn clearly demonatrated in this chapter and otheyx
publicaticns that temperaturas in porous medla are adequatsly
modullad by such an approach,

The bed simulated had a radius of 10m and s helght of mm; aﬁd

was composed of lOmm particles. The power source had both
radiug and helght equal to 1.1m, and was located in wvarious

positions. The power dinput was also varied; a surface

heat-transfer coeffleient of 1l W 2.K! was used 'for_: "all
of the simulstiens. The purpose of these simulatlons was to
obtain surface temperatures for laxge beds, with sources of
varying sizm, so that the aeffiects of these changes (if any) om
the sstimates’ could be oxamined. The power input to tha
similated bed was astimated usitg squation (5.4); the results of
thls are shown in Tahle 5.6.

Table 5.6 « Energy Estimated fyom Simulated Temperatures

Q R 'dp-' ' H?
(W) TN ' (] {m
50 %3 110 _
50.0 | sa.5 11.0 0,01 6.1
500,0 |507.6 11,0 |
N ) 1.0 50T 53
500.0 |534.5 11,0 | -
5o 58 ) A 78
50,0 | 50.4 11,0

- From the results in Table 5.6 it can be scen that the position
and gize of the source ars also not important in estimating the
power Input from the aurface temperatures and so we may conclude
that this slmplified model over the xzange of parameter values
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used, which is reasonable for coal stockpiles, ls a useful one
for monitoring spontanegus combustion.

Tha only major disctepancy could be ecausad by having an
incorrect value of the surface heat trangfer coefficlent, 8ince
in most cases measured surface temperatuyes are comparad e

these taken at an earlier time, the actual value of h I8 wot -
too eritical. Furthermors, valuas of h for different coal

stockpiles ara mot Likely to waxy significantly, so that
comparisen between difflerent piles should also be wvalid.
Finally, once a body of measurementa has been built up,
including occaslens where burning has actually ococurred, one
should be able to move readily interprat such results,

Bigeussien

Real coal stockpiles and waste dumps tend to be very larga and
inhomogenesus and tho task of modelling the dumps 1a well nigh
imposaible, If ane could have a gimple overall estimate of
energy dissipation this could be very walua le for two roasona,

One would like to have such a measure of energy dissipationm for
burning dusps In oxder to try te estimate the amount of

pollution such as sulphur dioxide belng dlacharged inu. the

atmosphiera. IE ane knew the onergy dissipation rate one esould
reasonahly sstimate the burning rate uwsing a known heat of
reaction and hence through the known concentration of the
materxial in the coal, the pollutant dischayge rate,

Furthermora tne would alse like to be able te use the result to
docide whan spontaneous combustion In a dump or stockpile is
becoming a problem se that the neceszary proventitive aetion,
sush as "digging the hot spot out", could he taken. Xt is
expansive and difficuls to do this "digging out", and one would
like to ba sure there was a Yeal problem hofore taking such
action; on the other hand if one waits toe long and the material
le too hot, exposing it te the atmesphere is dangerous and the
ensulng fire difficult to extinguish, '
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For mouitering of large dumps the only really feasible approach

i8 to wuse infra-réd thermography preferably done from a -

helicopter, Only in this way 1s it really posaible to
identify “temperature ancmalies" in the surface temperatures at
some points velative to the rest of the surface,

Experience has showm that it 1s essential to do such surveys
under same sort of "standard conditions' in order to Interpret
the results. It is most cemvenient to do these surveys on &
¢loudless s=till night just before dawn. 'This is pften done at
full moon in order to sase the navigation problems invalved,

In oxder to turn these surface temparature measurements inte
some gort of guantitative measupe of the erergy dizsipation
" rata, It {9 elear one nesds an estimate of the surface heat
transfer cosfficlent. It is alse clear from the analysis in the
previous section that the result is falrly sensitive to the

value of this' parameter. Thus to offectively use this simple

medel it is necessary to obtain some value for this quantity aud
preferably Ynow how or 1f the wvalue changes with the weathor
conditions, ' o

The valu¢ of the heat transfor coeffisient used by Brooks and
Glasser (1986) in thelr caleulations was -one estimated by
assuming the mwaln mechanism for heat loss from the
surfave (other than that removed by the flowing pgas) was
radiation., In this ecase agsuning black hody radiation to
ambient temperature the value of the heat tyansfer coefficient
one can caloulats is about & W.m,"2k"l which s entirely
consliztent with the sstimated wvaluss in Table 5.5, but does neot
show the varfiations for the different parsicle sizes. '

Brooks [18] in nome ewperiments on an ingulated coal bed open att
both ends, found that his temperatura-time vesults oum bath
eooling and reaction runs could be £itted using heat transfer
cosfificients at the bottom and top of the bed with values of 3,7
wan 2, K and 9.3 wom 2, k"1 raspactively.

76



Ag sagn fron the values in Tables 5.3 and 5.4 there 1= not a
conslatent variation of heat transfer coefficients with particle
giza, though the valuess for each partiecle size do not appear to

vary with power input, Of courge different eoals have very.

different surfaces ranging from bright shimy to dull matte and
it could be expacted, certainly, if radiation ls important, that
this alone would give vise to a range of valuesz,

The problem is made worse by dinrnal temperature variations
baing suparimposed ou the surface of tha dump, However az it is
the difference batween the "anomaly” and the rest of thae surface
that ls being measured this effect is not as large as one night

at first think, Obviously rain can also have a major effect on

surface temperatures and wind has the dual effect of changing
the surface heat transfer coefficlent as well ss foreing aly
through the dump, snd so possibly changing the exidatlon rate,

All one zan say is that the larger the enerpgy disaipation rate,
the smaller the problems caused by thasze other effects, thus In
these surveys one 15 looking for censistent patterns, It hag
often been observed when ome 1s doing the measurement ' just
befors dawn that at such an "anomaly" one first sees a "surface
" eold aspot” which is later followed at the same or a neighbouring
place by the "surface hot spot”. It would sppear that this is
ecaused by the coocl ailr moving inte the dump having a largsr
effect on surface temperatures im tha early stages of
self-heating, than the hot air leaving it. This slituation then
rapidly changes over to a hotwspot which then exhibits sver
ineresaging surface temperaturss.

- In practice dumps of different particle sizes show wvery
dlfferent types of "surface® anomalles, One can use this model
‘to eombine all the Information Inte a single useful criterion by
vhich one can decide when further confirmatory action is peeded,

This action usually takes the ferm of sending s person to the

suaspect area and knocking 4 temperature and oxyger proba a metye
or twe into the material, to confirm 1f there is & real problam.
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In the case of burning dumps again the manner of burning is very
differant for material of different particle sizes. For larger
particles burtiing tends to take place much deaper in the dump
and to be spread ovar -a larger araa than for smaller particles,
whare burning is often in the toe of the dump, Again the
criterion can ba used in ¢ombining all the vesults into a single
measure of the bu.rning or energy disgipation rata.

From this discussion it 214 elear that & theory describing
veriation of surface heat-transfer coefficlent with cotwaat:ion
ral., surface characteristies, energy dissipation etc. would be
most useful in developing and maintaining a database of surface
heat twansfer coefficients which may be expected in such
situations. Such a theery has bgen developed by Glasser,
Williams, Brooks, Burch and Humphries (1990) The pradictive
surface-temperature model, together with the heat-transfer
coafficient theory, provides a simple and reliable method for’
mnni toring and grading combustion hazards ln the f:l.ald

Because of the insansiti{rity to other parametars {dapth,
permeability, etc.) the surface temperaturs theory discussed
above providaes z hasls for comparison betwsen a wide variety of
situations with differing surface temperature patterns, even in
the absénce of a heat-transfer coaffloient medel, As a result of
thig it should prove pu.sible in tha Ffuture for the whole
process of monltoring amd protecting dumps and stockpiles to be
dong on a much mere seientific basis.

In reality of course the heat source is net o heater hut a
séction of the coal oxldizing (undergoing a chemical veaatiom),
This fact should in no way significantly alter ths conelusion as
the flow and heat transier wmechanisme will be ralatively
unaffected by the chemical wraaction. Furtharmers if all the
oxygen 1s adsorbed the molar flow rate of the alr will only be
reducs? by 20%, Convargely if all the exygen is turned into
carbon monoxide the molar flow-rate will be increased by 20%
 while if it is all turned to carbon. dioxide the flow rate will
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remain unchanged with only a change in the mean molesular weight
of the gas, All of these effects ara asseﬁtialky negligible
ralative to the purposes to which the model is intended to be
usad, Thus one can see that the modsl 1s directly applicable teo
self-haating situations in real stockpiles of coal.

5.2 Modelling Transient Momentum Transfer in Porous Media

Steady-state momentum transfer experiments wmay be used to

- determine the eaffective permeability of a bed by uszing

aquation _(1.1), in much the gsame way aa effective thermal
aonductivity of a solld body ia determined by measuring ensrgy
flux and temperature gradient (Flumerfelt & Slattery 1969).

Such affective wvaluss are of Littla use under conditions

. d4Eferant to thoge of the experiment, particularly i1f unsteady

behaviour is being investigated, whore certein inhomogeneities
may play no tole at all {such as & layer of meterial lecated at
depths to which cyclie surfave-disturbances do mnot xeach)
Furthegmore, in the case whare the porous bhody is not contained
by well-defined, Impermeable walls, steady flow methods axa
difficult If not impo-.ible te apply, for the simple reason that
there is eithar no defined end-point at which to meaasure any
variable, or any such 'andgoint’ is totally inaceassible,

Purthermore, 1Lf estimates of conductivity or permeability of
materials are requirad undar cirdumstances which would not allow
extraction of a sample, or where such extraction/sampling were
eithez impossible or gelf-defanting, the ateady-state
mgasuremevt technique would be complately unsuitdble, Fox
example, it is impossible to zample & nonhomogeneous body of
locse particles in its onatural ferm, and therefore the
steady-flow method of permesbility or theymal conductivity .
measurement is extremely diffieult te apply. '

Such circumstances call for a method which does mot rely on the
dimensions of the 'ocontainer', such us seismelogy ultra-sound

imaging. All - such techniques rely on the ansalysis of
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reflections of disturbances lmposed on the 'system’, A common
feature of the sbovementioned examples is that the disturbance
(seismic explesion or ultrasonic wvibration) must be reflected to
4 degrasn by the entities which are to be probed. Hence, the
gignal ensrgies and frequencies used for ultrasonic imaging
depend on whether ons is testing for defscts in materials, ox
whether ome is scanning a human to monitor the prograss of an
‘unborn infant. The enefgy uwsed to scan a metel component fox
defects would pass straight through a human body, or cause
wvonglderable damage and pain at any rate.

In  summary then. 4 measurament t:échniqu.a applicable to
uncontained porcus bodies of arbitrsry geometry must pussaas the
following cha.ra.ctaristics.

- the points of disturbanse and measursment wst be readily :
aceassible, prefersbly at the same point '

« the disturbance signal must be adequately ‘reflacted’

= the techniqite must not vequire the porous body to he
econtained within walls of any sort.

Since permeability and voldage are properties of por;ous: media
- which primarlly affact flowrats/pressura distributions, it would
make most sense 1f flow and pressure were used to probe porous
media, 1sing prineiples which parallel selsmology and ultras#;und'
. techniques,

The development of a measurement technique which avelds the
problems associated with steady-state methods and does not
require the porous body to be contalned, is discussed and
applied below,
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5.2.1 Davelopment of a surface-based method for characterising
poxous madia

A method of permesbility measurement has been devissd which has
gimilarities to selsmic probing of the earth's erust, amd to
general frequency testing methods uged in engineering,
partieularly In the filalds of process control thaory
(Luyben,1982) and reactor analysis (Levensplel, 1972)., Tha
method propesed is summarised below:

If one were to forsa & eyolic flow of fluid inte s porous hody
from a free surfaca (for example by mounting a yeclprocating
compresser on the bed), it would be expected that the pressura
voriation within the bed would depend on the lntarnal strueturs
of the bed, at least to the extent that the f£low penetwated. By
inereasin the frequomey of the flowrate e¢yele, one would expect
that varying portilonas of the bhed would exert influenca on tha
£low, by means of resistance to flow (permeability) and '
capacitanco for petaining the f£luid in Intewscitlal spaces
(voidaga). By analysing the diffarences between the pressure
history measured at varlous frequencies, one could in principle
deduce the intarnal strusture of the bed. :

Although the bagic principle of this Erequency-responss method
1z wvery common, as Yreferenced above, the author could £ind no
gvidance of this particular .ype of application in the
ilterature. Ona study that bears somo small yesewblance ls that
of Nemeth and Virag (1989), who medolled the oqualisation of gas
proscures in packed beds,  The major diFference between thaty
study ond this is that Nomoth and Virag assumad the pressure at
the surface of the bed to he an fa prlori’ known Ffunction, and
that thoy ussd atep changes dn  this  surfass pressure;

furthermore, the ostudy did not addeess the offocts of

{ubomoguneity on the pressure history, '

It is thus belieoved that thls wmethod of prebing porous medin by

imposing only surfaco disturbances is novel and wall worth
lovastigating,
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Although the 1ldea is applicable (in theory at any rate) to a
genoral inhomogenelty, it is conceptually and mathematdcally
simpler to allow Inhomogeunsity only in the direetion normal to
flow, 1.e. din the case of infinitely lawge surface for £low,
inhomogencity iz allowed only in planar laysrs, normal to the
dizectiou of flow, snd for a poink- ox aphaore-shaped surfaca,
euly sphericallys (or hemisphecically-) symmetrical layers of
inhomsgenaity are allowed, The assumptlon of planar flew clasrly
doos not apply to the situation wheta a compressor ls mounted on
the surface of a bed, since the flow pattern would tend to be
largely spherical; furthermore, the majority of the flow would
tend to reverse, and leave the hed in an ammulay region close to
the elireumference of the compressor '‘mouth’.

Although 1t greatly simplifies modelling of the situation,
restricting flow and inlomogeneity to a planar confilguration
pravants direct application to practical sltuations, Such
‘simplifications do however allow for primary verification and
demonatration of the methad, '

The modelling of such & system is o neeptually simple (within
the limits of available phenomenological laws desaribing £low in
porous mediay, and the derivations of medels which upe Darey’s
law to relare pressure gradient and f£low are detalled in
Appendix D, %the mest xigorous model allows E£or sphoriecal
geometyy and compressibility of the fluid, and spherical

ivhomogenaity; the simplest model allows for plapay,
incompressible £lew in hemogeneous bodies only. '

The aquations degeribing the pressure within a porous bady, fox
planar, compressible £low, are reproduced hors for convenlencs.

d aP P
m[‘“’ '5;;] - e 52 - -8
B(x,0) = P (5.6) L O S Y )

' amb * %=L *
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L _
E_(O)V, (0} - JeA[P(x.t) - E‘(x.{l)]dx
0

Pc(t‘.) - {5.8)

v, (t)
where P, iz the praaéura inside the reciprocsting device which
le used to impoge the preseure flustuation. By

definition, this is alse P(x=0,t) ipal
VY, 1= the (simusoldally) wvarylng wvolume of the

rec'-~+ngating device _ [m3]
1 i the cepth of the porous body (m]
¥ is distance, measured in tha dirsetion of flow [m]
¢ lLa wvoidage £-3
Pamp 18 the.amblent pressure [Pa)
& 1s the nrea of the one-dimensional bed maasured
normal to tha flow [m2]

Some important: £eatures of the above aquations ave:

+ K appears inside the brackets on the left hond sida of
eguation (5.5), (ses Appendix D for derivation), resulting in
a nenlinear equation for cages where K is not constant. It
ia primarily this term which influences the pressure gradient
in nerhomegoneous bodies, as will presently be saen.,

~ Note that although void fraction of the medium (e¢) directly.
affects the permeabllivy K, the texm ¢ appears in the
goefflnient of the time derivative as well as the boundary
sondltion (5.8), in its own ripght., 7%This means that porous
medin with equal pexmesbilitfes but differeot wvoldage
characteriscics will have different amplitude-froquency
chavdcteristics, as demengtrated below, '

»~ The boundary condition (5,8) contains the volume intogral of
the prewsurs within ths bedy; as a wesult, the sovlutfion of
this set of equations 18 not a simple task, Newath and Virag
(1989) use a Newton method e solva their somevhat simplex
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equations, but the author is not aware of a simple tachnique
for tha solution of the aguatlons 1istad above, especially in
the case of varylng K (and more particularly discoutinuous K,
ag in the case of layered bedy, o atrata),

A numerieal method of solution has besn used, for the reasons
dincussed above. 4 FORTRAN 77 pregram using Nag routine DO3PGF
{1982) as the core PDE solver was written. The complex boundary
condition {5.8) apnd supporting cods was developad by the author,
and a printout of the program is preserted in Appendlx D,

5.2.2 Applicetion of the modal
5,2.2.1 Trends in pressure 'measurad’ at x=0

The scenario discussed in 5.2.1 above was modelled waing the
method deneribed In Append®™ D, for a raoge of pulsation
frenuenciss, Table 3.7 sw. rises the wodel parameters used,
Note that a-parmeability satio of 9 is caused by a particle
" dfameter matio of only 3 (all alse baing equal)} such a ratio in
.particle diameters iz net diffleult to lmagine or enmcountar, Tha
location of the interface between the mors permeable matevial
(upper regiom) and the less permeable material (lower region)
was varied from 0.2 to L in ateps of 0,2L. Hee Fig, 5.2.L for a
sehematle reprasentatlom of the oomposits bed., The maximum
Pressury at the surfuce was determined fux each frequency, and
 these Efigures plotted against oach other, The procedure was
ropoated fov sach of the interface positiona,
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Table 5.7 - Base Case Parameters for Pneunmatic Tast Simulations.

[A (m?)] 0.031
[

¢.f. measured permeabllities,
saee gection &4.1,1

le () | 0.62 |
d, (ma)| 0.4/0.12 |
lpg () | 0.6 | & x 10°31 p?
Y, (@] 5.0 | =»XK= o
&V (md)| 0.002 | & ox 10712 42
(L (m) | 0.45 {
|
|

Fig. 5.2.2 shows the plets of . plitude vs, fraquency for the
five different bed compositions, superimposed on ona guaph., As
expected, in the limit of low frequency, where neither section
off the bed presents any apprecilsble resistance to flow, tha
preggure measured at the surface does not depend on bad
eomposition, ' :

Note: Numeriecal medelling of such a system at very low
frequency is difficult and prons to oumericel Instability
due to very small pressure gradients, as well as

computaticnally expensive., Modal results therefore hegiu'_

at o frequency of approximately 2 radians per second,

A further meagurs which may bs infoxmative hete is the relatdon .

between the maximum prassura messured at the surface of the bed
and the pozition ian which the piston ia ar that time. For &
totally impermesble bad, the maximum pressure will colneids with
bottom- dead-centre of the piston,  and  likewlse for an
infinitely parmesble bed. Mowever, fFfor a finite permeability,

the revarding effect of the bad on the flows would alter this,

end  therefore 4investigation of the *1&5' is  gonsidered
worthwils, For inatance, experiments conducted uaiag orifice
plates as (lumpad) resistance to £low (sce Chapter &) show that
- time lag Inereases as reslstanes to flow Incressss, and that
this effect diminishes as fraquency fncroases.
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Dafiinition: ‘Lag’ here is defined as the (angular oxr time)
difference between the oceurrence of masimum
pressure and bottom~ dead cenvre of tha piston,

Pig, 5.2.3 shows variation In time lag with frequensy, for tha
parameters listed in Table 5.7. The charactay of these results
is in general apreement with measursd lags (ses Chaptar 4), but
ne guantitative eounclusfons can be made without further work,
both experimental and theorstleal. In any casé, the hehaviour of
lag with frequency is as expected: a more permeable, homogsneous
bad (curve a) experiences & smallur lag than a bad whose bottom
80% (euxve a) 1o omne tenth ags permeable asz the Fformew bed.
Further work om this aspact is raquired L{f gquantitatiwe results
are to be ohbtainad.

5.2.2.2 Trends in prassur.a' profile within the bed

It can be seen in Fig, 5.2.2 that the ampiituda'maasurad at x=0
inerensas fastexr for beds in whish the leus permeable layer
sccurs neakexr to the surface. The wreason For this la that as
frequency Increases, larger veloeities (and therefore - largex
pressure pradients) are cauged in the bad, Flows in tha lower,
less parmeable layer of the bad are retarded, to the extent
vhere ilncreasing portions of tha lower, less permssble reglon

experience smaller and smaller deviations From ambient pressure,

As pmaller vegloms of the bed beacoma 'available' to accomodate
compression taking place in the platen, pressurs mist increase
aecoordingly. The presence of largew and larger portioens of less
permeable material In the bed amplifies this effect, hence the
bohaviour of the cutves fu Fig, §.2.2,

Whon varying the bad -compoaition. one would expaut to sae
avidence of the ‘avallability’ (discussed above) iIn the pressure
profiles., This ls indeed the case, as shown in Fig. 5.2.4, which

compares the prassuxe proflles for the various layered bods, for

the game parameters as Tabls 5.7, except that AV=0, 0045nY

(demonstrating that small pressure variatfons, and henca

gradients, still show adequate emolution). The point in time
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salected for ‘fraezing’' the pressure gradients 18 when the
raciprocating device is at bottom-dead-centre (for maximum
. clarity and contrast in the profilaes); in this case, pulsa.ti.un
_frequency 1s constant at 4 revolutions per second,

It is very clear from this graph that, as expeatad, there is
little or rio gradient in the upper (higher permeability) section
of the bed, and compayatively large gradients in the upper
raegiens of the lesa parmeable sactions., As the volume of the
less permeable section becomes a smaller and smaller fraction of
the total volume, the effect becomes lese marked, as expected,
tg the peint where no pressure gradient is evident (see curve
8). Note alse the slightly less-then-anblent presasure of cuxve
a, above approximately x/1=0.9, :

In the limit as frequency bacomes large, the layered bed will -
begin to behave as a shallow bed with depth esqual to the depth
of the upper, more porous layer. This behaviour is a clearly
svident in Fig. 5.2.5, caleulated using the base case parameters
in Table 3.7. Fig. 5.2.5 compares the pressure profile at
various frequencies, for a bed with a less permesble layer
located at 40% of total depth (once agein, the profile was
C'frozen' with the reciprocator at bottom dead centxe). It is
clear from the graph that that the gradients in the two regloms
of the bed differ more and more as fLrequency increases, The
higher the £requency, the less gas is contained in the Lower
region of the bed, due to its higher resistance to gan flow (asee
curve a)

It has therefore heen demonstratad that by varylng the fraquency
of the disturbance at the surface, the bed is ‘probed’ to
varying depths (small f£ragquencles probe deeper than high
froquenciss), Bed structure can thus ba deduced by comparing the
amplitude-frequancy characteristic to that of a simple, kaowm .
bed,

One might also be iaterasted in the void fractifon variation of a
hed, (bearing in mind that for beds of particulates,
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permeability iam strongly dependsnt on woid fractiom). It is
pbssible, though, for layers of similar permesbility to hava
different void fractions if the shape of the particles in the
layers iz different [.ongider sand shape particles wvs.
shale-type particles of the same characteristic diameter).

The affect of a layer of different vold fractlon (paremeters as

in Table 5.7) is shown In Fig. 5.2.6; the graph shows the

amplitude-frequency characteristic for a bed of Ffixed aize,
whose lower portion has a vold fraection of 0.36 as opposed to
0.42 iIn the upper section. Wote: to imclate the effacts of
voidage ‘hevre, the permeability of the sntire bed was kept
uniform at 1.48x10"11m?,

The depth of the sectlon with 0,42 void fraction varies From 20%
of total bed depth to 100% of total bed depth in all cases,
permeability was kept constant. To facilitate comparison, each
eurve In Fig. 5.2.6 was normalised by i1ts own law-fraquency

valug; the resultant curves are shown in Fig, 5.2.7. It ia

clear that voldage haa a significant effect in its own right,
quite apart from its effects on permeability, Fig. 5.2,8 shows
the variation of lag with fregquemey for the bheds with different
woidage lLayers. Thus one can in principle detect the presence of
layers with varying voidage by such measurements, though tha
ragolution batween amplitudes oxr lags for the diffcrent beds im
amall, and measurements will have to be taken with graat care.

5.2.3 Interpratation of model results

Ideally, one would 1like to be able to analyss the
amplitude-frequency and lag-frequency characteristles and arrive
at a quantitative description of the bed, Since increansing the
frequency leads to a diminishing portlon of the bed balng
active, in theory one could devise a ’‘decenvolution’ which would
give some quantitative measure of the permeability-depth
relationship f£rom the amplitude-frequency responize euxve. All
dlsturbance« reflection meagsurement techniques requirve analysia
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of tha results in gome such way, sinee all results, right acvoss
the frequency range, are affoctad by the material nearsast to the
surface, aud to a lesser sxtent (dependent on frequency in this
case} by the mate>fal furthar away,

To actually determil... a sultable deconvelution would require a
gubptantiol offert and considerable mathematleal sophistication,
as well as a large amount of furthor expavrimental results for
vorification. One might study the mathods used to deconveluta
sonls and wltrasonie iImaging measurements, or the selsmic
analysis methods uzed by geologists and geophysielats, though
sueh an in depth study is not within the seope of this thesis.

5.2.4 Digoussnion,

Although the above application i1s axtifisial dn that modal
ragults arve explained with prior lmowledge of bed structure, and
the hed isg arqificially contained in an lmpermesbls container,
tho resulis do damonstrate that inhomogeneity of a porous mediwm
moy in principle be doduzed £rom surface measuramenta only.
Purthermore, thess rosults were suffileliontly encouraging to
prompt experimental investigation of the method,

The aw szimental procedurc is diseussed an Chapter 3, and ths
rosulta presonted in Chaptexr 4. The measuved Erequency response
behaviour dioplsyed a partisular featurs whlch requizes memtlon
hore, namely that for layercd bods (such as that deseribed in
5.2.2 abovs), there was & sharp transition din  the
amplitude-£frequency behavicur, In particulay, the alope of the
amplitude-froquency curve lncreased sharply at a point, This
faatnre is clearly uet apparent in the model results presentad
above, and no attempt at bullding a medel which explains this
phononenon suecaeded, '

"The presence of an inflaxion just above the low frequency region
18 a feature vf a number of flow-yoalstance modrls ineluding a
gingle lumpod-resistance model, and a multiple wasigtancoe modal
(seo Appendiy D, D.1,2), and would therofoie mot satisfmetorily
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axplain the sudden transition. Flg. 5.2.9 shows a sketch of tha
multi-rasistance model referred to abovae, Fig.5.2.10 shows a
plet of the frequency-amplitude behaviour for four related sets
of rosistances, and Filg, 5.2.11 a plet of time lag ws.
fraquency. The model parumeters used ave summarised in Table 5.8
below (see Appendix D for model derivacion)

Table 5.8 « Parameters for Lumped Registance Model

Gase A|Gass B| Gase G| Gase D|
K S |5 5 5 {
Ky 5 5 5 0.5 lu, (in arbitrary units)
Ky 8§ E] 0.5 0.5 | ls offective permeability
Ky 9 0.5 10,5 0,5 { of hole n _
vy 0.2 '
Vo ) : _
Vg 1 far all cases |V, in arbleraxy unlts
Y, 1 is volume of chambar n -

Caon A aorraap.onds 0 a completely homogenoous bed, and cases B
through b covrospord to bads with a leas . meable layer at the
buttom, in various positions. The inflexion at low frequency s
obvious, even in Case &, The presence of the iaflexlon ag low
froquency, algo epparent in the single lumped resistance case,
{a thorefore not indicative of ivhomogeneity.

It would appear howevor, that vho wupward Inflexiem in the
reasured onplitude (see Fig.'s 4.1a through 4.%a) for layernd
bads 49 not avidmt in those model rasults, The causa of the
inflexion in the measured results is not cleax yet, though a
number of pogsibls causes oxist:

1) A transition from lominar o turbulent flow above a wothaiu
frequency, in such a manner that Lt manifescts Lkself
particularly In the lowes, loss pormeable layer, Thia could
reguss in a sharp Iinerease in frictiomal lessos (aualagous to
tha pealt in friction Ffaator evident in single-phase flow in
pipss and channels), in turn giving a traneltion in the
amplitude-ELroquency boltaviour. :
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2) Inadequacy of the Darey lLaw in describing the flows prosent,
‘Indeed, the major restriction of DParey's law 1s that it ls
valid only for laminar flow in homogeneous media only. The
modelling work deseribed gbove Laz planar flow at all tlmes,
vheteas tha ekperimental apparatus employad (sea Chapter 3)
mads use of what approximated spharically symmatrie £low

patterns. The rosult of this is that the avea fox flow would.

have been emall near to the source, resulting In highex
velocitles, and therefore higher prossura gradienmts., It is

believed that the magnitude of pyessura gradients prasant in

the bed vender the Dar ey law inadequate.

It is tempuing to draw the general conelusion that a sudden
trangition in tha amplitude.frequeney curve is an indicater of
largevacale inhomegenelty. There 1s, howevar, ot aufflelent
infoxmation at this stage to support such & conalusion, and
further work is vequlred, hoth on the model and the axparimental
syuipment and t:echniquas.

Note, however, that thera iz reasomable agreement (in charactet)
betwoen the time lag vesults of the rigorous numerical model and
the lumped-parameter multi-chambar model; while sush qualitative
reaults are ewncouraging, they are not wseful in their present
form, and more modelling work iz required tv develop the
technique adequataly

It remains to perform an in-dapth modelling and axporisental
study of the phenomena discussed in this seetion, partioularly
with a  wiew to understanding and  flumproving on the
phenomenologleal laws which degeribs the unstaady, compressible
flow which oceurs in che experimental bods, '

5.3 Conclusions
The above discusaions and applleatione have demonstyated that
mansgament: of coal stockpiles based on gurface measurements is a

vighle proposition. In particulayr, the enorpgy release within
stockpiles may now be estimated using a sclentifically based
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theoxy, which appears to give uonsistent eostimates based on
comparison with laboratory results. The major uncertainty of the
estimates arises from the wvalue of surface heat transfer
coafficient assumed, In the eovent that only comparativa
estimates for stockpiles under vertain similar conditiens are

raquired, this is not a major shortcoming, since the heat

transfar coefficlent~ on the different piles may, to a flrsc
approgimation, bs assumed equal. -

The most 1ikely positiva development regarding the enargy
estimation technlqua would be a veliable theory for heat
transfor coeffilclonts on awposed surfaces of porous media,

Further work on the aspects of modelling unsteady momentum
transfer (as discussed fn 5.2 abava) is required to develop the
methed to & level where the tima and effort are justified by the
quality of the results obtained. Relisble and efficlent

modelling provides the key to improving and adapting Measuretent

and monitering techniques; further work on the moedels ia
vequized, both to defime the Limits of validity and ts make iuch
caleulations morve affactive and ascesslble to practitioners in
ralated £ields, _ _ :
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& A Systematic Approach to Coal Stoclpile Management

Preceding chapters have deyeloped and wverified soue concepts
which are applicable o c¢oal stockpila
menitoring and management, mamaely:

« the efflcacy of classical heat twansfer coefficiants in
modelling surface temparature of coal stockpiles

~ the pradictabie ralationship betwsen surface tenmperatune of a
stockpile and the energy digsipation within '

- the relationship between the measured responss of a bed to a
periodic pressure disturbanca and the fnternal structure of
" that bad '

The intention of this chapter 1s to desoribe a #y.stanatie.
approach to monitoring coal stockpiles, one which conbines
previeusly published findings and the ideas mentiecned abaove.

The basic systom which is discussed in the remainder of this

chapter 15 intendad to specifically address the Lollewing
quastions; ' :

~ whather & stockplle (ox saction thereof), previously known to
be stable or non-~combusting, 1s steadily developing inte a
combustion hazard : '

+ in the event of an existing ot developing combustion hazard
being identified, some scientifically informed measures of
controlling and posaibly eliminoting the combustion are

requived. This would include the type of measures to be taken

as wall as the location at which action would besgt bhe takan.

« In the e & whera a new stockpile 1s to be bulls,

preventative measures should be taken; effective and

praﬁtiaal mengsures must be devised, and thiz fa bast.dona_ :

uging a2 sclentdfic appyoach,
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Tha discussion balow proposes an approach that is systematie and
mekes use of the technigues which have been develop:d In this
thesis. As these methods are furthar developed, lmprovemasmts to
the system can be made, particularly with regard to the
quantitative nature of the permeability probing techoique. The

most obvicus route for improvement of any of the technigues is -

the adjustment of parameters, so that nodsl results mors
‘acourately correspond t¢ observed behaviour. All observations,
measurements, and subsequent caleulations should "e recorded,
and a systematie database maintained, so that m al pa:ame‘cars
can be vagularly assessed and updated,

Existing data on bshaviowr of the interior of coal stockpiles is
very wvary scarce, so the aceuwraey of any of the techniques
developed here can mot be assassed a prioyl; it ie for preaisely
this reason  that simulated temperaturés ware uwsed for
praliminary wverificatlon of ths energy ralease eatimation
tachnique (see 5,1.2), It is only by combining €leld
obeervations with theories that the suitabil?ty of the resulty
to practical applicavions will be impreved, thus hridging the
gep betwean laboratory and stockpils, '

Due to the sheer size of most stoekpiles, and the methods used
to Ley them, 1t is necessary to have some form of mup of the
surface, such as a cartesisn or polar coordinate system, with
reference point/s which are visible f£rom a heipght sultable for
helicopter based infra-red . thermography neasurements. For the
remainder of the diseussion i1t will be assumed that the
stockpiles(e) has been surveyad, and that sz suleable map has
been drawn up.

It is suggested that preli.rhina:y infra-red thermogyaphs be

recordad and studied €to declda on the initial wesolution -

required for tamparature measurements.
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6.1 Identification of Developing Gombustion Hazards

Heving decided on a grid, infra-red thexmographz {IRT) must be
measured regularly, at two or thres day intervals, until other
Indjcations ¢f tha requirad frequency become availabla, In the
case of a reesntly lald stockpile, it may be necessary to wait
for weeks or months befora any sipoificant surxface temperature
variations become apparent. In this case, initally, weekly IRI‘s
sheuld be adeguate. Every attempt must be mades to measure the
IRT's under standawd conditions, suech as discussed in Chapter 5
(juat bafore dawn, and at full mcon in the case of navigational
problems, ete.), and congiderable care iz recommended in the
gsalection of temperature Interxrvals., Flp. 5.1,8 shows that a
temperature difference of only 3°C can Indleate an anergy £lux
as high as 40 W2, It is recommended that the IRT range be
get. from amblent temperature to amblent plug 5°C; it will seon
become appavent whether a smaller ox larger range is required, -

As soon ag medsureable differences between surface and omblent
temperatures start to oceur, it will be noticed that ‘higher
- temperatures occur in 'lslanda' survounded by regions of Tauer

tempavatura. This ls charactaristic of convection in large beds,

see Bradshaw (1990). Ac this stage, the enargy associated with

some of the more extreme hot ‘lslends' (hot spots) should ba

calewlated using the metheds desuribad earlier. The map

dissus:ed above is nscessaxy to reference the hot aspois (which

may  mov or change size with tilme, thersby becoming
unrecogr. . tle) and so that the seale of the IRT is known,
Without the seals, the IRT ecammot be used to estimate total
energy assoclated with a hot spot, In the absence of any data
to the eontrary, it is xrecommended that a heat transfor
cosfficient of 7 W.m Ik be used.

Tha hot spots on the surface mark regions in whiech hot alr and
volatila combugtion products leave the atockplle, so the oxygen
and carben monoxida/dicoxide  content of the gas should  ba
measured; this data 1s complamentaxy to estimates of energy
releass assoolated with each hos spot, Due to the low gas
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velocitias expected within the -stockplla gas samples must be
dravn from at least half a matre below the surface, to prevent
contemination by surface air, For this reason, gas is usually
aampled using a probe sheathsad in a narrow pipe which 13 lmocled
approximately one metre into the stockpile,

Thua one would kecord the total emergy ralease and themmographle
data'associatad with each hot spot. as wall as the compositiom
of gas samplas draw from within the hot spote. Using the
datahase of information =so gollected, together with visual
vbsayvations and the Input of experienced personnel, one could
begin to derive criteria for combustion after a sufficient
nusher of hot spoty have been monitored, For example, ome might
examine the trend of energy release, area of spread of the hot
apot, as well ag oxygen content of the axtant gag, Even in the
gbgance of exact heat transfer cosfficients, & general, upward
trend will indicate the development of a problew associated with
partioular hot syots. Onea combustion is knowm to be eocurring

beneath particular spous, one might identify sarly trends which

predict combustion. Of course, in cases wheve there is
considerable existing experfence with combustion in stockpiles,
ona may know sooner If z hot spot represeuts a combustiot site,
regulting in a quicker retwwn on the lovestment of time and
effort in measuremsnt and analysis, '

Alternatively, one oould set wp a nusher of different
experimental piles, some of which will definltely ‘ombugt, and
obtain some initial data with which to decide om conbustion
criteria, This could be mere economical than awaiting combustion
in several different sites on a large stockpile of high value
eoal, though care would have to he taken in the construction of
the pile to ensure that veprasentative behaviour is obtalned.

Once: the database is oestablished and 1s being wmaintained,
problem hot spots can b identified with more confidence, to the
point where there iz emough confidence in the diagnoals to take
corractive astiom, '
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6,2 Corractive Actiom

When potential or existing hazards can be identified from the
trend of anergy release with time ete., ons would like to be
dble to take preventative or covrastive action, This raquires
some Lknowledge of the location and magnitude of the combustion
glte, thougl these are difficult to determina wlith .ny certalnty
from the surface ouly. Again, the best indications of this would '
-be experience with similar piles, although a database approach
baged om actual cccurrence of combustlon would suffice,

. Fox example, a hot spet deep within the bed would show 2 preavexr

spread than a hot-spot of similar power located neer to the
surface of the bed. Thus, by pletting 'radial spread’ of hot
spsts on a vertical axis against the enerpgy associated with amch
spot on the horizontal axls, ome might be able to obtalr an idaa .
of the relative depths of tha hot spots Some actusl dapths would
have to be measured at -ome stage if any guantitative scale is’
to ba assigndd to the depth categories; this would greatly
assist practitioners in makitﬂ informed deeii.ne ragarding
excavation of hot spots,

Note that therc is considersble danger associated with ‘digging’
out hot-spots, sinca oxygen supply to the eombusting regiom is
greatly ilnereased as diggiag progresses, Furthermore,
conversion of coal to spft ash results in structural weskoess of
the baed in that region, and there is  the danger of serious
injury, or loss of 1life. This only emphasises the ueed fop early
identification of combugtion, amd ecoryestive action.

An alternative or additional corrective metion iz to identify
the regions of the bed responsible for major ingress of air
which sustains comhustiun, and to cover thoge areas with some
material which retards flow of air.

The tremulte of Bradshaw (1990}, among others, show that fox

homogeneous beds, the Ipgrass of alr takes place fn a reglon '

aurrounding the hot-spok. This is true also for ivhombgenacus
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beds, with the exception that distribution will be uneven,
favoring portions with higher permeabllity. An obvious action
would be to blanket the region with sofie impermeable layer thus
removing a source of ready oxygen. Such methods have been
discusged previously; Brooks and Glasser {1%36) discuss methods
such as covering the stockplle with sand, or fine coal.

The problem with such measures 1s that imperfections in the
surface costing (such as cracks or very thinly coated atreas)
exacerbata the situation by causing highly localisad flows of

air. Spreading methods which prevant imperfect sealing could be '

investigated; such as the controlled spraying of an inexpensive,
 flexible oxganic foam covaring from a helicopter, to covar tha
entire surface of the stockpile, For such a method to prove
sconomical, the cost would have to be a su:[.tably small fraction
of the walus of coal in the bLed, obviously favering stockplle
geometry which winimises the axposed surfees area pax unlt
wolums, Should such a technique be developed, 1t would be
gengible to edat the entire astockpile, and use the wonltoning
tachulques suggested In the thesls to locaun bresks ox
lmperfections in the coating. The remaindexr of this discussion
refora to unsealed stockpiles, though applicﬁt:i.on to sdaled
stockplles is also possible,

If it 45 suspaeted that certain regions of the bod are causing
disproportionate ingress of air, relisble metheds of identifying
thesa areas would allow action to be tgken where it im most.
urgently sequired. One method which c¢ould be wasd ¢ lovata
arsag of ingress (usually surxrounding the hot spa denelfied
By previous IRT) s to sec in which veglona artifically
introduced smoke is drawn into the stockpile, Regfions of majoer
ingress will tend to be in the ’coldest' areas on the surface,
go efforts should be guided by study of tha IRT. Sinee
fres-conveetlon velocities of alyr inte ox cut of astockplles are
usually of the order of a few millimetres por gecond, ecare would
Bave to be taken to exclude tha sffects of wuery light, otherwise
unnoticeable breezes. For example, cme could consipuct a box out
of clear perspex, and make provision fox introducing a small
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amount of smoke near the surface of the stockplle, It would then
ba evidant after a minute or so whather alr is being sucked into
the stockpila, or being expelled; diagunosis pan be econflrmed by
analysing samples of gas drawn from those yegions of the
stockpile.

The pulsed-air technigue deseribed in 5.2,1 cowld ba used to
supplement the above tachniques once sultably daveloped, chough
in any case one would at this gtage have a fair idea of the
general regions reaponslble fox ingress of tha air vwhich I1s
sustaining combustion. Although it will not be possible te
totally prevent alr ingress from sustaining e partienlar hot
spot. (short of covering the entire stockplle as disedased
shove), it will allways be benaficfal to seal off as much of the
high permeability region as pessible.

6.3 Construction of new atoakpilas'

The old adage’ *provention is better than sure' 1s as true as
aver in this case. The coat and difficulty of cure, ovident in
the gbove discussion, can ba avolded by preventing the formatlon
of aress of high parmeability, at least at the surface of the
stockpiles. Brooks (1983), Brooks and Classer (1986), and
Bradshaw (1990) discuss tha offects of particle size on tondency
to combugtion, and it is to ba expactoad that stockplles of vary
larpe particles or of very small paxticles do not easily
sonbuat, The zeason iz Ingufficient surflace area for reactlon in
the formex case, ond diffiowlty of oconvection due to low
permeability Lo the latter. It therefors scands to rveason that
for a pavtieular conl typs, there 18 a partiecls size for which
combustion lo most likely; efforta to identify the eritexion fox
this diameter are ongoing, and are complicated by numerlcal
difficulties, among other Lasups, Ses urooka and Glagser (1986),
and Bradshaw (1990) for discussions of the tochniguas used,

Tho offects of voidage, very influential In permeability of the

gtockplle, have also bsen studied iy ths above researchers,
though it is not yet completely clear when cumpecting of
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stockpiles (to  xeduce  permeability) 18 aconomically
advantageous, though the grade (and hencea value) of the coal

being stockpiled clearly has a drzstic effact on this. The

inclusion or exclusion of fines from stockpiles is also an issus
here, since fines near the surfaca tend te starve the intewior
of oxygen due to their ocomparitively high reactivity; fines in
the interior axacerbate combustion, also by virtue of thelr high
reactivity, Although the exact effeer of ZFines distributed
within the stockpile is d1fficult to determine, as a result of
computational complications, a  general recommendatfon iz to
exciude fines from the interior of the pile, as much as is
posaibla.

Note that tha formation of larpe-scale Inhomogeneity and ths

Inclusion of fines i¢ inherent in the usual method of stockpile.
conatruction (l.e. conveyor layering), and 1ittle can ba dome to

pravent this , short of develaping & new yet practical method of
deposition, See Williams (1%63), Shinchars, Sheji & Tanaka
(1970}, =ad Bicking (1967) for both theorstical and experimental
studings  of particle gize segregation during laying of
particulate matarials. '

The worl of Bradshaw (1990) and others should be studied if gome
awffort iz to be made to choose an av-vage particla size which
would legssen likelihood of cowbuetion,

All things considered, all efforts should be made during
Stockpile comstruction to prevent the unnecessary inoluaion of
{nhomogeneities, particularly near the surface of the finished
pile. If any such inhomogemelties are evidant, alther £Lrom
visual exomination or by any of the methods discussed zhove,
thesa inhemogenaities should ba covered over with a 1uyer'of
macerial which would slow down the inpress of air,
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6.4 Concluslon

The above outline of a formalism for monitering coal stockpiles
has been discussed In the intere=ts of encouraging the
application of scientific princlplss and methods In  the
management of resources. Although the thesls has generally
ooncentrated on ceal stockpilag, the principles described
throughout can be applied to any resourcs stookplle that 1s
prone to destruction by combustion. The applicability of some of
the conclusions and techniques to physically different media
(such as fibrous materizl) may require testing and verification,
but the underlying methods are rigorously based and only the
physically dascriptive parameters eg. thermal conduativity,
dengity ate. will require adjustment,
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7. Conelusion

Relisbln estimates of the parameters which characterise porous
media are usualuy ageumed to be available, although this 1s in
fact seldom Crus, particularly inm the case of large-scale
stockpiles of ¢o-l. The extreme sensitlvity of porous media to
Rayleigh number has been damonstrated in saveral published
studies (most notahly that of Lapweod, 1948}, therehy -
emphiasising the need for a suientific approach to monitoring and
analysing coal stockpiles. : -

In particular, practitioners need to lknow whether coal '
stockpiles are buvning within ‘as certain types are prone to
do}, ox whether they are likely to burn at some time in the
future. As simple as thess questions may seem, several workers
have gpent considerable time and effort In. an atbempt to answer
them, and the worlk in this thesis has made -a tangible
sontribution in this ragard{

Clasginal  two-dimeuslonal conductive-conveativ: models werw
applied to the analysis of four different, carefully controlled
experimental aeoal bads; tha best-fit permeabllity and surface
heat-transfer ooefficlent were found by minimising the
gum-of-gquared temparaturs  exrtors., Surfaca heat.tyansfer
coafficient wag shown to be of great importance in application
to the c¢oal stockpiling industry, though it is belleved that a
comprehensive study of this parometer is - still required,
particularly with regard to efperimentation, No identifiable
trend with paxticle size or onergy flux could be ildentified,
. malinly dus %o inadequacles in design of exparimental apparatus.

A simple one-dimensional meodel of conductive-convective heat .
tzansfer In & packed bed was davaloped and applied to the .
estimation of energy dissipation within coal bads, In
particulay, the wmodel was applisd to carefully contrelled
axporiaental situations, and it was shown that tha heat transfer
confficlent at the exposed surface of the bed is an extremaly.
influential pavameter, particularly since surface temperature ls
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the only Indication of combustion which ig readily accessihle to
personnal monitoring stockpiles. It was shown that the ameunt of
energy releassd within a bed can be estimated knowing only
surface temperature and the heat-transfer coefficlent at the
surface, This Lz particularly useful In the £field, where. in
general little or nothing Is known about the intarnal structure
of the bed, and aerial infra-red tharmography Is the only type
of meaguremant that is feasible on a suitable acale

The medel relates total energy flux (convective plus conductive) .

through the surfzce of the bed to the diffevence bhetween amblent
temperature and surface temperature, and 1s virtually
independant of Rayleigh ounber £or all cases of practival
interasst, '

Total energy dissipation within & bed, “obtalned by integratitg

flux over the whole surface, cam be used to pgrade combustion
hazards, particularly 1f case-histories of & number of beds are
waintained, The reaults can be used to sompares behaviour of
different sgtoekpllas, or mondtor the progress of a single
stockpile pver a4 period of time, as desevibed in Chapter 6,

"It is balieved that this result mokes p substantial contribution

to knowiedge in this filsld, since it is fuvdamentally based, i1s
gimpla, and hae been shown to acourately predict energy
dissipation, subject fo the avallability of suitable eatimates
for aurface heat-transfer coafflcient,

The influential zola played by the surface heat-transfex
eoofficiont iz clearly evidemt in the results of thiz wmodel,
particularly on egaminatvion of the surface temparature/enargy
flux curves contained in Chapter 5. An attenpt (a8 mentioned

above) was therefore made ko investipate the zola of particle

size and temperature on the surface heat-trausfor coefficiluent,
with little suceess (dee to Inadequacies in  experimencal
deaign)., Briafly stated, inadequate confidencs lavels and

geattar in the astimated coaffleient prevented meaningful

conelusions repgavding thisz paramsetsy from being reached. A
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numher of possible reasons for this were identifisd, naualy
inaccurate temperature measurement, fundamental shortcomings of
the classical conductive-convective model equations, and
insufficient volume of collected data, It is, hovever, unlikely
that - increased accuracy of temperature measurement will
significantly increase confidence in the estimated parametsrs.

dince scatter Is worse at high temperatures, it is likely that
improvements In model formulation will improve confidencws levals
of all parameter estimatess., The major cauze for unﬁcuaptahle
confidance interval width, however, is the faot that
peimeability affects the inteylor temperaturs prefils quite
drasifeally in comparison to the heat transfer coefficfent, and
since most of the temperature measurements wera takan inside the
bed, a change in permeability results in a larger verission in
sum-of-squared errors than 'a similar change in  surface
heat-transfer coeffleient, This explaing the dlsproportionate
Iaffact of permeabillity on sum-of-aguared errors.

Furthermore, since the svread of the confidence interval
increases hs the number of estimated parameters Increases, and
decreases as number of ralevant experimental data points
increassg, 1t would make gsenge to elthsy increage the number of
expevimental dats points £or each ‘zun, or to design an
experiment In which a minimum number of unknown paramuters
exists, This would enteil concentration of tharmistors in a
region nesr the surfsce of the experimental bed. Alcesnatiwely,
a totally differant typa of apparatus is required, one in which
the surface heat-transfer coeffficient only is £itted, Yhis
would result in Dbetter estimates of the heat transfer
coefficient, thus achieviang the abjsctive,

The work in thiz theals played a role in drawing the attention
of other researshers to the oritical importance of tho surface
heat-transfer coefficlent, see Ffor example the publication by
Glagser, Williams, Brooks, Burch and Humphrlea (1991). Thesa
vegparchers daveloped a single-paremeter experimental apparatusy,
and report reaults which demonstrate a general downward trend in
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heat transfer coefficient with increasing convection valoeity,
Further work is raguirsed to elucidats this relationship, though
regults to date appear to he promising,

The main cbjective of this thesis has been the Investigation of
methods whiech allow the early identification and prevention of
-comwbustion hazayds, It hss been conclusively shown by Brooks and
Glasser (1986) that convection within steckpiles 1s the
machanism which initfates and nhintains the supply of oxygen,
" and that large-scale inhomogeneity within stoeckpilés (waell
documented, see Williams 1963, Shinohara, Shoji & Tanaka 1970,
and Bicking 1967), re.ults In localised flows of afy which
aggravate the problem of combustion.

it is therefore. desirable to detset larga-scale warlatioms in
permeability within a stockpile, and 3 method which  gives
indications of permeability and laxge-scale ighomogeneity has
therefore been propesed and verifisd in the thesis. Although it
has nor yet been fully developes and tested on a large scale, it
12 believed that the method could be very useful in detecting
local wvaristions in permesbility of large-ascale stoekpiles, =
measurement which at prasent is not practleally feasible,

The method iz simple in comcapt, and uses phneumatic pulsgs and
pregsure measurement <o ‘probe’ the bed. It has been
damonstrated using a simple model that dncreased fraquency of
pulses rasulted in smaller and smaller portions of the bed
influencing the measured pressure at the surface, Application of
the modal o a bad with a leas permeable layer at the bottonm -
gave regults noticably different to those for a - slmple
homogeneous bad, thus damonstrating the feasibility of the
method in principle. '

Experimental messurements on iphomogenaous systems shuwed
choracteristics distinetly different from similar measurements
on simple homopcusous systems, demonstrating that the concept
has potential in practice as well as in theory, Measurements on
layersd beds, howsver, showed sharp inereases in slope of the
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amplitude-frequency curve, whereas model results did not display
any such characteristics. Investiyctions te date have not yet
yielded any satisfiactery sxplanation of the phenomenon, though
it is believed that refinements to model geometry, and the
relation between pressure gradient and flow would go a long way
to resolving the ilasue,

Another lssue which requires examination and improvement is the
mathed used to introduce the pneumatic pulsas into the bed, OF
necessity, the spparatus used hers makes contact with the bed,
and precautions must be takem to prevent any significamt
digturbance in this region, One aspest which has not heen
addressed 1s the prevention of leaking {(of the pulse) d.irectiy
out nf ths bed, or a method of quantitatively analyaing tha
regsults, These issues will need to bhe :anast:.ga.tad 15 tha
taechnique iz to be developed further. -

However preliminaxy it nay be at this stage it is believed that
this tachnique is novel, and may in the future be appliad to
good affect LE developed sufficientl}'.

Lastly, the preceding c'haptar outlines a formalism which could
be applied in the management of cosl stockpiles, particularly in
the devalopment and maintenance of a quantitative database of
stockpile behaviour. Further davelopment of the ideaa 1n the
praceding chapter would lncrease the reliability of the system
degcribod, particularly if combined with previous experience:

In gummary, it is has been shown that surface-based measurements
alone mzy bes used to deducs substantially more Information about
coal stackpi'leé (end other porous media) than would at first '
appear pessible. This thesis has therefore contributed to the
gtate of knowledge in thiz Fileld, by proposing snd verifiying two
novel metheda fopr monitoring and investigating stockpiles, It
" has alse drawn attention to a parvameter (surface heat tranafer
coefficient) whose importance Ffar beliss the Level of exposure
it has received in the relevant literatura to date, -
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APPENDIX A Experimental Equipment
A,1 Heat Transfar Experimental EHEquipment

Young et al (1986) have published detalls of their experimentsl
exuipment and procedurss, These detsils are therefore not
includaed hare.

Benson-Armer & Leibowlitz (unpubklished) performed measurements
simtlar to those described by Toumg et al (1986), but with a
different eénergy-source arrangement, and slight modifications in
thexmistor positioning. Chapter 3 contains schematic diagrams
of the bed and heater arrangement, and geneval equipment.
spacifications are listed by Young et al,

Thermisctor placemsnt.

Thermistor placement 1z showm in Fig. 3.1.3. Thermistors were
concentratad in the upper central regiou of the bed so as to
raximise resolution of the temperature contours in this ragion
{Refer Fig. 5.1.2).

Reater dimensions

The localised energy source was constructed as a 30mm diameter
by 60mm long cylindex, inside which twe 100 W halogen quavtz
light-hulbs weve mountsd (weadily available, cost effectiwve and
reasonably compact ‘heaters’). One of the bulbs acted as
standby, in ecase the other bulb blew, which meant that the had
would mot huve to be unpacked merely to veplace an exhausted
. bulb: FPower input to the bulb wag measured and controlled using
a variae,

Procedures
Beds wers hand?packed, a few particles at a time, © This

preventad the inelusion of lavge-scale inhomogenmaities imto the
bed, and alsoc prevented damage to the ’‘net’ on which tha
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thermistors were loaated,

After initisl packing of the bed, the whole apparatus was
flushed with nitrogen to exclude any possibility of combustion
or ‘galf-heating' thereby introducing unknown factors inte the
experimantsa,

Onece it had been packed with the particuler sizo of particles
under investigatlon, the bed was not disturbed at all bestween
different runs, which were perfotmed in order of increasing
power input (thus minimlsing time taken to reach steady state).
Using the elsctronic measurement ecircult describad by Young at .
al, the temperatures were wmonltored intermittently: steady scata
was generally attained within four to five days., At this stage,
the temperaturss at all points were wepasuted and stored on
magnetic tape. o

A.2 Momentum transfer equipment

In order to facilitate measurements on ths idealised system
deperibed in Chanter 5, a special system had to be deaigned,
Before the final design was sgslected, a number of practical
problems had to be addressad, namely:

1 « gas flows were to be restrioted to the packed bed, If most
of the zas wers to £low through a free-surface of the hed,
the object of the exercise would be defeated. It is
aseepted that this dAlfficulty would apply equally, if now
moere, to s practicsl situwatiom,

2 « The equipment had to be capable of simulating various bad
depths, and changing this dapth, or bed rempesition, had
to be as gquick and simple as possible, '

3 - Approximate harmenlec motion of the piston was required, to

aimplify awalyeis; fortunately this could be casily
avhieved to a dagree adequate for tha intemded purpose,
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After conglderable thought apd discussion, it way decided that
the beat method of ensuring that all gas flow had pass into the
bad was te mount a dise around the ‘mouth' of the vompressor,
and to ensure that this dine could be brought directly inte
contact with the bed surface, Thiz would minimisa gas
bypassing, although some bypassing along the dlse suvface would
still ocour, Due to the antleipated size range of particles,
{0.5mm o 2.0mm nominal dlameter) and the final dimensions of

 the bed, the amount of bypasesing may be nuglectod,

Due to the limited amount of aspace availdable, it was not
practical ¢o perform the measurements on a free plle of
partieles; a container was therefore provided te limlt the
laternl spread of the bad, The immids diamster of the container
vwag made the same ag the diameter of the dise, (thereby creating
& seal) to faecilitate lumped neasurement of the beds (scs

Chaptex 3). Note that it is not necessary to cortain the bed,

provided that the wvertical scale of interest (layor dapth, ete)
is not much larger than the horizontal scale (dise radius),
Should the vertical seals be much larger than the herizmontal
Boale, the fraction of pas bypassing the bed-reglons of intarest
would bacome unacceptably largs, thercby distorting the wesulta,

It Is not known at this stage whether it iy possibls to devalop'
1 method of snalysis vwhich can account for gas bypassing the
reglons of interest, or wiich leaves the bed a shoxt distance
from the ‘injection’ point., Although such a methodology 1s
ezgential to the practical applicaticn of the methed belng
tasted hera, the limitatlons divharent In the squipment as
designod are consldered accaptable for primary development and
testing of the concepi.

Harmenic motion was achieved by mounting a dise acentwically on
an axle. The angle-arm of the piston was cohnécted to the
eceantrically mounted dise, which was dyiven by a 2 kW Normand
high torgque movor, The desipgn of the drive and linkage was such
that the top link assentially followed the lowest point on the
acentyically mounted disk. The wertical, location of this point
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iz sinusoidal, and with the dimensions shown (asge Fig, 3.2,1)
the piston moves 125mm on aither side of the mean plston
position, Piston wvolume varlied appreximately according teo
Ve, 442 + 0,246 8in{wt), vhare V is in litres,

Fig. 3.2.1 shows a schematie diagram of the apparatus,
A,2.1 Pressure measuremerd

Pue to the nature of the experiment, small translent
diffarential pressures are to ba axpected. For thiz reason, a
high precision, quality electronle pressure tranaduser was
selected, namaly a Data Instruments Model AB HP 0 te & paig.
the trangducer waz connacted toa the 1/4" pressurs tapning by
peans of a special low volume adapter. Nots that the transducer
provides acouracy of 0.25% of the full zange preseure,

A data sheet fox the range of transducers ls attached,
A.2,2 Blgnul condltioning

The pregaoure transducer digeussed above returng an analog
voltage of O to 100 nV as prossurs ranges from 0 to 6 pal, Since
tha analopg- to«dipltal abnve, Zex (asa halow) raquires & 10V DO
analog daput to. maximise xoseolution in cthe "logged data, -
condltioning of the 0-100mV =ignal was wroquired., BSignal
sonditloning was caviled out by a dedicated strain-gauge
amplifier card (model PGC-§8) The adjustable amplifier was
calibzated at & gain of 100 (to swplify 100mV to 10V), and the
afdjustable low-pags filter set te 100 He (slnes woximum sigoal
froquoney expeatod wes 3Hz), '

The signal conditiomer also oupplied a atoblo, Filtored
axeltation woltage of 5V DG to the transiucer.

4 date sheet for the PG-68 ia attached,
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DATA INSTRUMENTS

4 Hartwell Place, Lexington, MA 02174 LSA
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Data thetzumants Ine, affor a wide eange of signal condle
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ﬁppllcaﬂon Intormatlon
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pal pnd up, wntlna in nirnoaphade gragsura i not nedess
sy oinca nomal banimedria Breasure ehafigan will hava
negiigibte affas? on ngeumdy, Thaga uplia have bess soglod
R arovide meximum sollsiviiky in the prassngn of mulntura
and 2onnsivo aimesiinamn,

Tha 50 pal and Idwer ml‘\ﬂl;l urills have tho Intarnal cavity of
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cmsn mr Qn plroh it w.mr tgghtly if elzmeing [n tecelived, The
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Installation

Tho AR troniduccy may be sablly mountad [n the wnll ofn
pranaura Yeasal, putng ha uslnn tneching, alo, oF It may bo

pravidad with an zdaptor 19 standard plping or tubing
avawm. Adugtors fur mnny dtf!amlt typas of glumbing
copsectlons am dyallabid
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Ahinough tha AR trunsduws 0] ﬂ.lunad lhu? ul'mld nﬂ! b\‘.l
handiad tare

hould bo
fargo an tha eah'fgycf bennlug I\ sharply whera l 5] alhnhnd
{o tho transdusor. Aveld atrildng, auutcmnn. of dumlmmhn
. 3 o
.|
o i te averioad law rRIs unity,

Eodh mu%ﬂugnr [ ahlnpml lih & proteciiva cap which
s wiih & vo
shiuld B removad belan insiakation,

Maintananse

Mo malmonanea le required with thesa mudum Tha
gheanca of moving parta and the solld sigio rensors mal

Ihom !mbhg-{ml and rolipie Scma pramullﬁl i hurdllfg
thn tranedizogrs 18 needisary, I L oW pimgst

Do protocied froem aiks, oaratehios ang denis, The pratea
cap ahaukt setvlc on th unit until 1t Is roady ter installation,

ikl Impomt that tha inoulation registanao of W cloctrcal
clreult ba malrtalhod, dirt &r contaminaied olls at
{hn sokier cannsationg may bp o soutan af toubl, |l I
Impartant thnt i calo rermgins fro fram puncturea thd

that It by m e aktaci, (Carpfully road the
Inntallption atotioh,) ‘I'hn oablo suppiiat wilh b imnechuar
htn & Lalgsh VO Jackat, Il iha snvitdhmantd cotrditions be
aevers, & proleative slbavo may be inosited bvor 1he sablo,

IF tnakfungtien of the trenoduenr e stiapoeisd, tha followlng
tletstrical checkis an tocanrmrond od;

1. Input roglotanca FED o FLAGK) dhotd b 180 S0akms,

2 o’mm toplatarion (RIEEN Lo WHITE) should bo 119::28

a nnalutunm to groud botweon any tead and tronaducer
ensnghould be B maegohm: mitimurm, Wiot raking tis
mebatremmant mokia vure thel tha moouhmmnrlsllmlm o
B0 valka BO, (a nol coanaat an Mowation tastor keteroan
vty lois, The tamgucor Wil ba parmcnantly dn:muo:t.

UTION: 6 valts Jo the poslmunt volttgs whied can ta
anl'olf npmlud ta the u-ummnr Irput &r sutpt !urrnlnulu. it
I3 &8 ﬁp d frein miliwie tho rod or ook

[ unlt may b ammn Ty demagid,

Il tho transdugor hins beon atcidontly gvotlonded, a pormos
RO 20K SRil may ouour. Tie etiadudr may ailll henotian

Hy r and o balanaing viiih &n eitaria) raale
oF 81 Buazzibod in Bcnuan IV should bo porfermad borvatify
{he: praper tunetioning of 1hi unlt,

Instrumaniation and Oporation Theary

- Tho Inotrumoniation jor weyg with tho AB lmmdu::um 19 vary

wimplo, Qaly a ropulntad conolmlt witagn ad 0
moker yriar, dsclilesecnn or eihie rondeul lnuu'umunt la

Tho AR transducer Mty bi saelled wlth githot g af de -

viilegie. For many Inmpm or toal npplloatlanﬁ. a baly
may b o oullchlo seurga, The Bocmmand lu.uun I
W door ac mmo. Do st axgood 6 V. The o

1o delivat & cutrant of at teaat 54 mA ot 3 \f r:nmml mu
axsltallen agroad the red and blagk onde, ‘Thi groon amd
whika 23t shauld Ba connoottd t tha ragout lnnlrumnnl.
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a1 f sa'eiz?r Fogs VPL-6&4

© Speeifications

Gain

Rangu. 2 to 5000 V/V
Temperature drift: 25ppm per degree € (max)

' Monlinearity: +/-0.005% max

- Input bigs earrent

Indtial: & /20nA max

il + J-10pA per degree C max

. Inputimpedance

Differential: 1 GOhm/100pF

Common mode: § GOhm/100pF

Inpui vollage

Linear ditferential: + /-5V

Max. comnton mode input: 10V (Gam =1)
CME, 1K source imbalance

G = = %, DC to 60Hz; 8648 mln

G = 100 to 500, LKHz bandwidth, DC to 60Hz: 110dB min
G = 100 to 500, 1H11z baudw-dth. D 110d8 e :

G « 100 10 500, 1011z bandwidth, 60Hz: 14048 min

Input noise (G = 1000)

| Vollage'. 0.1 « 10Hz: 0.30Y p-p

Vollage, 10 - 100142 1uV p-p .

Current, 0.1 - 1014z 60pA p-p
Current, 10 - 100Hz: 100pA p-p

Filter

Number of poles: 2
Roll-of(: 40dB /decnde.

Bridge r.xcilnlitm

Output voltagc sango: +440 49 voits
Quiput eucrents WOmA
Insput regulation: C.03%fvoll

- Load regulalion, ImA - SimA: 0,19

Temperature stalility: 0.004% per depree C
Dulpnit nobset 2wV p-p

Hall-bridge complsiion

Resislor value: 20K +/-1%
Temperatuse tracking: + /-5ppm

Power supply

Vollage, rated performanse: + /-ISVDC

Voltage, operating: +/-12 1o + /-18VDC
Supply current (including excitation supply): + /- lomA/channel '



4,2,3 Data pcquigition

Analog data from the transducer was fod into tha A-D card (a
PC-26 eagrd, datasheet attached) in an 1BM compatible XT
computer, with a COPU frequeney of 4.77 MHz. The A-D converter
used is capsble of converting analog data from one chanmel (as
iz the case here) at up to 16 00 Hz, cleerly mora than adequate
for the purpozes of this work, The econvertsr has a digital
resolution of 1 in 4095, L.e. 0.025% (again, adequate for this
work}. Data-logging software supplied with the A-B ‘eard
 ealeulated sampling frequency required to give samples at the
required intervals, and took care of all the interfaeing betwean
the A~D card and the computer. Once sorted, data was stored on
disc in ASCII format for later analysis, ' - '

A datsz shaet fof the A-D convertst is attached.

'I.'ha ahove items, commected as shown in Fig. 3,2.2, constituted
- the measurement oilreuit.

A 10



alogue to Digital Conversion Card
Type PC-26
1 INTRODUCTION

The FG-25 card I$ & piug In dala scquision board for tha IBM BC and compalible #C's, The PC-26 board -
Includas the Analeg Davices A/D converter AD 574 with a typleal conversion e of 25 ps, and 2 18
charnnal muttiplexer, Typical comvarsion tima for tha whode systarn (Muliiptaxer, Sampla % Hold, AD 574)Is -
40 ps. :

The samyde rate can ba determined by software {using a software elackar by ihe onboard programmable '
mer. The sampllig softwara which Is Included with the PC-28 board allows the 1sar 1o sampla any of the
16 Input channels wilth a sampling rate of 2000 Hz (Turko Pa.scal] or 200 Hz {BASIC),

menuseofmemmanaddﬂonslsuﬂwarapuekaue(wuenlnmﬂao_PAscALam

ASSEMBLER) iz avallable, With \hiz software It Is-possibla o program the onboard ter 10 provide &

samplig frequency of babwean vne sample avery hour up 1o 9500 samples par second {using Interrupt lina

- IRG 8). Using the saltware clock mode, sampling rates of up (o 18 600 samples a second are passidle, The

wnp{g&h&ambeﬁawadmhemm{mlvwlm Qraphles Monltor), wdfarmdundlsahrm
analy,

2, SPECIFICATIONS

A/D CONVERTER AD 574 J0 {XD):
Resalution : 12bi
Convarsion Hma 3 25 ua(AD574)
1 40 ps (Mulliplexar, S&H, AD 574)
Input voltage 1 -BVio+5V
;s ~lWVto+10V -
. ! Wiy
Unearity 51 (12) bit, b2 GLO25% (0.012%)
Olfsat ! sdiustabls to 2em0
Linesrity drift {0508 pervC
Citzet dnilt) ¢ 10/(SHppmiC
Qaln drltt ! S0X0TYpemiG
SAMPLE & HOLD LF 298:
sottiing ima ¢ <10us
Sampla & Hold amor + = 0,005%

MULTIPLEXEFR I 6116

saliling e
inputimpedance

aa

3 .M'




APPENDIX B Experimental Results
B.1 Heat Trasnsfar Experimental Results - Localised source

Bengon-Armer & Lelbowitz meagured the steady-state temperaturs
profiles in a bed heated by a centrally located eylindrical
heater, as discussed in the paper by Anderson & Glasser (1990).
Thelr results are as yet unpublished, and ars therefors
presented here in full. :

A schematic sketch of the bad, showing heater placemént, is
contained im Fig. 5.1.1 in Chapter 5. Fig. 3.1.3 shows the
placement of thermlstors in the r.z plane of the eylindrical
saction. As discussed jin Chapter 3, the experimental methods
utilized are identical to thoge used by Young at al,

BensonsArmer & Leibowitz imrestigat:ed three different beds, for
three different levels of power input to the heater, as follows:

Bed typae
- Smm 1.0mm 20mm
5% 5W - 5 W_ :
Power Imput 7.5 W 1w 7.5 W
10 W law 10 v

For each run, the average temperature +f the temperaturs
controllad ¥oom in which the experiments ware conducted, Ils
listed. The measured steady-state temperatures are listed balow:

Bl



Qa5 W DPes-5MM

Tamb = 21.4

% z T
0,0 . 0.0 2l.4
0.1 0.0 21.4
0.21 0.0 Co21.4
0.33 0.0 21.4
0.41" 0.0 21.4
0.5 0.0 21.4
0.0 0.09 30,28
0.15 0.09 28.45
0.27 . 0,09 25,93
0.41 0.09 . 24,38
0.5 0.09 2i.4
0.0 0.2 46,68
0,05 0.2 ©. - 41,08
0.15 © 0.2 32,08
0.27 0.2 26.67
0.41 0.2 23,81

5 0.2 21,4
.05 0.28 50.91
0.1 0.28 38,43
0.15 0.28 32,41
0,21 0.28 29.18
0.27 . 0.28 26,70
0.33 0.28 25,38
0.5 0,28 21.4
6.05 0.32 52,21
0,1 Q.32 39.01
0,15 0.32 33.49
0,21 0.32 29.41
0,27 0.32 26.96
0.33 0,32 25.49
0.41 0.32 23,92
0,3 0.32 21.4
0.0 0.37 50,85

B2



0.05
0,1
0.15
9.21
0.27
0,33
0.4t
0.5
0.0
0.05
0.1
0.15
0.21
0.27
0.33
0.5
0.0
0.05
0.1
0.15
0,21
0.27
0.33
0.41
0.3

6,37
0.37

0.37

0.37
0.37
0.37
0,37
0,37
0.43

0;43'

0.43
0.43
0.43
0.43
0.43
0.43
Q.5

Q.5

* Dls .

0.5
0.5
Q.5
0.5
0.5
0.5

45,50
36,40
31,64
28.21
26,20
24,94
23,73
21.4

34 49
32,62
30. 7
28,29
26.09
25,02
24,12
21,4

26.87
26.68
26.24
24,94
24,08
23 .4
23,01
22,22
214

B3



Q=7,5 W DP~-5MM

Tamb = 2L.1
r & T
0.0 0.0 21.1
0.1 0.0 21,1
0.21 0.0 21,1
0.33 0.0 21.1
0.4 0.0 21.1
0.5 Q.0 21,1
0.0 0.09 46,37
0.15 0.09 23,21
0.27 0,09 29,01
0.41 0.0y 96,10
0.5 - 0,09 o2l
0.0 0.2 65,12
0.05 U2 55,26
0.15 - 0.2 19,37
0,27 0.2 30,07
0.41 0,2 25,18
0.5 0.2 a1.1
0.05 0.28 73.28
0.1 0.28 51,08
0.15 0,28 40,33
0,21 0.28 34,27
0,27 .26 30,03
0.33 0.28 27,70
0.5 0.28 21.1
0.05 0,32 76,48
0.1 0.32 52,23
0.13 0.32 42,14
0.21 0.32 34,81,
0.27 0.32 30,45
0.33 0.32 27,80
0.4 .32 25,22
0.5 0.32 21,2
0.0 0,37 y TS
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0.05
0,1
0.15
0,21
0,27
0.33
0.41
0.5
0.0
0.05
0.1
0,14
0.21
0,27
0.33
0.5
0.0
0.05
0.1

0,15

¢.21
0.27
0.33
0.41
0.5

0.37
0.37

0;3?

0.37
0,37
0.37
0.37

- 0.37

0,43
¢.43
0.43
Q.43
Q.43
Q.43
G.43
0.43
0.5

0.5

’ 0‘5

0.8
0.5
0.3
.5
0.5
0.5

64,58
47.51
38,82
32.58
29.13
26,80
24,81
21.1 .
44,20
40,71
37,08
32,72
28,81
26,92
25.35
21,1
30,46
30.12
29,30
27,04
25,52
24,45
23,80
22.87
1.1

B&



Qul0W  DPe-SMM
Tamb = 21,7

¢.0
0.5
0.15
0.33
0.4l
45
1,0
A3

0.41
0.5
0.y
0,05
0,45
0.27
0.4)
0.5
0.05
0.1
0.15
0,21
0.27
0.33
0.5
0,05
0.1
0,15
0.41
0.27
0.33
0.41
0.5
0.0

Q.0
0.0
0.0
0.0
0.0
0.0
0.09
0.09
0.09
¢.0%9
G.09
0.2
0.2

- 0.2

0.2
0.2
0.2
0,28
0.28
0.28
0.28
0.28
0.28

0,28

0.32
0,32
0.32
0.32
0.32
0,32
0.32
0.32
0.37

2.7
21.7

21.7

21.7

21.7

21,7

39,93
35,98
10,84
27,14
21.7

75.12
63,05
43.86
32.07
25.83
2.7 -
85.15
57.93
44, 80
37.20
31.98
29.07
21.7

89,09
59.42
46.99
37.90°
32,49
29,17
25,90
21.7

86.81,
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0.035
0.1
0.15
0,21
0.27
0.33
0.4L
0.5
0.0
0.05
0.1
0,15
0.21
0.27
0.33
0.5
0.0

0‘05

0.1

0.15
0,21
0.27
6.33
0.61
0.5

0.37
0,37
0.37
0,37
0.37
0.37
0.37
0.37
0.43

0,43
0,43

D.43
0,43
0.43
0.43
0.43
0.5

0.5
* 0.3

0.5
0.5
0.5
0.5

0.5

a.5

74.65
53,58
#2.85
35,07
30,84
27.91
25.36
1.7

49 .47
45.14
40,63
35,18
30.30
27.98
25.99
21,7

32,18
31.79
30,786
27.9¢
26.02
24,73
23,87
22,57
2L.7
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QuBW © DP=lCH

Tamb =~ 22,0

T -3 T
0.0 0.0 22,
0.1 0.0 22,
0.21 0.0 22,
5.33 0.0 22,
0.41 . 0.0 22,
0.5 0.0 - 22,
0.0 0,09 22,
6.15 . 0.09 23.63
0.27 b.09 22 86
6.41 0,09 20,85
0.5 09 22,

0.0 0.2 28.15
0,05 0,2 27.39
0,15 . - 0.2 25,07
Q.27 0.2 '23.48
0,4 0.2 22.94
0,5 0.2 22,

. 0.05 0.28 - 37,27
0.1 0.28 © 29,580
0.18 0.28 26,57
0,21 0.28 25,01
0.27 0,28 23.89
0.33 0,28 23.89
0.5 0.28 22,
0.05 0,32 42,22
0.1 0.32 30,74
0.15 0.32 - 27.29
0.21 0.32 25.35
0.27 0,32 24,
0.33 0,32 23.41
0,41 .32 22,92
0.5 0,32 22,
0.0 0.37 51.09
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Q.05 ¢,.37 40,89

0.1 0,37 32.31
0,13 0.37 27.60
0.21 0,37 25,1
0.27 0,37 23,83
0.23 0,37 93,34
0.41 0.37 23,87

0.8 0.37 22,
0.0 0.43 38,59
0,05 0.43 34,57

0.1 0,43 29,94
0.15 0.43 26,52
0.21 0.43 24,48
8.27 0.43 23.48
G.33 0.43 23,1
0.5 0.43 22,

0.0 0.5 28,75
0.05 0.5 28,45
0.1 * 0.5 26.27
0.15 0.5 24,3

0,21 0,% 23,17
0.27 0.5 22.67
0.33 0.5 22,49
0.64) 0.5 22.35
0.5 0.5 22,

B2



Q=104

Tamb = 23,0

x

0.0
0.1
0,21
0.33
0.41
0.5
0.0
0.15
0.27
0.4}
0.3
0.0
0.08
0.15
0.27
0.41
0.5
0.05
0.1
0.13
0.21
0.27
0.33
0,5
- 9.05
0.1
0.15
0.21
0.27
0.33
0.41
0.3
0.0

DR=1CH

0.0
0.0
0.0
0.0
0.0
0.0
0,04
0.09
0.09
0.09
0.0%
0.2
0.2
L 0,2
0.2
0.2
0.2
0.28

0.28

0,28
0.28
0,28
0,28
g,28
0.32
0.32

0.32

0,32
g.32
0,32
0,32
0.32
0,37
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05

.15
.2k
.27
.33

Do oo oo

g.s
g.9

0.05

0.1
0,15
0.21
0.27
0.33
0.5
0.0
0.05
2,1
6.15
0.2]
0,27
0.33
0.41
0.5

0.37
6.37
0.37
0.37
0,37
0.37
0.37
0.37
0.43
0.43
0.43
G.43
0.43
D.43
G.43

0.43

0.5
0.5
0.5
0.5
0.5
0.5
0.3
0.5
0.5

58.38
40.89
32,18
27.66
23.52
24,54
23.69
23,
59.56
49,69
38.38
31.17
26.89
24,92
24,13
23.
39,86
39,49
32.43
27.13
24.57
23,67
23.3]
23.08
23,
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Q=184 DE=1cM

Tanh = 21,0
% z T
0.0 0.0 21,
0.1 0.0 21.
0.21 0.0 21,
.. 0.0 3L,
0.41 0.0 21,
0.5 0.0 21,
0.0 . 0,09 . 24,99
0.15 0,09 24 .46
0.27 0.08 23,30
0,43, 0.09 29,41
D5 0.09 21,
.0 0,2 33,06
0.05 0.2 30,67 .
0.15 < 0.2 27,03
0.27 0,2 24,33
0.41 0,2 22.66
0.5 0.2 21,
0.05 0.28° 55,75
0.1 0,28 35,78
0.15 0.28 - 30.11
0,21 0.28 26,97
0.27 0.28 - 25.01
0.33 0.28 © 24,84
0.5 0.28 21.
005 0,32 73.38
0.k 0.32 40.35
0,19 0.32 32.13
0.2% 0.32 27.92
0.27 0.32 25,28
0,33 0,32 23,74
Q.41 0.32 22.50
0.5 0.32 2%.
0.0 0.37 118,09
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0.05
0.1
.15
D.21
0.27
0.33
.41
a.5
0.0
0.05
0.1
0.15
.21
0,27
0.33
0.5
0.0
0.05
0.1
.15
0.21
0.27
0.33
0.4l
o

0,37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.43

0.43

0.43
0.43
0.43

-0.43
0.43 .

0.5

© 0.5
“ 0.5

0.5

.5

0.5

0.5

0.5

78.17
48.34
34 .66
25,08
25.11
23.61
22,30
2L.

85.89
67.41
46.21

34,21
27,30
24.23

S 23,02

21,
54.96

52,82

38.55
28,25
23,76
22,28
21,70
21,26
21.
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Qm5W  DP=2CM
Tamb = 20.0

r

0.0
0.1
0.21

0.33

0.41
0.5
5.0
0.15
0.27
0.41
0.5
0.0
0.05
0.15
0.27
0.51
0.5
0,05
0.1
0.15
6.21
0.27
0.33
0.5
0.05
0.1
0.15
0.21
0.27
0.33
0.41
0.5
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.09
0.09
¢.09
0.09

- 0.0%

0.2
0.2
0.2
0.2
0.2
0.2
0,48
0.28
0.28
0.28
0.28

0,28

0.28
0.32
0.32
6.32
0.32
0.32
0.32
0,32
0,32
0.37

21,24
21,15
20.68
20,59
20,

23,22
22,64
21.79

- 21.06

20,568
20.

26,92
23.94
22.46
21.88
21.22

20,93

290,
37.06
25.30
23,29
91,83
21.,3L
20.97
20,60

) 20!

48,72
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Q.05
0.1

0,15
0.21
0.27
0.33
0.41
0.5

0.0

0.05

0.1

¢.15
0.21
6.27
0.33
0.5
0.0
0.05
0.1
0.15
0.21
0.27
0.33
0.43
0.5

a.37
0,37
0,37
0,37
0.37
g.37
6.37
0,37
0,43
0.43
0.43
0.43
0.43
0.43
0.43
043
¢.5
0.5
0.5
0.5
.5
0.5
0.5
0.5
Q.5

33,55
26.55
23,80
22,02
21.18
20,92
20.53
20.

42.40
34.34
27.49
24.08
21,82
21.08
20,72
20,

36.06
30.17
24,17
22,15
20 .48
20.56
20,40
20,38
20,
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Q=7.5¥" DF=20H
Tamh = 21.0

0.0
0.1
0.21
0.33
0.4
0.5
0.0
.19
0.27
0.4
0.5
Q.0
0.08
.15
0.27
0.4
0.5
0.U5
0.1
0.15
0.21
0,27
0.33
0.5
0.03
0.1
0,15
0.21
0.27
0.33
0,41
0.3
0.9

0.0
0.0
0.0
0.0
0.0
0.0

- 0.09

0.09
0,09
0.09
0.09
0,2
0,2

0.2

0.2
0.2
0.2
0.28
0.28
0.28

0,28 -

0,28
0,28
0.28
0.32
0.32
0.%2
0.32
G.32
0,32
0.32
0.32
0,37

21,
21,
21,
21,
21.
21,
21.67
21,58
21.37
20.05
21,
23.76
23.13
22,20

23,48
21.13
21,
28,24
24.63
23,04
22.39
21,70
21,46
21,
41.38
26.38
2% . 04
22,41
21.86
21,56
21.33
21,
57,03
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0.05
0.1
0.15
0.21
.27
0.33
0.41
0.5
0.1
o.0”
0.1
0.135
S A4
0.27
0.33
4.3
0.0
0.05
0.1
0.15
0.21
0,27
0.33
0.41
0.8

0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.43

©0.43

0.43
0.43
0.43
0.43
0.43
0.43
0.5

0.5

© 0.5

0.5
0.3
0.5
0.5
6.5
0.5

36.93
28.13
24,82
22.74
21.82
2L.58
21,37
2L.
51.46
39,30
29.94
25,49
22.75
21.91
21.56
21,
43,38
34,69

_ 26.18

23.46
21,98
- 21.465
al.62
21,358
21.
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Q=10 W DP=2CM
Tamh = 21,9

0.0
0.1
0.2l
0.33
0.41
0.5
0.0
0.13
0,27
0,41
0.5
0.0
0.05
0.15
0,27
0,41
0.5
0,05
0.1
0,15
0,21
0.27
0.33
0.5
0.05
0,1
0.15
0.2
0,27
.33
0.4
0.5
0.0

0.0
0.0
0.0
2.0
0.0
0.0
0.09

0.09

0,09

g.,09 -

a.0¢
6.2
0.2

0.2

0.2

0.2

0.2

0,28
0.28
0,28
0,28
0.28
0.28
0.238
0,32
0,32
0.32
0,32
0,32
0.32
0,32
0,32
0.37

21.9
21.9
21.9
21.9
21.9
21.9
22,78
22.70
22,21
22,12
21.9
25,05
24,39
23.42
22,64
22.21
21.9
30.32
26.08
24,32
2%.62
22,86
22.52
21,9

47,28

28,10
25.45
23,85
23,01
22.58
22,16
21.9

75.82
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0,05
0.1
G.15
0.21
0.27
0.33
0.41
0.5
0.0
0.03
0,1
0.15
0.21
0.27
0.33
0.5
. 0.0
0.05
0.1
0.15
0,21
0.27
0.33
0,41
0.5

0.37
0.37
0.37
0.37
0,37
0.37
0.37
0.37
0.43
0.43
0.43
0,43
0.43
0.43

0,43

0.43

0:5 )

0.5

© 0.8

0.5
Q.5
0.5
0.5
0.5
9.5

41,31
30,31
26.41
23,98
22.92
22.55
22.11
21.9
63,68
45.66
32,98
27.28

23,90
22,84
21.35

S 21.%

53,08
50,22
28,30
24,61
22.65
22,22
22,02
91..97
21,9
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B.2 Momentum Transfar Experimental Results .

As  discussed in Chapters 3 and 4, measurements of tha
time~varying pres~ure at the surface of the beds were logged via

an 4-D comverter hy an IBM aompatible X1 computer, Measurements
on elght diffarent bads and three diffarent orifice sizas wers
taken, at 7 or more different reciprocation frequencies. BSince
at laeast £{ve hundred peints wers logged for sach reciprocation
frequenoy, this means that 3500 points were logged for each run,

glving over 38 000 data points in total, It iz elearly.

impractical to report each ome 3 these poilnts on paper, so the
table below lists only amplitude and lag with respect to plston
position, The table below pswomarfses the yuns which wers

petformed; the results of each run are summarized in the pages.

which follow;

B 20

S B e

S

g

adl

. e i

e g gy e

L™ . L

. \.."

L

e ey T %, e et ey g g



Table B.1 « Fneumatic Test Expetrimental Beds
ALEELEREEEL R AR AR A R AR R AR R AR

[ Bed | Deseription [
PARALEA [ ALLARAL UL LA VA |
| 2 ] 230 mmof 2 me |
ASLEERVALEIIANRRANRARERARANNNY
| 2 | 340 mm of 2 mm |
FRARIAL /A LLAA AL LR AL |
| 3 | 455 mof2mm |
FRAREAA TAERRAL LA AV A |
| 4 | 350 mm of 0,5mm |
I\\\\\\I\\\\\\\\\\\\\\\\\\x\\\|
Il 5 ] 70 mm of 2 mm

! on tep of |

[

| | 350 mm of O,5mm |
AASARSTANRNERRRRARRRRARARARNNY

| 6 | 130 mof 2mm - |
| | on top of |

[ | 240 mm of 0,5mm |
ASSAPAYANNRERERRRNRARARRANRNNY

| 7 | 200 ms of 2 mm |

| | ontepot |
| | 240 mm of O,5mm |
ALITITTARERLERERARRAARARRANNAY.

| 8 | 200 nmof 2 num |

[ I on top of |

| | 240mn of O, 5mm |
| | (repoat 2 weaks later)|

|
I
I
I
l
]
|
|
l
!

AAARARVARERARNARRRRRARRRRRRNRY

8§ | 3 mm diam, |

|- orifice I

AUARAL FSVALAA LAV |

Mo 6 mn diam. ' |

| orifice |

AR AN SRR SRR AR RR AR RARARNY |
L | 10 mm dian, |

|  orifice |

AAAARRARARRRRAANRRRNNANSANNNNY
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230mnt of 2mm

w Amplitude Lag
(rad/s) (Pa) {9)

5.8 970 0.71

7.4 870 0.63
8.7 870 0.56
10,2 280 .52
1l.8 850 0.49
13.3 990 0.47

14,6 1010 £ 45

340mm of Zium
w  Amplitude Lag
(xad/s) (Pa) ()

4.6 747 0,98
5.6 768 0,82
6.6 798 0,74
7.5 828 0,68
8,0 858 0.65
8.3 848 0.53
9.0 889 0.6%
9,9 99 0,40
11.0 949 0,56

12,5 1020 0.52
13,8 1100 ¢.51
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455mm Zmm

w

{rad/s)

2.8
i3
4,7
6.1
7.6
8.8
10.0
11.4
12,8
Ll
16.0
18.0

Amplitude Lag
(s)

{Pa)

335
535

555
565

585
656
666
§76
717
717
7327
828

=R~ =+ =N

350mm of 0.5mm
Aimplitude Lag
(8)

W
{rad/s)

2.8
.7
4.5
5.4
6.2
7.2
8.1
9.0
9.9
10,8
12,0
13.4

(Pa)

727
797
838
878
929
989
1070
1161
1232
1272
1353
1464

1

1.
1.
a.
0.
0.
a.
a.
0.
0,
0.
0.

.13
91
.79
.68
.60
.37
52
0.
0.
0.
0.
0.

49
44
&4
42
41

58
19
02
83
77
7z
68
67
&5
3
60
53
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70mm of 2mm om 350mm of O.5mm
W Amplitude Lag
(rad/s) (Pa) (&)

2.2 626 1.66
3.5 686 1.24
4.8 737 0.97
5.7 77 0,84
6.7 848 0.75
7.8 848 0,68
3.0 929 0.68

10.1 1070 0.68
11.7 1211 0.62
13.8 1525 0.57
15.8 2322 0.60
18.0 2979 Q.54

130mm of Zmm on 200mm of O,Smm
w Smplitude Lag
(vad/s) (Pa) {a)

1.9 710 1.76
2.8 830 1.29
3.5 200 1.10
4.3 880 0.95

5.3 1160 0,85
6.2 1430 0,77

7.2 1600 0.70
7.9 1540 0.66
8.8 1630 0.60

9.9 2120 0.59
10.4 2630 0,54
11.9 2450 0.5]
12.8 4490 0,49
14,6 5540 D45
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200mm of 2mm on 240mm of O, Smm
w Amplitude Lag
{rad/s) ({Pa) {s) -

3.6 525 1,20
4.3 555 1.06
5,3 636 0,91
6.4 646 0.80
7.1 677 0.74
8.2 717 0.66
8.9 737 0.585
9.9 788 0,71
11,3 858 0.81
12.2 990 0,684

13.4 1151 0.39

200mm of 2mm on 240mm of 0.5mm (repeat)
w Amplitude lLag
(vad/s) " (Pa) (a3

2.3 585 1.45
3,1 506 1,13
3.7 A%&  0.97
b4 515 0,90
5,3 585 0.79
6.% 575 0.72
6.9 616  0.68
- 7.7 575 0.64
8.7 646 0,59
9.4 706 0.56
0.2 767 . 0.5
11.3 86  0.51

12,3 1040 0.49
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dmme hole

W
(rad/s) (Pa)
2.1 6989
2.9 11866
3.7 14512
4.2 26148
5,0 25076
5,9 30702
7.2 a7e2z
7.8 41357
émm hole
w Ampiitude
{rad/s} (Fa)
2.8 1300
4.0 *2300
4 G 2800
5.3 3500
5.8 4200
6.4 4900
7.1 580y
7.6 6600
8.9 8500
9.9 10000
10.6 11100
1.5 12600
12.7 14100

Amplitude Lag

28)

1.90
1,46
1.24
1.13
1.03
0,90
0.77
0.69

Lag
(&)

31
.05
.96
.88
.83
.78
0,73
g.71
0,64
0,63
0,58
0,56
0.53
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10nm hole
Amplitude ZLag

W
(rad/a)

2

-~ o W
=R Y e~ D

8.5
9.2
10.0
il.0
11.9
12.9

{Pa)

50
272
504
747
9849

Thdh
1696
1939
2252
2565
2898

(&)

1.00
0.85
0.78
0.72
0.67
0,63
0.58
0.55
0.53
0.51
0,49
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Appendix C Heat Transfer Modeslling
C.1 Two dimensional medelling

The two-dimensional domduttive convective model equationa ware
go~vod uging an lterative OCalerkin Cfinite alement methed,
Jdescribed in detall by Zlenkiwiez (1977), Fig. ¢.) shows the.
15x15 graded mesh wsed; the shaded portion shows the pnsicien
and agtent of the heater,

The -gemeral program structurs is described fn the documents
"DESCRIPTION OF FEPDEY and “FDFEIM" which follow, Also
eontained in the document are a number of examples which were
used to varlfy the validity of tho cods. '

¢1



r

1 0,00000 0.0000
2 D.0048) g.iz210
3 0.01630 0.2184
4 0.03500 0.3028
5 0.07178 0, 3800
6 0.L1286 0.4554
7 0.18833 0.5400
& 0.23810 0.6085
8 0.32478 0,6600
10 0.44093 01, 7468
11 0.5771a 0.840%
12 0D.724G66 0.3052
13 0.Bé6294 0.958)
14 0.96311 0.%887
1%  1.0000 1.Q00
z |

| %

CYLINDRICAL e

HEATER %

/

%

| z

| 2

/]

1%

L L 2

N

!
IMPEHHEABL‘?

7 CONTAINER

Pig. €.1 Pinite Bloment Grid and Coordinates



P, Andergor

Dopartment nf Chetical Englnesving
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- INTRQDUCTTON

'FEPDE' has been written to solve systame »F nonlinear, linkad
parcial dififerential aquations using flniis elemenc metheds, The
finite element mathod was chozen fox ibs versacility and abilicy
to handle ths complex form of equations and boundary semditions
sncounterad in pracclas,

Ruowledge of Fimike olement theory 1s required to set up and
golve 4 problem using ‘FEPDE’, An adaquate introduction te finite

alement theory may be found {in chs ‘NMAG Finite Elemant Library -

Leval L' maoual (L983). The data structute and coding of 'FEPDE’

is based on the oxampls program ’'NAGFEIFZ FORTRAN', which may be
found in the Leval 1 mamual, as well as on the 'ENGINEERING' disk
on the Wits mainframs.



aw of YEPDR!

The code mey be dividad into twa I major sectioms:

1

2)

»

Main gection .

This section satis up comson blocks aud weads in all the daga
required, ag. mesh geometry and topology, experimental
megsuramenss, output chacking flags and so on, Tha nedal
freadom array ‘NP’ (vhich i3 used in the assembly of elamenu
contributions into the final system mauwix 'SYSK') is
contructad from the uger-supplisd mesh and boundaxy condition
data (zee below), Any medel parametars required are vead im by
the main prograum.. '

Sabroutine 'FELMNT/

This is the section of program that aetually caleulates the
ralament selffress’ matrices 'ELK', which axe dewived from the
devivative tarms {n tha equation(s), as well ag tha slemenc
vactor 'XIVEC’, whish accounts for any other tarms im cha .
squatlen, such 45 energy generation ('hest gouwca') farms or
somstants, The abovementioned vectox and arzay are defined im

. usay  supplied  subroucines (sse  below), Thase slement

comcributions ara asgemblad into the system matpdx and vector
'SYSK' and 'RHS’ by the routines ASUSM’ aud ’ASRHS
raspactivaly, wsing the ’steering’ vector 'NSTER' which is
derived from alement copalogy data by the subroutirs ‘DIRECT'.
Dizichlet and CGauchy boundary condltions are insluded by the
Payna-iuona meshed, and a boundary integral, respectively,

Subxoutines defining the equations and boundary copditions,
These are divided as follows:

3.1) Subroutine ‘EQNS’

Thizs subgoutine defines tha equatlons wesulting =£zem the
Finite olement analysis of the axiginal parwial differonuial,
aquaciona, The contributions £rom each variable and sach
gguatien are caloulaved separataly, aad may dopond om any



variable dependent or indspendent), ox the gradient of amy
dapendent variable. See example balow.

3.2) Subroutine 'SOURCT’

This subroutins caleculates the concribution from scurce tarms
{(which may be distzibutad oy concentrated) or conscants, The
valua retugued by ‘SOURCT' may depend on auy variable
(dapendent oxr Iindependent), or the gradiear of any dependent
- wardable,

3.3) Scbroutina 'BFUNM'

This subroutine caleulates che contribuglions of tha dapendent
vardablas fIn tha boundary conditions te the syscem matwls.
Again, contributions from each wvarfzble and equation are
calculatad saparately, The boundary condition verms way
depend on any varlable (dependent or indepeudeat), ox cthe
gradiant of any dependent waziabla

3.4) Subroutine 'BFUNY’
This subroutine ealeulated the centributions of censtants in .
tha boundary conditions to the pight-hand alde maswix ‘RHS',
Contributions fxom each equavion are aalculatad separataly.
The boundary conditions may depewnd ow zny variable (dapendont
or independent), or the gradient of any dependent wvaxlehle,

3,5} Punetica 'R’

Thiz fu otlon caleulatas the dirdchlet sondition for the
aquationé. The value may depend on any varishle (dapendent or
fadepardent) or the gradient of any dependant variable. Values
for aach aquation ars calceulatad separately. '

3,6) Functions 'FXY’ and 'DFRY’

'FXY* ['DFRY'] evaluaces the valus of [z disnt off] any
dopeundant  varlable given element number and position within
the alement {and dirsction in vhich gradient is roquired],



'4) Service Subroutines

Thege ars as Follows:

4.1) Subroutines 'ASMAT' and ‘ASVEC’
This aszembles equation/variabls marrix.contributions imto
the element matrix. This 1s best deseribad by am exampls.

Eg. if the following squations ara to ba solvaed
() + Q¥ - B(X)
$(2) + T(H) = U(x)

Where 2, Q, 9, and T axra diffarantial operators upara:ing in
RZ (L.e. () ).

Tdantify tha contributiuns from P, Q, g, T with B, 4, s,'ﬁ
regpactivaly, '

The element matyis contribution, e* from & in A may be
writcan . i s
as fpllows (assuming three noded triangular elements fox
exampla); ' '

p

o o

»
P P gimilarly for Q,5,T
B

Whers the subseript P denotss contvibution from that cparator

ap t0 ayp ara chen dssembled inve the ovarall slemeut
mavrix az follows:



° q q o q ° q
8 c [ 8 i 8 =

q ° q q q

B - t s z 8 e g el
ele

. q o q. q ° ql
] t 3 & ] £ 3 t
o q q o q q
8 t ] € & '3 £

The ‘p entriss have been replaced with a , to clarify tha

asgembly proceas, 1t 4s clear from the above demenstratiom '
that the matrices sontributed by sach variabls are 'stretchad’
out and placed %n a N mateix, whers N is the numbey of
varizhles, and n is the vumbsr of nodes par alemenc. The chova
matsix 1y contructed by 'ASMAT', given- Bp ... B,

Similarly the right hand side nont:ribut:ions are assamblad by
'ASVEC' ag follows:

R'Hsela -

£ H E H & H g 8

The boundayy condition metrices and vacrors as described in
saetlon 3 are subjected to the same zssembly opamavions,

4,2) Subroutine !SEPRT! -

The solutien of tha system of linear squations defined by
[SYSK|RHS] is {n cthe form of & vector of length Nyrorval mumbexr
of nodes. ‘SEPRT’ separates this lumped vector Inte srrays
FVAL(L,]) wherxe i denotes variable number, and 1 denotass noda



wamber, The valus of .any particular varlable at any node ars
thus veadily availableduring exscution. This iz useful and
econcuical in cagss whers iteration iz raquixed.
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1 odug
1,) Ganerzl considsrations and background,
The gemeral class of problem soluble by "FDFELM" is as followa:
M [P,9] =~ K [#] ' (1/1)
Where M 15 an operator, operating linearly on the ZFilrst time
derivative of &, The 1l.h.s, of {(1/1) takes tha Eform of
a linesr sum of first order time-derivasives, whose

individual cosfficlents may be nonlinear iIn spatial
derivatives if necesasary.

K is a general, nonlinear operator, operating on spatisl

derivatives of & of any order helow that of ‘the shepe
funetions emploved.

Note: Application of Green’s theorem reduces the orxder of

the spatial derivatives, thus expanding the applicabilicy

ranga of auy pgiven shapa funetion,
The ecurrent "PDFELX" Implementation wuses the Galerkin weighted
rasidual wethed, theugh only minor changss would be necassary o

change this (to a colloeation msthod, for exampla),

"EDFELM" 's pradecessor (°FEFDE", Anderscn, 1988), was degigned wo

aolws only tha gunady-state analogue of (3/Ll). Ik thexafors a’

comparatively small task to extend the cade and ¢ " structure %o
golve the unsteady-stats problem as well.

The preiiminary Einits element analysis of the left and ».h. sides of
{3/1) 18 discusssd dn detall in many taxts, Nosrie and de Vries
(1973), for example. Assembly of r.h.s. coatxibutions inte a single
matrix and a wvector Is dlscussed In detail by Andesrson (1986).
Assambly of l.h.g. contwibutions (inte the matwxlx 'SYSM’, the
timewderdvative mulciplier) iz dome in & similar £aghion,

1.2 Who should use "“PDFELM® 7 (or ‘What iz the purpose of this
manual? ') '

The mathematical sophistieation required by finite-element methods




exceeds that of the average user; moreover, some preliminamy
finite-alemunt analysis on a problem i3 necassary hefora it can be
submitted to "PDFELM". Thave are also various control options which
st he correctly chosan if the program 13 to operats at maximum
efficiancy, As a resulg, this program is pef a teel for beglmmers,

Therefore, the purpese of this manual is to;

a) inform thoge persons asu falt with finite-element methods of the
format of the program and required data, so that they may uss it if
figcassALy.

. b) inform a wider aumdience of the type of problem soluble by the
program, go that they may request ingtruction in the setting up of
their particular problem, Lf applicable.

Finite-element analj'rsis of ~quation (1/1) ylelds?

dda ’ .
SYSHM(Z) — = BYSR(D)® + £(5,8) - (2/1)
at ' :

Where SYSM and SYSK are matwices (both may depend on the dapendent
variable & as showm)

2 1ls the time depandent part of & ( whexe & « N * a)
¥ are the shaps functions, dependent only on x
£ is & vactox '

Datails of the composition of the above matwices and vectors ata
dizeuysad in datall by Anda:son (1986},

+ fox an unsteady-state solution, the system (2/1) i5 solved foxr
8a/8t (r.h.s evaluated at the curvent time valus) using supplied
initial copditions, The solukion is then advanced in tlme Ly a
maltlatep mothod or by Gaar’s method,

+ foxr a steady-state solutlon, the w.h.2. of (2/1) 1s equated to
zayo, and the resulting expression solved Lteretivaly for § until

aucsensive values satlafy a usen-speclfied convergomee oriterlon,

Note: Lf the coefflicients of the time darivatives do not depemd on




& or t, (this can be sgeen by iInspectlon) the user can set a flag
which ensures that the matrix 'SYSM' 1s assembled and decomposed
{inte upper and lower triangular matrices) only once during unsteady
-simulationg, right at tha start. This bhaz a darmatic affect on mm
times, since solution of (2/1) during successive time-marching steps
‘requires only ‘back-substisution’ inte the triangular matrices, Ad the
votal number of dagrees of freedom in a problem increases, reductlion of
SYEM! rapldly begins to dominate overall solutien time,

3 Applisatisns

Some sample problems (with solutions) whiech have been solved ualng the
program 4re summarised below, Many of the resulta have been checked
against published data; these chacks ara ommited hexa for the saka of
brevity.,

3.1 Simulation of Rivulet Flow - a singls, lineax ' partial
differential squation.

. The equation rlas'cribing potential £low, in a wall-bound verﬁ:l.cal
rivuled, for exampla, is:. R

2yl .
p‘?vz g,

313
1

The boundary conditions are shown om f£ig, 1. Initial condd t.ion is
v, = 0 over the domain Q,
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Fig. 2 shows the steady-state veloeity profile in a rivulet; note
the maximum relocity at the furthermost edge of the wivulet (markad
with a )

Fig., 3 shows the atslvtion of the maximun veloelty with time.

This kind of analysis is relevant to the design of solid-fluidd
chemical raactors, sush ag ‘erickle-beds’,

.2 S.iﬁula.t:ien af ateddy thermal conductiem in 4 cowpogits medium -

a single vionlinest partial diffarential squatioen.

The eaquation deszeribing steady chermsl conduction in a 'num-pasit:a
medium whoss conduativity depends on both position and temparasurs is
as follows: ' : '

v, [k(x.y,&)ﬁ‘e] -0

Boundaxy condiciens ave as shown In f£ig. 4; wvanlation of thammsl
enndusuivicy with posltlen is also shown,

4 temperature-positilon surface is shown in filg., 5 for the case where
conductlvity depends limearly om 8, k(x,y,8) = kix,y{1+8]. Fig. 6
ghows the temperature along the vertical centreline, 1,s. x=0,3, Tha
tstep’ vesulting from the highly conductive coms 1s aleaxly wvisible
hera, ) '

Caleulations of this sort are used to estimats thermal energy tratsfor

in glags-fibre reinforced plastics and stael-concrete sompositas, for

example,

!.7.- .
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3.3 Simulation of natural convection heat twansfer in porous ammilus
- two linked nonlinsar partial differential equations

The equations describing free couvection in this case are as follows:

dr az"

L EZ L2 L83

[;._ aw] g6 [g._ aw] g8 3% 130 _ 3%
Lo ]
r da= ar~ 'r. ar aZZ

Whera the strsamfimetion, Bougsinesq approximation and Davey law hava .
been used to simplify tha full equations (see Bejan 1984 Ffor details),

Appropriate boundary conditions and dimensions are ghown in fig. 7.

" Results for a Raylaigh numbar (Ra) of 3J0 are presanted, E‘ig. 8
shows the s‘t:'reaml:.nas, and fig., 9 shows the .tsot:harms.

Such calculations are wsed to evaluate the average Nusselt _m.m_:'bar for
heat transfey through layers of inaulation around steam plpes, and
heat-leaks fnto eryogenic installacions, for exampla,

3.4 Ficting neasured tempersture data to a model -~ leustésquaras
egtimation of parameters.

The sum of squaras of temparature prediction errors. for some
experimental maasurements was uinimised by varistion of the Rayleigh
namber and a heat trvangfer coefficlemt. For experimental details and
rumerical results, see Andsrsom (1987), Fitted zesults predicted
parmeabilities (emhedded In Ra) of the same order of magnitude am
those eostimated using kmown physical quamtities (particle size,
vigeosity, ate.).

£ s e v o nea i

e it




T m 1 m

-~ — - P

T : N /7 £ T LTI L T T TIPS
Q)
O H
. ™~ f0 rous
=
— ™ medium
. . _ sl _
o
AR AR RPN
T ra

T=20°cC

€, | /

insul ak ion

g, 7




.25 124 1.75 2.0

i

i.00

F-i-ﬂ

2.0%

1.00



3.5 Summary

The four problem types described above are merely representative of
the range of problems soluble by ’PDFELM’. A more gemeral description
of golvalile equations Ls given in sactienm 1,

4  Oparationn] Details
4,1 Data structure

The data structure of ‘POUFELM' has been built up (considezably) from
that of a 'NAG’ example program. Variable and common-block names are
self explanatory, and far toc numerous to List hera, The significance
and format of user suppliad data (elemsnt geometry, topelogy ete,) are
detailed in section 4.3, in order to asslat the user to set up the
requized data file, .

4,2 General program structure

Program, subprogram and function subprogram nameas are golf
sxplanavery, The main program and control subroutines are kapt in a2
- file eailad 'PDFELM FORTRAN', and tha service amd output contrel
routines are kept in 'FDSUBS FORTRAN'. The reason for this 1y that
normally only service routines (such as that which dafines the
aguations to be solved, and voundary conditions) nead to be edited and
compiled'by tha uger, This separation saves complilation time. '

All subroutines of interest to the pgemeral user are Listed and
desaribed in the fFEFPDE' manuzsl {Andsxson, 1988),




4,3 Format of the nodal data file

no. of nodes spatizl dimension na, of asquations
(1ist of nodes - fermar as follows) '

noda numbex *  xeegoxd  yecoord L..... d5 regd,

alemant type no. of elements nodes per element
{list of alement topology ~ Format as fallows)

alement numbar nodel node?  noda3 nedad ..,

no, of boundsry condn, lists for wvariable 1 *

| bndry, condn nodes par sida numbay of nodes
| type in this list

| List of budry, nodes In groups of ten

|

{tmer bracket repeated -~ saa *

r—

outer bracket repaated (par variable ss req’d)

no. of liszts of ‘extraction’ unodes *

| extrotm, wvar. no. of extren. modag  (list of nodes)

I-nmu

bracket rapaatsd - sea

flap for marusl cheok of convergencs ceuisoria
list of parameturs raq'd by problem.

sé ma., " pe, of flag fox flag fax taak

contin'n  trace of contin'n®  flag .
atRps COVIVENCE .
gtarc. time and tima ne, of t gtaps:

flag for SYSM characteristics {time or @ dependent 9) -

Tietag!

w Extraction' nodes, Although valuas at all nodea aps printed at aach
step, it is often daesirable td egtract values at apecific nodes (ag.
contreline tomperatures) and print them to a separaza f£ile. This




faollity allows such manipulations to be dome conveniently

- PContinuation, The continuation method (see de Villiers, 1984) may
be Iimplemented if necessary, Parameters e,, 48y,, and the nunmbaev
of comtinuation steps ara essential data if this optlon is selocted.

- flags set to zaro cause bypaas of feature

+ tagk flag at presentt takes on wvaluag of 0,1,2,3,4.
0 » gingle steady-state simulation
1l = fit paraweters to a medal by minimization of sum of squared
argors, This requires aexperimental data and means of
intorpolation, .
- 4 » unsteady stata simulation,

Fox purpesss of clarifieation, 2 sample.nndai datafile is ziven
balow. This datefile is fow (see £ig., 10 for details):

. stéady stata solution (task flag~0) of & single equatdion over
domain of square eross section, using § quadrilateral elements of the
8 noded type,

» o Dixichlet (typs 1) boundary comdition iz applied along the bottom

adge (y=0); dewxivaiive (type 2) boundary conditions axe applisd aloug

the remaining sdges.

« Funetlon wvaluas at the nodes on tha posicive?alopa dingonal
(bottom-left to top wipght) are extyacted, heuse ‘1' List,

= Cotwvergunae oritarxis checking ls automatic,

~ Convergence la twaced by seraen output.



- Conuinuation 1s employed, with ¢ advanced fxom 0 to L in 7 steps.

« Time stepping data and SYSM charvacterigtics are izwvelavant in this
sasa, :

SAMPLE DATA FTLE
y 2 1
1 0.0 0.0
2 0,166 0.0
3 0.333 0.0
8 0,666 1.0
39 6,833 - 1.0
40 1.000 1.0
1 1 08 12 13 1 9 3 2
2 3 09 14 18 16 10 5 &
3 5 10 18 A7 18 1L 7 &
] 27 32 38 3% 40 33 29 28
2
2 3 18 .
1 8 12 19 23 30 34 35 3§ 37
38 30 40 33 29 22 18 i1 7
103 5
5 3 4 5 &
1
1 &4 11 27 40
parml pﬂrmz pnram."l ERR]
o
0 1,07 1 1 ©

(SY3M chavaetsxlstles flag)
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C.2 Ona dimensional modalling
¢.2,1 Derivation of the model squations

Application of am energy balance, the Boussinesqg 'assumpticn
(i1.e. pg constant axcept whers it apwears in buoyaney termms,
implying that v, is assumed constant) and the Darey law to the
ong-dimensional peometry shown In  Flg, 5.1.7 ylelds the
following equations, in dimensienless form:

2 . .
23y & 6.1
ar z a¢ ;

At the bottom of the bed air flow is driven by the thermal
convection induced by the power input r. It iy iz assuned that
ne enargy iz lost £rom this end, and so the boundaty condition
ean ha written:

. aa]-‘ Lok I oL, :
Loy * V. 8|eg = (6.2)
arfg=0 =~ "z T[{=0 kaQ :
Heat transfer at the free surface can be modelled by a constant
heat transfer oosfficlent and so this boundary condition 1s
glven by

- 88
8¢ =l

= Bi 91§=l (C.3)
The ganeral solution to {C.1) is:

8y = ¢, * G, exp[;v:] (C. )

Ingertion of the boundary conditions gives the equation of the
tempexature profile, equatlion {(5.2). However, the valocity torm
In (5.2) ls stil) wnknown. This may be caleulated by applylng
the Darcy law aud Boussinesq assumption:

2




v =K

v,y [—gf " pgg] (Darcy law) (GC.5)

Substituting for the pressura gradient using the BRoussinesq
approximation gives:

K o
B[ e ey

Kgel( | -
= TJ [(1 . %oln {C.6)
Nondimensionalising ¥0.6), 4nd integrating both sides betwean

t=0 and {=l (remembering that wv, is constant wnder the
Boussinesq assumptien) gives equatlon (5.1), whickh is the
desired result, ' '

G3




0.2.2 'LAYER’, a FORTRAN 77 program to calculate internal
energy dissipation within porous bodies from surface
temperatures.

Listing

of FORTRAN 77 program

'"LAYER! follows,

Program

valculates surface temperature for various layer depths, surface

haat-
Inputs,

trangfer cosfficlents,

IMPLICIT REALAS (A-H,0-2)
EXTERNAL FVYQ

COMMON /HTRANS/ BI, Q, XLEN, RA, KNTR

DIMENSTION RGUES(2), XH(3)

KH(1)=3.0D0
XH{2)=7.,0D0
XH{3)=~11.0D0

Tl<1.00D0
V=],10D0

" Qa=1,0000
XLEN=1.00D0

DO 999 NG=1,3
HCOEF=XH (NC)

DO 10 KNTR=4, 400&, 4000

RLEN-KNTR /40, 0DO
DO 10 Iwl,10

QA~1/2.0D-1,0
EPFS<1,0D~9
DPg2=1,0D-6
ETA=4 , ODO

NSIG=5

N=1 '
TIMAX=1000

TO=273, 1500421, UE0
TKEB=0 , 1LED0
BI=HOOEPXLEN/TRS
Q=QA%YLEN/TKR /%10
RGUES(1)=V

FIND ROOT OF EQUATION

G A

Rayleigh numbers,

enargy




CALL ZREAL2(FvQ, EPS, EPS2, ETA, NSIG, N, RGUES, ITMAX, IER)

V=RGUES(1)

IF (IER.GT.0) THEN : (
WRITE(4,%) 'IER = ', IER, XLEN, ¥

sTOP
END IF |
G ' EVALUATE FUNCTION, VERIFY THAT A ROOT HAS BEEN FOUND
FF-FVQ(V) : o
¢ CALCULATE TEMEZRATURE AT Y1 (Y=l) _ -

THT=THET (YL, V)
WRITE(4,%) TO®THT, QA |
10.  CONTINUE - : ' f
| 1
|

999 CONTINUE
STOF
END

DOUBLE PRECISION FUNCTION FVQ(VEL)
IMPLICIT REAL#8 (A-H,0-2)
COMMON /HTRANS/ BI, Q, XLEM, RA, KNTR
€ FUNCTION EVALUATES TO © WHEN CORRECT VELOCITY
1S SUBSTITUTED, NUMERIGAL OVERFLOW 1S PREVENTED
RA=400 . ODO*RKLEN
V=VEL
FVQ=0 , 00D0
AN 30, 00DO
IF (V,LT.133,0) THEN _ ‘.
ANS1={-DEXE (V) *Q#V - DEXP (V) ¥k 2« DEXP (V) #¥VWRT) _
ANS2w( ~DERP (V) #Q¥V - DEXP (V) #QABT - DEXP (V) W2 .DEXP (V)Y #VXBI4+Q¥BI) |
ANS3=DLOG (ANS1/ANS2) |
END I ' :
ANS=(RA*(ANS3+Q) )/ (QHV) |
FUQ=V-ANS '
RETURN
END

DOUBLE PRECISTION FUNCTION THET(Y,VEL)
IMPLTICIT REAL*E (A-H,0-Z)

3




COMMON /HTRANS/ BI, Q, XLEN, RA, RNTR

VeABS (VEL)

THIETes Qo ( - EXP (VRY) XBLADEXP (v) *V+DEXP (V) #BI) ) / (DEXP (V) AU (T+E1) )
STMPLE EXPRESSION, VALID FOR Y=l ONLY

THET=Q/ (BI+V) '

RETURN

END

Q&



G..S Application of the layer modnl to realistic situwations

Application of the medel to estimetion of ensrgy dissipation
from surface temperatures iz deseribed in detail in section
5.1,2, The lListing of the program follows. Nots that the program
1s sulteu to radially symmetrical temperatura profiles, ag
‘measured in the laboratery, Extension to arbitrarily varying
surface temperatures merely requires a two dimensiomal spline to

interpolate measured temperatures instead of a one dimensional =

eubic spline as below,

Listing of FORIRAN 77 program 'SURFACY follows. Program
calculates total ensrgy release by integrating the snergy flux
over the upper surface, . Experimental temperature-coordinates
are read In from a data file. Program is curvently set up to
desl with radially sywmetric data, though extensio -ve the
general case Ls simple. The program was verified by cu.paring
regsults to manual caleulations on simple temperature profiles.

EXTERNAL TRAD

COMMON /SPLN/ I, X(30),¥(30), C(50,3), NPTS, IC, PI
COMMON /FITE/ PAR(3)

WRITE(4,%) 'POLAR GOORDINATES'

LISTING OF GOEFFIGLENTS FOR BEST FIT APPROXIMATION
OF Q(AT) = PAR(L)waArPAR(2)

PAR(L) & PAR(2) ARE DEPENDENT ON h AND TEMPERATURE
RANGE AS SHOWN.

h=3 WsqnXK 0<dT < 2,5
PAR(1L)=3.891124
FAR(2)=1, 1‘..:.:5

0« 47 =« 10.0

PAR(1)=3,428993 '

PAR(2)=1,2L 0146

_ he7 WsqmK 0<dl < 2,5
FAR(L)=8,249,.10
PAR({2)=1,117403

o O00 400000

Q7



0 < dT < 10.0
PAR(1)=7,199935
PAR(2)=1,217635

h =10.8 W/sq.m.K 0 < dT < 0.43
PAR(1)=11.80815
PAR(2)=1.028961

0<dr< 1.0

PAR(1)=12.31927

PAR(2)=1.04809

OO aaononoaon

¢ < 4T < 10.0
PAR(1)=11.48116
PAR(2)~1.154058

PI=3,1415926
16=50
J=0
AERR=0.0
RERR=1,0E-4
€ READ IN NUMBER OF EXPERIMENTAL TEMPERATURE POINTS
READ (1,%) NPTS '
C READ TEMPERATURE / COORDINATES
DO 10 I=1,HPTS ’
.10 READ ({1,%) Y(I)}, X(I)

c APFLY ARTIFICIAL QOFFSET T( TEMPERATURES
c T0 PREVENT PROBLEMS WHEN RATSING
G VERY SMALL NUMBERS TO POWERS

" DO 11 I=1, NPTS
11 Y(I)¥{T) ~Y(NPTS )40, 001

20=0.00ED
X1=X(NPTS) _
H FIT CUBIC SPLINE TO SURFACE TEMPERATURE PROFILE
CALL IQScQU (X, ¥, NPTS, ¢, IC, IER)
c INTEGRATE ENERGY FLUX OVER SURFACH,
G BY INTEGRATING Q(dT) OVER SURFAGE

XNTG=DCADRE (TRAD, X0, X1, AERR, RERR, ER, IER)
WRITE(4,%) 'INTEGRAL = ' XNTG, Y(NPTIS)
WRITE(2,%) XNTG



sTOP
END

REA|, FUNGTION TRAD (XX) _

GOMMON /SPLN/ J, X(30),Y(30), C(50,3), NPTS, IC, PI

REAL XNTRP(1), YNTRE(L)
J=I+1
NNTRP=L
XNTRP(1)=XX _

' EVALUATE TEMPERATURE AT INTERMEDIATE FOINT XX
CALL ICSEVU (X, Y, NPTS, ¢, IC, XNTRP, YNTRP, NNTRP, IER)
_ CALCULATE ENERGY FLUX AT POINT XX '
PQA=-QVST{DT) :

MULTTPLY FLUX BY ANNULAR AREA BETWEEN R & RedR

TRAD=2 , 0¥ PT#XX#DQA

RETURN

END

REAL FUNGTION QVST(DT) | |
FUNCTION CALGULATES ENERGY FLUX FROM SURFACE
TEMPERATURE DIFFERENCE '

GOMMON /FITE/ PAR(3)

QUST=PAR(1)*(DT#*PAR(2) )

RETURN :

END,

c9



Appendix D Momentum transfer modelling
D,1 Derivation of unsteady modal equations

The equations will be developed here for cartesisn geometry for
the seke of clarity, Assuming laminar £low, the Darey law is
uged te degeribe velocity dependenie on the local pressure
gradient, A mole balance on the £luld is as follows:

. _ "
(pva) |, = (oA |, + Aebx o5

Substituting the Darcy law for v iIn the above aquation and
taking limits as Ax+0 glves: '

af xop] . fe. |
ax[ B oax ¢ 5t ' (b.1)

Substitutirg tha I1deal-pas law iIin the above aquatlon, and
assuming;

i} Laothermal operation
ii} p independent of presaure

gives the deaired rasult:

o) - 8

The following iInitial and boundary conditions are common to &ll
cases considered in this work:

ae

pxjxer = 0 D)

B(x,0) = By (D.3)

The first lndicetes that initially the porous layer is st amblent
pressurs, and the second fmpuses the no-flow conditlon at thae
~aolid wall or at any lecation %L, where L 1s large enough that the
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presaure disturbanca does not extend that far, Note that the
largen the frequensy »£ reciprocation (ses baloyw), the smaller L
may be made in comparison to the true extent of the bed,

‘The boundary condition at x=0 is obtained via a matorial balance
over a 'system' which iIncludes the reciprocating device as well
as the porous mediuy, and assumtes ldeal-gas behaviour:

| | .
[Pc(t)vc(t) ¥ ] P(x,t)eAdx] = B (R (E) J B¢z, ) eAds
0 t=0 0

Whare P, {t) is the pressure ingide the roelprocating chamber;
and ¢ may be a funetion of x. Regarding goeometry and the
interpratation of A, the same argument as presesnted in D.1.2.1
applies. ' '

The above equation may be gsolved for P,(t) to give!

PG(OJ\J’G(O) - eA[P(x,t:) - P(x,ﬂ)}dx

P (L) = (0.5)

Vg(t)
Which is the desirad result. A noteworthy feature of the abuve

equation is thar the instantaneous pressure proflle P(x,£) Lo
required in order to evaluate and apply the boundary condition.

Bo(t) is the pregsure imposed at the surface, which may, as
Indicated, be a function of tima. :
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B.1.2 Simplification for imcompressible fluide
Dl.2.1 Devalopiment of a semi-lumped parameter modal

In reality, the resistence to Flow of the pus Ls distributed ovey
a reglon of tha bed, radiating frow the paint of contact of tha
rociprocating devica. Manipulation of the sbove solutia ~hich
agsumes incomprassiblility iy difficult due toe the transiont
nature of the equation, 4 lumped parameter model was therefoese.
davelopad to make menipulation lasg complex. The system modslled
ig shown in Fig, D.4.1, The rasistances are concentratad at the
hole comnecting oux chambar to anothern. '

The aodel is devalopad by performing a mole balance on the
chambats:

For the first chambor, whusa volume varies sinusoidally about a
mean volume Vi o!

d B, v v, dPf
HT dt RT dt

whore gy, is the molatr donsity of the gas in chamber 1, amd the
ideal gus law is used te yolate pressure, volums, and meolea iIn
cach chanbar, The above aqiation is solved fox dPy/dt:

e h -
at v, v, Tde 9

Coulson and Richawdson (1977) prosent an equaticou exprogsing the
flowrate of gas through an orifice for small preassure drops. Thia
equation L8 restated as follows, to give molar £low:

;| ~248p /2
V1Pt = i = molar flowrate throuph orifice 1
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hore p is once apain the mass density of the gas, and M iz the
molaculay weight of the gas, and AP Ls the pressure difference
acvoss oriflecs 1, = Pg-Pq

The above equation Ls au‘bﬁit:utad inte (D.6), and linearised
about soma AR, to give

ar. & |P-P| P, av
1 #p [Bpe By By AV |
Tl ' kel (0.7

1 1

-2p1 1/2
vhana Ry ® dem f??;l

1

Fore ve.atively small dsviatlons iIn Py and Vq, the above
equation ls Llinear.  The sane procedure ie followed for each
chambar. with the afmplification that the term dV/dt {s zero for
all but the first chawber. For these other chambers, it 1s
neecesanry to tonaider Flow through beth holes which comnact to
each chambey. ' '

The general result is)

PR PO lmlr -P"I '
—n el el ol ni ol nl (0.8

dt Vn Vn

For chamber N, the result is simply obtained by setsing wy=0.
The sesulting systenm of egquatlons may be written as follows;

dp

'&T:“""EP'*'-B _ | ' (0.9

Lo -

Whare the elementsa of the matxix K are as follows:

- " ® s,
Rgg= el 3 Ryggoadel X p=d
Y Yy vy
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Note that sy = sy = 0 in the gbove, and that all other terms of
the matrix K are zero.

The initial conditions for the system of ODE'sa are:
Py(t=0) » Bopp  d=l,..,N (D.10)
The only nonzero term of the vector B is the last member of the -
xight hond side of equation (D.7), 1.e. -Pq/Vy dVy/dt, Recall
that the term ¥,/Vy must be linearised if the equations are to
be solved analytically, The term is therefore as follows, ZFor

the case of a sinusoidally varying volume:

PO dv po

.Bl - -—i-- a-ﬁ-l-" ™ -—2—- AV, co8{wt) (D-J_-l). :

Where AV is the maximum deviation of ¥y about the wean,

It may be justifiably srgwed that the above linaarisation is
inadequate in that s approaches Infinity as AP appruaches zere,
This is true, but sinee the flow will always be finite, and . w
always approach zero ag AP approaches zero, such & lineardsation
is ocongidered sufficlent for these purposes. Furthermore, the
relative wvalues of the n are of interest, not the dbasoluta
values.

All othexr tetms ave #eroe, This I1s easily recognissble as the
tridiagonal matrix common to all systems of sarially connected
bodiea, soe Tsn, Morse and Hinkle (1978}, Hote that the system
of equatlons (D,9) is soluble by analytical methods, =such as
decampoaition using eigenvalues, see Ki« azig (1983), '

NOTE

For the purposes of the derivation of the solution, Lt has been
aggumed hers that all eigenvalues are veal, and lesa than ox
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independant, This validlty of this assumption was verified for
each of the caloulation cases presentad balow:

Aceording to this methad, the solution is wrltten as £ollowa:

{For convenlence, all of the abeve may be written in the
deviation varialle ¢, where ¢; = Py ~ Pypp.)

» FG L (D.12)

-

Py (£0) = 0 ' .13y
where F 13 the matrix of Linearly independent aigenvectors

corraspe WJing to the eigenvalues of the marrix K, and vector ¢ i1z
saleulated ag Follows: - ' '

G = { PR } ¢+ F'B ' (D.14)

Sinde all tho terms of B (except the flvst) are zere, the vector
E le simply (refer eguatlon D.10 for the expXwssion for Bq):

1 1 B |
Ei o Fi,l El - Fi.l ﬁ : AV ., eos{wE) | (D.lS)_
1

It is a proporty of the matrices F aud K that the term inaids [ ]
in (P.l4) pvaluates to a diagonal matrix, which we shall call
matrix D, whose elemsnts are the eigenvalues of matyix K (l.e,
Kyg = Ay).  The dindividual, single variable first-oxder
aquotions forx Gy may be easily solved walng amy sultable method,
to give: '

Gi w axp(-Ait)'[Iaxp(~Ait) Ei(t) di + Gi] {h.16)
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The arbitrary comstants C; are determined by applying the
initial condition (D.13) and equation (D.12). Since @q=0 for all
L at t=0, the same applise to G;(t=0). Substitutifon of (D,135)
inte (D.16), integrating az indicated, and subatitution of t=0
gives G;(t=0) = C;, The arbitrary constants C; are therefors
all zare.

‘Equation (D.16) is therefore developed to give:

. _xicos(wt) + w-sln(ut) + A exp(-A )] [-p;wav] 1

o n. +F :
i [ ST .\i l v 1,1
(®.17)

As ngpectad, there is a twansient pariod, which is of no intevest
hara, Taking only large values of t simplifics the aexpression fox
Gy, The walues of the artual pressurs deviacions in asach
compartment a¥e determined sacovding to (D.11); apecifically, ¢
la ag follows: ' '

N
y =Z P S (0.18)
=1

Subgtituting (D.17) into D,18, and collecting coefficlentz of
#infwt) and cosuwt) gives:

N N
-1 2 -1
ZFjlelljw " sznlrllj Aj “
1 wz + A§ wz + A§ M

(D.19)

which may be rwewritten as @) = Sy.sin(et) - 8grcos(ut).
Application of a standard trigonometry identivy gives: :
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2 21/2
¥y = S1 o+ S2 +sinwt - arctan(85/51) (D.20)

which is the desired result.
D.1.2.2 aApplication of the model

The model was applied to the following cases, listed below, Alse
listad are the efpenvaluss and corresponding elgenvectors., Note
that efgenvalues are distinet and nepative, or gzere, For eath
cags, the wvolumes of each chamber and the adjacent orifice
'permeabilities’ are listed, followed by the corresponding Eigen
matzix and eigenvalues, Fellowing these is a table of caleulated
pressure in the flrest compartment end phase of this pressure with
respect to the pisten.

All of the results presented below have been .caleulated using
AV = 0.025m3. Notice that the low-frequency aaymptote is

5 .
lim P = P AV-[EjV ]
amb i
wr) =1

For the volumes as listed for the cases below, this limit is
B=1.006 bar, i.e. @ = 0,006 bar, as in the tables below,

The model zesults in the tables below have been plotted in Fig.
5.2,7, contalned in Chapter 5., It will he seen that the
amplituda-frequency behaviour is wvery similar to that for tha
distributed parameter numerically solved medel, This  lumped
paramater model could be used to good effect in the development
of an analytical procedurs for the analysis of experimental data
vE this zort,
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LTI o PL - A

5.0
5.0
5.0
5.0
0.0

1,000
-0.250
0.062 -
«0,015
0.003

Ag,
-31,250

0.2
1.0
1.0
1.0
1.0

Matzix F - Eigen matrix

0.627
0,209
0,906
1.000
0.428

«16,672°

-9.398
-2,681
0,000

1,000
0.624
-0.925
-0,735
0,836

1,000
0.893
0,307
«0, 444
-0.556

1,000
1,000
1,000
1.000
1.000



case 4

w P lag lag
{rad/s} (bar} (rad} {8}

0,000 0,006 0.000 1.430
0.08¢ - 0.006 0,114 1,469
0.160 0,006 0,227 1,425
¢..v 0,006 0,336 1,415
0.320 0,007  0.441 1.399
0,400  0.007  0.540 1.376
0.480 0,008  0.632 1,349
0.560  0.008  0.718 1.317
0.640  0.009 0,795 1.281
0,720 - 0.009 0,866 1,243
0.800 0.010 0.929 1,202
0.880  0.010  0.984 1.161
0.960  0.011  1.033 1.118
1.040  0.011 1,075 1.076
1.120 0.012 1,112 1.034
1.200  0.012  1.144 0,993
1.280  0.013  1.170 0.953
1.360 0,014 1,183 0,914
1.440 0,014 1,212  0.877
1.520 0,015 1,227 0.841
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in & 2 N

casgse
*a
5.0
5.0
5.0
0.5
0.0

1,000 -0,
-0.250 -0,

0,062 1

Ay
-31.246
14,373

4,768
0,613
0.000

b
vn
0,2
1.0
1,0
1.0

1.0

Matrix F - BEigen matrix

729
310

.000
-0.012 0.
0.000 0.

565

020

1,000
9.809
-0,153
-0,970

0.114

-0.386
-0.376
-0.321

- -0,2206

1,000

D 1l
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1,000
1,000
1,000
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cacse b

w
(rad/s)

0.000
¢.080
0.160 -
0.240
0.320
¢.400
0,450
0.560

. 0.640

0,720
0. 800
0,880
0.960
1.040
11200
1.200
1.280
1,360
1.440
1, .20

Pl

(bax)

0.006

0.006
0.008
0.007
0.007

¢.008

0.008
0.009
0.009
0.010
0.010
0.011
0.011

0,012

0.012
0,013
0.013
0.014
0.0L%
0.014

lag

0.000
0.146
0.280
0.394
0.486
0.560

0.620

0,670

0.714

0.754
6.791
0,825
0,857
0.888
0,918
0,946

0,973

0.998
1.022

1,048

(rad).

lag _
(s)

1.858
1.885
1.828.
1,749
1.63%
1.517
1.399
1.292
1.187
1.116
1.047
0.988
0.937
0.893
0,854
0,819
0,788
0.760
0,734
0.710
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WP W b R

Matrix F - Eigen matrix

Ky Vi
5.0 0.2
5.0 1.0
0.5 1.0
0.5 1.0
0.0 1,0
1.000 1..000
«0,247 0.636
0,048  -0.887
-0 .00L 0.055

5 300 -0.003

A
«31,183
-9,112°
~1.364
-0.339
0,000

-0,237
-0.224
-0.1350

1.000

-9,579

-0,632
~0,624
«0,573
0,323
1.000

b 13
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case ¢

W
(rad/s)

£1.000
0.080Q
0.160
0.24%
0.320
0,400
0.480
0.560
0.640
0.720
0. 800
0,880
¢.960
1.040
1.120
1.200
1.280
1.360
1.440
1.520

f1

(har)

0,006
0,008
0,008
0.00%
0.910
0,010
0.011
0.011
0,012
0,012
0.012
{.013
0.013
0,013
0.014
0.014
0.01l4
0.015
0.015
0,015

(rad)

0.000
0,262
0.425
0.496
0.522
0,532
0.538
0.545
0,555
0,567
0,581

- 0,597

0,614

“0.832

¢, 650
D.669
0,649
0.708
0.728
0.747

3.572
3,513
3.276

2,655

2,067
1,631
1,329
1.120
0.974
0.887
0,787
0.726
0,678
0,639
0,607
0.581
0,55
0.538
0.521
0,505
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LV - S

Matriz F - Elgan matrix

n n
5.0 0.2
0.5 1.0
0.5 1.0
0.5 1.0
0.0 1.0

1,000 0.330

~0.203 - 0.307
0,003 -0.952
0.000 1.000

0.000 -0,421

Ay
~30.086
-1.687°
~0,957
-0,270
0.000

-0,792
-0.762
1.000
0.848
-0,927

=0.950
-0.940
-0,329
0,480
1.000
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case d

W
{rad/a)

0,000
¢.080
0.160
0,240
0.320
0.400
0.480
0,560
0.5640
0.720
0,800
0,880
0.960
1.040
1,120
1.200
1.280
1,360
1.440
1.520

9y

(bar)

0.006
0.008

0,010

0.012
0,014
0.015
0.016
0.017
0.018
0.013
0.019
0,019
0,020
0,020
0,020
0,021
0.021
0,02
0.021
0.022

lag

- (rad)

0.001
¢.490
0.654
0.654
0,619
0.585
0.558
(4,339
0.524
¢.5%3
0,506
0.50

0.4%

0.493
0.492
0.491
0,491
0,492
0,494
0.497

lag
(8}

7.429
6,945
6.122
4.086
2,723
1.932
1.461
1.163
0.962
0.819
0.713

0,632
0.568
0.516
0,474
0.439
0.409
0.384
0.362
0.343
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D.2 PERIODIC - A FORTRAN 77 program which rigorously solves the
one dimensional compressible modsl equations

A listing of program PERIODIC follows. Periodlic solves the
yigorous one Jdimensional cowpressible £luid model aguations,
Parlodie wuses NAG. routine DO3IEGF to solve the partial
differential equation (D,2); the bhoundary condition at x-0 1is
implemented by subroutine BNDY, and subroutine PRESX0, Subroutine
PRESX0 evaluates equatlen (D.5) by integrating the pressure
profile,

The timae stap TSTP iz selsctad initially so that DOJEGF is called

4 000 times during each cycle of the piston (whose volume is

caleulated in subroutine VOLFT). If DO3PGF does not require such

small time ateps, it merely interpolates backwards to datermine
tha selution at ths required time. This is repeatsd uneil
pufficient points of the solution have been generatad, Printed
out golution 15 limited to magimum pressure and time lag.
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PROGRAM PERIODIC
IMPLICIT REAL*8 (A-H, 0-Z)

COMMON /DSCRET/ U(1,80), X(80)

DIMENSION WK(30000)

EXTERNAY, BNDY, MONT, PDEF

EXTERNAL FCM, FONJ

REAL#8 Y(1), YP(1), WARAY(S)

COMMON /BND/ 10, UL -

COMMON /VEL/ VEL, COUNT

COMMON /PARAMS/ VO,DV, ' A, XMU, TOL, H, TOLD, VFBED, SPHRG,
# PO,POLD, PHIO, ROO, DPARJ, PI, PIZ, WRK(35), DTCOEY,ADJ,XDSC
* ,DEDX, XMOLW, BGONT, M, NDE, METH, MITER, INDEX, IWRK, NETS

COMMON /10/ ITERM, NOUT
REAL SDUMMY _
COMMON /GEAR/ DUMMY(48), SNUMMY(4), IDUMMY(38)
COMMON /DBAND/ NLC, NUG
DATA 1ERR / 7/, IPAR /87, LAG 9/, IPMX /16/
TTERM=4
READ (TLPAR,%) PHLD
READ (IPAR,*) DPART
READ (IPAR,*) SPHRO
READ (IPAR,*) VO
READ (TBAR,*) DV
READ (IPAR,%) XLEN
READ (IPAR,%) WHZO
READ (IPAR,*) WHZF
READ (IBAR,*) ADJ
PI=3,141592654D0
WORWHZO® (2 . ODO*PIL)
WRWHER (2, ODO%PTL)
WSTP=(WF-W0) /6.01
WSTP=(WF-W0) /6,01
. A=PI¥0, 2D0%¥2 /4, 0DO
RO=Q,0DO
FYRV=0, 0DO
DO 1103 XD§c=0,20,1,0000,0,1999
WRITE(LAG, %) ' DISCONTINUITY AT X = ' ,XDSC
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WRITE(IPMX,*) 'DISCONTINUITY AT X = ',XDSC

DO 789 w=W0, WF, USTP

SET

TMAX w4, SODOABL /W
TSTER=PI/400Q,0D0,/W :
NOTE: ALl PRESSURES ARE REDUGED I.E. P~PRESSURE/TATM
P0=1.0D0
DVTERVw=- 1, QDO

PARAMETERS FOR SOLUTION OF o,D.E DESCRIBING B.C,

INITTAL CORDITION P¥ = 1,00EQ
INDEX-1
TERT=0

NEME=1.50

WRITE(LAG, %)’ FREQUENCY ~ r W
WRITE(4,%)’ FREQUENGY = ’ W
WRITE(TPMX, )’ FREQUENCY = /W
TOLD=0 , 0ODD

XMU=1,80-5

NDE=1

T0L=1.0D-4

Hel,0D-5

NOUT=3

DELTw0 , 02

ABSER=1,0D+3

RELERR=0 . 000D0

INORM=0

IVR=30000

THRK=35 .

NEDE-]

U1,

MO

TRANH=1

THON=0

NPTS=80

HX=1,0/FLOAT (NPTS-1)
%(1)=0.0000

T5=0., 0
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20

0

DO 20 I=2,NPTS
X(I)=X(I-1)+DELT
DELT=DELT*1.,01D0

CONTINUE

DO 30 Iwl,NPTS
U(1,1)=0.0D0

R(I)=K(L) /X{NPTSY*XLEN

. X(I)={1.00D0-RO/XLEN)AX(T)+R0

C INTEGRATE FREE VOLUME IN BED

99

VFBED=0, 0DO
NNeETS 1
DO 99 Ne=l,NN
THE1=PHT (X(N)}
| TMP2=PHI(X(N+1))
VFBED=VFBED+A% (TMP1+TMP2) /2. 0D0*(K(N+l) -X(N))
CONTINUE

WRITE(ITERM, %)’ FREE BED VOLUME = ', VFBED

w

D = 0

TOUT = 0,0D0
NSTPSIMAY /TS TEP
NEME=NSTPS/NIMX
NSTPS=INT (THAX/TSTEP)
TOLD=Q . O0ED

TCOUNT=0
POLD=C, 0ODO

WRITE(TTERM,*) ! INTERNAL PRESSURMS PRINTED AT K= ,X(30)
DO 170 XI = 1,0D-5, TMAX, TSTEP

LCOUNT=YCOUNT+]
TOUT = XI
IFAIL = O

CALL DO3PGF (NEDE, M, BDEF, BNDY, TS, TOUT, U, IU,NPTS,X,RELERR,

ABSER, INORM, MONT, IMON, IBAND, WK, TWRK,IND,IFALL)
IF {IFAIL,NE.Q) WRITE(ITERM,*)'FAILURE OF DOZFGF!
I# (LFAIL.NE,0) WRITE(NOUT,%} 'FAILURE OF DOJEGF’
IF (IFAIL.NME.0) WRITE(LAG,%*) 'FAILURE OF DO3PGF’
IF (IFAIL.WE.0)} WRITE(IPMX,#) 'TFAILURE OF DO3PGF'
IND = 1
CALCULATE INTERNAL FISTON PRESSURE MASS BALANCE
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C CALCULATE INTERNAL FPISTON-FRESSURE AT 1)K 2)K=INF., 3)X=0

S0l
902

13

1060

567

789
1103
9200

GALL PRESXO(TOUT, VOLK, POLD, PKINF, PKQ)
- BVT=POLD-U(L,1)
I¥ P IS LOCAL MAXTMUM, WRITE PMAX
IF ((DVTPRV,CT.0.0).AND, (DVT.LT,0,0)) THEN
DO 901 NLG=1,8
ILG=NLG-1 .
KLGT= (4, OANLO+L, D) ¥PL/2.0/W
IF (XLOT.GT.TOUT) GO TO 902
GCONTINUE
DUMY=( 2, 0% ( TLG-1)+1. 0) %P1 /W
WRITE(LAG,13) XLGT-TOUT, POLD, W
WRITE(IPMX,13) POLD, BKINF, W
FORMAT (3%,F8.5,3%,¥8.5,3%,F7.4)
WRLTE(ITERM, %) U(L,1)-U(1,50)
END IR
IF P-PO=0, CALCULATE PHASE LAG
DVTPRV=DYT
FPRV=POLD .
ITEST=MOD (LGUUNT , KEMX)
IF (ITEST.EQ.0) THEM
IPRT=LPRI+L
CALL VOLFT{VOLUME, TOUT)
TRLIN=POLD
IF (TRLIM,LT.0,0D0) TRLIM=0.0DO
WRITE{NOUT,309) TOUT, POLD, FKO
END IP _ :
IF (IFAIL.NE.0) WRITE(LTERM,*)'ERROR - IFAIL @ ¢ IFATL
COUNT=COUNT+1, 0
CONTINUE
WRITE(NOUT,*)' FREQUENCY = ’,W
IF (ABS(W-WF).LT, (0,8%WSTP)) THEN
DO 567 JJw=1,NPTS
WRITE (NOUT,#) U(IF,1), X(JI)
ERD IF
CONTINUE
CONTINUE
CONTINUE
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909 FORMAT (3X,F10.4,3X,5(¥10.7,2X))
sTo?
END

SUBROUTINE BNDY(NPDE, T, UX, IBND, P, G, R)

IMPLICIT REAL*E (A-H, 0-Z)

REAL*8 P(NEDE), Q(NEDE), R(NPDE), UK(NPDE)

COMMON /PARAMS/ VO,DV, W, A, XWU, TOL, N, TOLD, VFBED, SPHRC,
# PO,POLD, PHIO, ROG, DPART, PI, P2, WRK(35), DTCOEF,ADJ,XDSC
% ,DPDX, XMOLW, BCONT, M, NDE, METH, MITER, INDEX, IWRK, NPTS

COMMON /DBAND/ NLG, NUG

REAL SDUMMY _

GOMMON /GEAR/ DUMMY(48), SDUMMY(4), TDUMMY(38)

EXTERNAL FON, FONI

IF (TBND.EQ,0) THEN

P(1)=1.00D0
Q(1)=0.00D0
R(L)=POLD

RETURN

END IF

IF (IBND.EQ.1) THEW
B{1)=0,00D0
Q{1)=1,00D0
R{1)=0,00D0
RETURN

END IF

RETURN

END

SUBROUTINE MONT(NFDE, X, NPTS, T, TLAST, U, IU, TOUT, DT)
TMPLICIT REATXB (A«H, 0-%Z)
COMMON /107 ITERM, NOUT
DIMENSTION U(IU,NPTS), X(NPTS)
uv=0,0D0
RETURN
END
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SUBROUTINE PRESXD (TIME, VOLUME, PSURF, PKINF, PKEQO)
IMPLICIT REAL*8 (A-H, 0-Z)
EXTERNAL PHI
COMMON /DSCRET/ WU(1,80), X{(80)
COMMON /PARAMS/ VO,DV, W, A, XMU, TDL, H, TOLD, VFBED, SPHRA,
% PO,POLD, PHIO, RGO, DPART, PL, PILZ, WRK(35), DTGOUEF,ADJ,XDSC
% ,DPDX, XMOLW, BCONT, M, NDE, METH, MXTER, INDEX, IWRK, NRTS
XNT=0.00D0
NN=NPTS-1
DO 99 N=1l,NN
TMPL=PHL{X(N)) #U{Ll,N)
THR2=PHT (X (L) IxU (L, H+1)
. XNT=XNT+({TMP1+TMP2) /2. Ou0% (X {N+1) -X{N))
CONTINUE - :
CALL VOLFT(VOLUME, TIME
BCONT=XNT
PLSTON PRESSURE FOR ACTUAL K
PSURFm(V0-XNT¥A) /YOLUME-1, 000
_ PISTON PRESSURE FOR INFINITE K
PRINF=POs(VO+VFBED) / (VOLUME+VEBED}
PISTON PRESSURE FOR ZERC K
PKEQU=Y0/VOTLUME- 1, 0D0
RETURN
END

SUBROUTINE PDEF (NPDE, X, T, UX, DUX, ¥, G, )

IMPLIGIT REAINE (A-H, 0-2)

COMMON /DBAND/ WLG, WUGC

REAL SDUMMY

GOMMON /GEAR/ DUMMY(48), SDUMMY(4), IDUMMY(38)

COMMON /VEL/ VEL, COUNT

COMMON /I0/ LTERM, NOUT -

REAL#8 C(NPDE),DUX(NEDE) ,F(NPDE) ,G(NEDE ,NPDE) , UX(NEDE) ,X,T
COMMON /PARAMS/ VO,DV, W, A, XMU, TOL, H, TOLD, VFBED, SPHRC,

% PO,POLD, PHIO, ROQ, DPART, ¥I, PI2, WRK(35), DTCOEF,ADJ,XDSC

# ,DPDX, XMOLW, BCONT, M, NDE, METH, MITER, INDEX, IWRR, NPTS
PFX=1.000 '-

CALOULATE DISTANGE DEPENDENT VOILDAGE (HMENCE PERMEARILITY)



PHIX=FHI{X)
PDTAM=DPRT{X)
PRM=PHEX»%3% ( SPHRCAPDIAM) %%2 /(1. 0D0~PHYN ) %kx2 /150, ODOXADT
COEF=XMU/{10)., 325D3%PRH)
C{1) = PHIX
G(1,1) = {1,0D04UX(1) )/GDEF
F(1}=0.00D0

RETURN
END
¢
SUBROUTINE VOLFT(PSTVOL, T)
IMPLICIT REATA8 (A-H, 0-2Z)
COMMON /PARAMS/ VO,DV, W, A, &MU, TOL, H, TOLD, VFBED, SPHRG,
% PO,POLD, PHIO, ROO, DPART, PI, FI2, WRK(3%), DTCOEF,ADJ,RDSC
% ,DPDX, XMOLW, BGCONT, M, NDE, METH, MITER, Immx, IWBK, NETS
PETVOLAVO-DVADSIN(WAT)
RETURN
END
e
DOUBLE FRECISION FUNCTION PHI(XDIST)
IMPLICIT REAL 8 (A-H, 0-2)
COMMON /PARAMS/ VO,DV, W, A, XMU, TOL, H, TOLD, VFBED, SPHRC,
% PO,POLD, FHIO, ROD, DPART, PX, PIZ, WRK({35), DTCOEF,ADJ,XDSC
% ,D DX, XMOLW, BCONT, M, RDE, METH, MITER, INDEX, IWRK, NPTS
COMMON /DSGRET/ U(L1,80), X(80)
PHL=PHIO '
EPS=XDIST/X (NPIS)
¢ Ir (EPS.GT.0,3) PHI~L,5DO%PHIO
RETURN
. END
¢

DOUBLE PRECISTON FUNGIION DERT(XDIST)
IMPLICIT REAL#8 (A-H, 0-Z) '

COMMON /PARAMS/ VO,DV, W, A, XMU, TOL, H, TOLD, VFBED, SEHRC,
* PO,POLD, PHIO, R0O, DPART, PI, P12, WRK(35), DTCOEF,ADJ,XDSC
* ,DPDX, YMOLW, BCONT, M, NDE. METH, MITER, INDEX, IWRK, NPTS

COMMON /DSCRET/ U(L,80), X(82)

EPS=XDIST/R(NPTS)
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" DERT=DPART

I¥ (EPS.GT.XDSC) DPRI=PPART/Z.0
RETURN
END
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